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Abstract 

Last 5 years have witnessed two of the worst Ebola virus outbreaks in history which have 

resulted in significant morbidity and mortality. Rapid spread of the virus across the globe has 

raised concerns over the safety of world citizens. No licensed vaccine or drug protective 

against human infecting Ebola species is available as yet. In a panic driven step, incompletely 

tested vaccines have been approved along with antiviral prophylaxis to counter unforeseen 

outbreaks. However, production difficulties, safety concerns, high booster dosage 

requirement, inefficient delivery systems and pre-existing immunity are some of the 

challenges faced by current vaccine development approaches. Hence, there is a pressing need 

to develop a vaccine strategy which can offer universal or at least broad protection against 

current and future Ebola virus strains in populations distributed worldwide. Highly conserved 

peptide fragments belonging to critical viral proteins and containing multiple epitopes which 

have the capacity to interact with a wide array of HLA molecules are anticipated to serve as 

potent candidates for a universal or broadly reactive Ebola vaccine. In light of the above 

facts, the present study is oriented towards identifying highly conserved promiscuous 

peptides containing multiple overlapping T (CD8+ and CD4+) and B cell epitopes and devoid 

of undesirable responses (autoimmunity, toxicity and allergenicity) in glycoprotein (GP) and 

nucleoprotein (NP) of Ebola virus using immunoinformatics techniques such as epitope 

prediction tools, HLA and population coverage analysis and molecular docking. Further, 

peripheral blood mononuclear cells (PBMC) from healthy volunteers were subjected to 

repetitive stimulation by peptides that presented the best in silico results to assess their 

immunogenic response by measuring cell proliferation and IFN-γ production with the help of 

MTT and ELISA assays respectively. Fifteen GP and eighteen NP peptide fragments 

containing multiple CD8+ T cell (HLA class I) epitopes while thirteen GP and fifteen NP 

fragments containing multiple CD4+ T cell (HLA class II) epitopes were obtained on merging 

the overlapping epitopes. Six GP and twelve NP peptide fragments common to their 

respective peptides containing both, CD8+ and CD4+ T cell epitopes were generated. B cell 

epitope prediction indicated the presence of B cell epitopes in four GP and eight NP peptide 

fragments. After screening for undesirable responses, four GP and six NP peptide fragments 

containing both, T and B cell epitopes, were obtained. Majority of the identified peptides 

were found to be 100% conserved in Zaire ebolavirus, the most pathogenic Ebola species 

while Gp3 and Np3 were also found to be 100% in other human infecting Ebola virus species 

(Sudan, Bundibugyo and Taï forest). Rest of the peptides were found to be conserved with 



x 

 

minor variations while in other Filoviridae members (Lloviuvirus and Margburgvirus), these 

peptides have minor variations or could not be located. HLA coverage analysis based on 

prediction tools revealed that majority of the identified peptides displayed interaction with 

several HLA alleles/supertypes. Population coverage analysis indicated that the all peptides 

covered 69-100% population base in Asian, American, African and European continents with 

an average population coverage of ≥85% for these continents. Docking results revealed that 

the binding energy (Autodock Vina) and RMSD (CABS-dock) values obtained for all 

peptides were mostly found to be in range of native peptide values. Interestingly, results for 

some peptides outshined those of native peptides for corresponding HLA molecules. Based 

on the performance of identified peptides during peptide-HLA interaction analysis, six 

peptides (Gp1, Gp3 and Gp4, Np2, Np3 and Np5) were selected for further evaluation via in 

vitro experimentation. Peptide stimulation assays in PBMC revealed that all six peptides 

resulted in a significant peptide induced proliferation in healthy blood samples with Np3, 

Gp4 and Gp1 generating a significant response in ≥ 7 out of ten samples. Also, all peptides 

(except Np5) displayed a significant response in inducing peptide specific IFN-γ release in ≥ 

7 samples. The results suggested that the in silico approach applied in combination with in 

vitro experimentation successfully selected peptides of glycoprotein and nucleoprotein which 

are capable of eliciting immune response, thus, making them potential candidates for global 

Ebola vaccine development. 
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Chapter 1: Introduction 

 

Ebola virus (EBOV) presents the scientific community with a daunting challenge in the form 

of Ebola virus disease (EVD). EVD, earlier known as Ebola hemorrhagic fever (EHF), is a 

fatal disease and infects humans as well as primates such as monkeys, chimpanzees and 

gorillas. It has periodically caused major social issues and financial losses. Since the turn of 

the century, EBOV cases have been on a rise with over 12,000 deaths reported till date 

(WHO, 2019). After an outbreak, the rapid rate at which EBOV spreads can be attributed to 

person to person transmission upon direct contact with either body fluids such as stool, urine, 

semen and saliva or by contact with pierced skin of a victim (Ilesanmi and Alele, 2014). 

Generally, symptoms appear after an incubation period ranging from 2-21 days, typically 

within 4-10 days (Goeijenbier et al., 2014). Symptoms include fever (>38.6°C), muscular 

pain and weakness, vomiting, anorexia, abdominal pains, vomiting and diarrhoea. Persistent 

infection results in unexplained haemorrhage, electrolyte disorders and multiple vital organ 

(liver, respiratory and renal) failure (Safari et al., 2015). 

Till date, six Ebola virus species are known out of which, four species are known to infect 

humans. The human infecting species are Zaire ebolavirus (commonly called as Ebola virus), 

Sudan ebolavirus, Taï Forest ebolavirus (earlier known as Côte d’Ivoire ebolavirus) and 

Bundibugyo ebolavirus (Groseth et al., 2012). Reston ebolavirus and Bombali ebolavirus 

(discovered on 27th July, 2018) are the other two species. Reston ebolavirus is known to 

infect non-human primates (Elisha and Adegboro, 2014; Geisbert et al., 2009). Out of all the 

species, Zaire is the most pathogenic in humans. EBOV first surfaced on June 27, 1976 in the 

Democratic Republic of the Sudan and northeast Zaire where it claimed 150 and 280 lives 

respectively (WHO report, 1978). Taï Forest ebolavirus first surfaced in 1994 when it 

infected an ethnologist who was performing an autopsy on a chimpanzee found dead in Côte 

d’Ivoire (Le Guenno et al., 1995). Bundibugyo ebolavirus came to limelight in 2007 in 

Uganda where it infected 116 people with 26% mortality (Towner et al., 2008). 2014 

outbreak in West Africa was the worst in the history as it claimed over 11,000 lives (Okoror 

et al., 2018). As of July, 2019, more than 30,000 EBOV cases have been reported since 1976 

and the second worst outbreak in history is ongoing in North Kivu and has already claimed 

more than 1600 lives (WHO, 2019). 
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An effective prophylaxis, approved treatment or licensed vaccine for EVD is not yet available 

(Dhama et al., 2018; Mathebula et al., 2019). Post exposure treatment and care includes 

maintenance of electrolyte balance with the help of oral rehydrating solution (ORS), 

providing healthy nutritional diet and comforting with the help of analgesics (Folayan et al., 

2016). To control the after effects such as diarrhoea and vomiting, the administration of 

antidiarrhoeal and antiemetics is recommended (Fowler et al., 2014; Schieffelin et al., 2014). 

Also, the victims are particularly prone to secondary bacterial infections and therefore, 

antimicrobial agents with cephalosporins are administered in such cases (Plachouras et al., 

2015). Moreover, the susceptibility of victims towards parasitic infections such as malaria 

further complicates the recovery process (O’Shea et al., 2015). 

The infamous West African epidemic has spurred efforts to develop effective counter 

measures against EBOV virus. As of May, 2019, atleast thirteen vaccines candidates are in 

different phases of clinical trials (Mathebula et al., 2019). These vaccine candidates include 

recombinant adenoviruses, recombinant human para influenza viruses, virus-like particles 

and recombinant vesicular stomatitis viruses. Until approval of a vaccine candidate, 

rVSVΔG-ZEBOV-GP has been recommended to be used in cases of emergency while two 

vaccines viz., GamEvac-Combi and Ad5-EBOV have been licensed regionally in Russia and 

China respectively (Mathebula et al., 2019) even though they are still in nascent stages of 

testing (Pharmaintelligence, 2019).  

The current vaccine development approaches suffer from some limitations such as 

requirement of initial priming with another vaccine, need for repeated dosages to achieve the 

recommended antibody titer level and the issue of pre-existing immunity (Sridhar, 2015). To 

overcome some of these limitations, the trend is shifting towards development of peptide 

based vaccines (Martins et al., 2015). These vaccines consist of a peptide fragment composed 

of multiple immunogenic epitopes with the ability to generate an immune response against 

one or multiple pathogens. Peptide vaccines are capable of conferring both, cell mediated and 

humoral immunity. They help in reducing risk of infectious agent leaks, are easily modified 

by addition of lipids or phosphates to enhance immunogenicity and eliminate the risk of 

reversion or genetic recombination (Fosgerau and Hoffmann, 2015). Several studies have 

been conducted to decipher potent peptide vaccine candidates against cancer (Li et al., 2014), 

influenza (Francis et al., 2015; Lohia and Baranwal, 2015) and HIV (Huang et al., 2018). 

Elucidation of plausible peptide vaccine candidates can be fastened with the help of 

computational immunology or immunoinformatics which is a branch that aims to investigate 
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genomic and proteomic data related to immunology by means of various statistical models 

and machine learning algorithms to obtain immunologically relevant results. Epitope 

prediction tools help in making a knowledge based selection of probable epitopes which can 

then be validated via in vitro/in vivo experiments. A variety of tools for predicting HLA class 

I and class II binders are available. Numerous researchers have worked on different 

pathogens and diseases such as Influenza virus (Lohia and Baranwal, 2015), Human 

papilloma virus (Kumar et al., 2015), hepatitis C (Sirskyj et al., 2011) and cancer (Naik et al., 

2012) by using various computational approaches for elucidation of epitopes. This has 

dramatically reduced the time and efforts required to identify the potential epitopes based on 

their capability to bind HLA in contrast to the traditional approach which involves the 

synthesis and assessment of all possible overlapping epitopes. Therefore, it offers a promising 

alternative method which is less expensive as compared to the experimental determination. 

Further, a vaccine candidate must exhibit interaction with multiple HLA alleles belonging to 

different populations of the world to be effective globally (Ling and Whitton, 1997). 

Molecular docking (Patronov and Doytchinova, 2013; Singh et al., 2014) and population 

coverage analysis (Dewi et al., 2019; Pritam et al., 2019) have been recognized as valuable 

techniques in computer aided drug and vaccine design and help to predict the peptide-HLA 

interaction for a wide array of HLA molecules. The identification of epitope enriched 

peptides by epitope prediction tools and peptide-HLA interaction analysis is a screening step 

and not a stand-alone technology to identify immunogenic peptides. These peptides are 

required to be validated for elicitation of immune response in in vitro and in vivo systems. 

Successful in vitro and/or in vivo validation of eptiopes predicted via computational 

approaches has been carried out for Influenza virus (Lohia and Baranwal, 2017), Leishmania 

donovani (Dikhit et al., 2017), Moraxella catarrhalis (Yassin et al., 2016) and Brucella 

abortus (Afley et al., 2015).  

In light of these facts, present study focused on computational identification of conserved 

peptide fragments containing multiple overlapping T (CD8+ and CD4+) and B cell epitopes in 

Ebola glycoprotein and nucleoprotein by employing conservation studies, epitope prediction 

tools and different computational algorithms to screen peptides for undesirable (autoimmune, 

allergic and toxic) responses. The identified peptides were analyzed for interaction with 

diverse HLA (human MHC) molecules based on HLA coverage analysis, population 

coverage analysis and molecular docking. Further, the selected peptides were evaluated for 

their immunogenic response by measuring peptide induced cell proliferation and interferon-
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gamma (IFN-γ) release in peripheral blood mononuclear cells (PBMC) isolated from blood 

samples of healthy volunteers.  
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Chapter 2: Review of Literature 

 

2.1. Ebola virus disease (EVD) 

Periodic Ebola virus (EBOV) outbreaks have garnered significant attraction since their 

inception in Africa, 1976. The disease severity, fear of devastating effects rendered by EBOV 

when used as a biological weapon and the possible spread into the western world have led to 

its classification as a Category A Priority pathogen by NIAID and a bioterrorism Category A 

Agent by the CDC (La Vega et al., 2015; Hoenen et al., 2012). 

EBOV zoonotic hosts and their role in Ebola virus disease (EVD) escalation is yet to be 

clearly identified (Jun et al., 2015). EBOV transmission from its zoonotic reservoir to 

susceptible human recipients is thought to take place via the spread of infected reservoir hosts 

and human exposure to their blood or carcasses (Plowright et al., 2015). The transmission 

occurs from a victim to a healthy person via close contact with the victim, their pierced skin 

or contact with body fluids of the victim such as urine, saliva, semen, blood and stools 

(Ilesanmi and Alele, 2014). 

EVD is a hemorrhagic fever resulting in high fever, muscular pain and weakness, malaise and 

headache followed by nausea and diarrhoea. The victim shows signs of hemorrhagic 

symptoms such as hematemesis, hematochezia and melena 5-7 days after the initial infection. 

In later stages, multi-organ failure and a state of shock may lead to death (Feldman and 

Geisbert, 2011; Hoenen et al., 2007). 40% of the survivors continue to show symptoms 

like inflammation at the “immune privileged” sites (sites with attenuated immunity such 

as eyes, testis, synovium and meninges) even after passing medical tests for viral presence 

(Matzinger and Kamala, 2011). 

Six Ebola virus species are known so far viz., a) Taï Forest ebolavirus b) Zaire ebolavirus c) 

Sudan ebolavirus d) Reston ebolavirus e) Bundibugyo ebolavirus and f) Bombali ebolavirus. 

All species except Reston and Bombali have been reported to cause human infections. Zaire 

is the most pathogenic species for humans (Groseth et al., 2012) and architected the infamous 

2014-2016 epidemic in West Africa, the biggest EBOV outbreak in history which registered 

more than 30,000 cases and claimed >11000 lives (CDC, 2019; Brannan et al., 2019).  
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2.2. Ebola virus 

Ebola virus (EBOV) is an enveloped, non-segmented and negative–stranded RNA virus 

belonging to the filoviridae family (Khan et al., 2015). 

 

2.2.1. Classification and nomenclature 

The genus Ebolavirus belongs to the family Filoviridae and has six species (Dhama et al., 

2018). The sixth species, Bombali ebolavirus, was discovered in 2018. A schematic 

taxonomical classification of EBOV done by International Committee on Taxonomy of 

Viruses (ICTV) (Kuhn, 2017) has been depicted in Figure 2.1, page 6. 

Members of this family are pleomorphic and might appear as either circles, filaments or in a 

number six formation. They cause fulminant hemorrhagic fever, sporadically in humans and 

principally in nonhuman primates (NHPs) (Miraglia, 2018). Possible routes of zoonotic 

transmission are general lack of basic precautions, exposure to reservoir, handling 

contaminated meat and/or being bitten by the infected animal (Azarian et al., 2015). 

 

 

 

Figure 2.1: Taxonomical classification of Ebola virus 
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2.2.2. Structure of Ebola virus 

A simplified structure of Ebola virus has been provided in Figure 2.2, page 7. EBOV is a 

thread-like, thin virus with the ability to alter its shape (pleomorphism). It has an 80 nm 

diameter, 1200 nm mean length and 1000 nm virion filament length (Geisbert and Jahrling, 

1995). A 19kb linear, non-segmented, single-stranded RNA serves as the viral genome 

(Grifoni et al., 2016). It encodes for seven genes positioned successionally in the order: a) 

nucleoprotein (NP) b) viral protein (VP) VP35 c) VP40 d) glycoprotein (GP) e) VP30 f) 

VP24 and lastly g) polymerase (L) genes (Sanchez et al., 2007) as depicted in Figure 2.3, 

page 8.  All four virion proteins comprise of the structural proteins and along with NP form 

the nucleocapsid-associated proteins (Radzimanowski et al., 2014). Nucleocapsid (NC) 

formation is necessary for EBOV existence as its genome, like other ~ssRNA genomes, 

cannot exist in naked form (Sun et al., 2012). Also, NC protects the viral genome from 

deterioration as well as serves as a template for genome replication (Ruigrok et al., 2011). 

Nucleoprotein and polymerase proteins along with VP30 and VP35 interact strongly with 

RNA resulting in the formation of ribonucleoprotein (RNP) complex which is enclosed on 

the outside by VP40. Membrane-anchored glycoprotein trimers are present throughout the 

surface of the virion and protrude from this outer envelope (Emanuel et al., 2018). 

 

 

Figure 2.2: Ebola virus structure (Emanuel et al., 2018) 
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Figure 2.3: The sequential order of Ebola virus genes (Cantoni and Rossman, 2018) 

 

Each gene is characterized by one open reading frame (ORF) except the fourth gene viz., GP 

gene which consists of three overlapping ORFs (Mehedi et al., 2011; Ikegami et al., 2001). 

Each of the genes is surrounded by highly preserved sites required for starting and ending the 

transcriptional process (Feldmann et al., 1992; Groseth et al., 2002). A long intergenic region 

is present between VP30 and VP24 genes (Crary et al., 2003) while short, intergenic regions 

consisting of 4-7 highly conserved nucleotides separate the rest of the genes (Bukreyev et al., 

1995). A feature unique to henipaviruses (Paramyxoviridae family) and viruses belonging to 

filoviridae is the presence of long, untranslated regions (Wang et al., 2001). Conserved and 

complimentary sequences form stem-loop structures at the terminal ends of the EBOV 

genome. A 60bp leader sequence is present at the 3’ end while a trailer sequence of variable 

length (as large as 676 bp) has been documented at the 5’ end (M€uhlberger et al., 1992; 

Sanchez and Rollin, 2005). 

 

2.2.2.1. Glycoprotein 

Owing to the three overlapping ORFs present in the fourth EBOV gene, it results in the 

formation of three proteins viz., a) A protein consisting of 676 amino acids and interacting 

with transmembrane (termed as GP) b) A shorter, 364 amino acid containing secreted 

glycoprotein (termed as sGP) and c) Small soluble glycoprotein (termed as ssGP) (Sanchez et 

al., 1996; Sanchez et al., 1998) (Figure 2.4, page 9). sGP and ssGP are the only EBOV 

proteins that are completely non-structural (Emanuel et al., 2018). 
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Figure 2.4: Transcriptional editing of Ebola glycoprotein (Cantoni and Rossman, 2018) 

 

EBOV GP can be found on the exterior of the virus and is an assembly of a stable trimer 

formed of heterodimers (Lee et al., 2008). Post-translational cleavage of GP is the reason 

behind the formation of disulphide-linked GP1 and GP2 subunit (Jeffers et al., 2002). Three 

monomers, each consisting of one disulphide-linked GP1 and GP2 subunit, attach non-

covalently to form a EBOV GP trimer. This trimer is shaped in the form of a chalice with 

approximate dimensions of 95A° * 395A° * 370A°. A bowl shaped structure is formed by the 

three ectodomains of GP1 while the helices of the three GP2 subunits surround the bowl (Lee 

et al., 2008). 

GP1 is accountable for coupling with host cells. Residues 54-201 are thought to be involved 

in this process (Kuhn et al., 2006). GP1 can be split into three regions viz., a) Base b) Head 

and C) Glycan cap (Lee et al., 2008). The base region comprises of two sets of β-sheets in the 

form of a semicircular surface. This surface interacts with and binds one of the helices of 

GP2 subunit and an interior fusion loop with the help of its hydrophobicity. Cys 53 present in 

the base region is thought to be responsible for the formation of an intermolecular disulphide 

bridge leading to Cys 609 present in the GP2 subunit (Jeffers et al., 2002). The glycan cap 

region forms no contacts with the neighbouring monomers and is completely in the open on 

the exterior of the chalice (Lee et al., 2008). 

GP2 is accountable for membrane fusion of the virus and the host cell. It consists of a) The 

internal fusion loop and b) HR1 and HR2, together known as the heptad repeat regions. The 

internal fusion loop comprises of 511-556 amino acids and is found as a scaffold of anti-

parallel β-strands. Due to this confirmation, a fusion peptide, which is partly helical and 

partly hydrophobic, comprising of residues 529, 531, 532, 533, 534 and 535 is visible (Lee et 

al., 2008). The side chains belonging to the aforementioned amino acid moieties interact with 
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the head region of a neighbouring monomer GP1 subunit; a feature that draws similarities 

with packaging of fusion peptide witnessed in the pre-fusion Human parainfluenza virus (Yin 

et al., 2006). A disulphide bond between Cys 511 residue of the internal fusion loop and the 

Cys 556 residue of the HR1 helix covalently links the anti-parallel β-sheet. This bond is 

completely conserved in all filoviridae members and presents an analogy to the cysteine pair 

in Avian sarcoma leukosis virus (Delos et al., 2008). 

 

2.2.2.2. Nucleoprotein 

Each EBOV consists of ~3200 NP moieties (Bharat et al., 2012) with each of the molecules 

comprising of 739 residues. NP N-terminal end is hydrophobic and forms a condensed helix 

and a variable hydrophilic C-terminal which binds to VP40 (Niikura et al., 2001; Bharat et 

al., 2012). Residues 1-450 are conserved amongst paramyxoviruses and filoviruses while 

residues 451-739 are conserved only amongst the filoviridae members (Su et al., 2018; Leung 

et al., 2015). 

The core region of EBOV NP comprises of residues 36-351 and is highly conserved amongst 

all filoviridae members. It has dimensions of 53 Å * 40 Å * 75 Å and the intramolecular 

interactions help in its packaging. The NP core region is significant for RNA binding and NP 

oligomerization for RNP formation. It can be divided into two regions viz., a) N-lobe 

(residues 36-240) made up of α-helices (thirteen) and β-strands (two) and b) C-lobe (residues 

241-351) made up of seven α-helices. A highly positively charged groove, common to most 

virus NP’s, is bound by these two regions. The positive charge is majorly contributed by 

residues 160, 171, 174 and 248 (Dong et al., 2015). This groove helps in RNA encapsidation 

as lysine, arginine and histidine present in the groove exhibit communication with the ribose 

and phosphate molecules belonging to the RNA (Ariza et al., 2013; Raymond et al., 2012; 

Reguera et al., 2013). 

Oligomerization is carried out by residues 38-383 as they form oligomers with a back-to-back 

double ring configuration (Leung et al., 2015). The last two helices of each Ebola NP N-

terminus molecule interact with the corresponding last two helices of neighboring NP 

molecules. This results in the formation of oligomeric rings (Su et al., 2018). Due to the high 

conservation observed in this region amongst viruses, it is thought that such molecular 

contacts are crucial for NP-NC interactions (Reguera et al., 2014). 
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2.2.2.3. Virion protein 35 

EBOV VP35 is a multifunctional protein which consists of 340 amino acid residues (Grifoni 

et al., 2016) and has a tetrameric configuration in solution (Bruhn et al., 2017). It is 

functionally analogous to the phosphoprotein of other non-segmented, negative sense (NNS) 

RNA viruses (Mühlberger et al., 1999) and is made up of an N-terminal coiled region 

significant for its oligomerization and a C-terminal region which binds to dsRNA as well as 

helps in IFN-γ inhibition (Leung et al., 2009; Bale et al., 2013). Oligomerization domain is 

marked by residues 82 and 145 at either end. Residues 118 and 145 present inside the C-

terminal region belonging to the oligomerization domain are immensely preserved amongst 

all Ebola virus species (Zinzula et al., 2018). 

VP35 acts as a non-enzymatic co-factor of the L protein and thus, is crucial for viral 

replication (Becker et al., 1998). The homo-oligomers formed by VP35 help in genome 

replication as well as IFN inhibition (Reid et al., 2005). VP35 C-terminal region stops type I 

α/β interferon (IFN) induction by blocking normal functionality of dsRNA and via interaction 

with members of the retinoic acid inducible gene I (RIG-I) like receptors pathway (Zinzula 

and Tramontano, 2013). 

Hence, as VP35 is crucial for viral replication, NC formation as well as host IFN inhibition 

(Zampieri et al., 2007). Lack of a functional VP35 impedes viral amplification and results in 

reduced viral infectivity prowess (Hartman et al., 2008). 

 

2.2.2.4. Virion protein 24 

VP24 is a secondary matrix protein consisting of 251 amino acids (UNIPROT, 1998). It 

makes up around 7.5% of total EBOV protein concentration and weighs approximately 24 

kDa (Elliot et al., 1985). No homologs of VP24 have been indentified in NNS RNA viruses 

and hence, its presence is unique to filoviridae members (Watt et al., 2014). 

VP24 weakly associates with NP and VP35 to form the nucleocapsid (NC) (Huang et al., 

2002). Residues 170 and 171 are crucial for its interaction with NP (Banadyga et al., 2017). 

Along with VP35, it induces various conformational changes in NP required for RNA 

encapsidation (Huang et al., 2002). Han et al observed that a truncated VP24 results in loss of 

formation of a viable NC, thus, confirming the role of VP24 in NC formation (Han et al., 

2003). 
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Like VP35, VP24 helps in host innate immune response inhibition but via different 

mechanisms (Ilinykh et al., 2015). Interaction of VP24 with karyopherin nuclear transporters 

arrests movement of STAT1 to the nucleus (Mateo et al., 2010). VP24 also remoulds the 

translocation of hnRNP C1/C2 (a heterogenous protein complex involved in interaction with 

karyopherin) by binding to it (Shabman et al., 2011). p38 is responsible for phosphorylation 

of various transcription factors responsible for mediating IFN response. VP24 blocks 

phosphorylation of p38, essentially blocking the p38 function and hence, indirectly, inhibiting 

IFN response (Halfmann et al., 2011; Uddin et al., 1999). Further, it also results in blockage 

of the activation of nuclear factor-kappa B (NF-kB) following stimulation by tumour necrosis 

factor alpha (TNF-α) which again leads to IFN response inhibition (Guito et al., 2017). 

 

2.2.2.5. Virion protein 30 

VP30 is a phosphoprotein consisting of 288 amino acids and weighing approximately 30 kDa 

(Modrof et al., 2002). It lends filoviruses distinction amongst the mononegaviruses as it is 

associated with NC only in the former (Kirchdoerfer et al., 2016) via direct binding with 

other NC components viz., NP and L (Kirchdoerfer et al., 2015). Residues 179, 180, 183 and 

197 are crucial for this interaction. A study suggested that the VP30 C-terminal domain 

(CTD) is enough on its own for VP30-NC interaction (Hartlieb et al., 2007). Another report 

indicated that N-terminal phosphorylation regulates this interaction and effects viral 

transcription and RNA replication (Modrof et al., 2001). 

EBOV transcription depends significantly on VP30 as it is essential for viral mRNA 

synthesis (Muhlberger et al., 1999; Hartlieb et al., 2007). The N-terminal region consists of a 

RNA-binding site (Modrof et al., 2001). Interestingly, a weakly or partially phosphorylated 

VP30 acts as a transcription factor while a fully phosphorylated VP30 acts as a transcription 

inhibitor (Modrof et al., 2002). The N-terminal region also consists of a zinc binding site. 

Zinc binding enhances the abilities of VP30 as a transcription cofactor (Modrof et al., 2003).  

Another role of VP30 in regulation of co-transcriptional editing of glycoprotein mRNAs has 

also been reported (Martinez et al., 2008). 
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2.2.2.6. Virion protein 40 

VP40 is made up of 326 amino acids (Madara et al., 2015), weighs around 40 kDa and is the 

most expressed protein in filoviruses (Adu-Gyamfi et al., 2012). It is located at multiple 

intracellular regions and can take up multiple oligomeric confirmations such as plasma-

membrane localized hexameric confirmation, perinnuclear octameric ring confirmation etc. 

The N-terminal region of VP40 is credited with formation of a dimer in the cytoplasm where 

as the C-terminal region is accountable for the communication between the protein and the 

plasma membrane (Bornholdt et al., 2013).  

VP40 coordinates with the viral cellular components and helps the virus assemble at the 

plasma membrane (Adu-Gyamfi et al., 2012). Residues 213, 295 and 298 are a part of the C-

terminal domain and play a significant part in deep penetration of hexameric VP40 inside the 

the plasma membrane, an occurrence significant for building viral matrix, virion assembly 

and egress. Also, residues 221, 224, 225, 270, 274 and 275 are thought to be critical for VP40 

interaction with plasma membrane. The importance of these interactions in the larger picture 

presents them as plausible therapeutic targets for deranging viral budding (Madara et al., 

2015). 

 

2.2.2.7. RNA polymerase 

L is the largest EBOV protein and is made up of 2,212 amino acids (Ayub and Waheed, 

2016). It weighs around 253 kDa (Volchkov et al., 1999). Unable to function independently, 

it performs as a part of RNA-dependent RNA polymerase (RdRp) complex with NP, VP30 

and VP35 as the other members (Ayub and Waheed, 2016). Residues 1-505 are self-sufficient 

for binding to VP35 (Prins et al., 2010). Interestingly, VP30 is a dispensable member of the 

RdRp complex for viral replication (Trunschke et al., 2013).  

The L protein is thought to perform a variety of functions including transcription and 

replication (mRNA guanylyltransferase, poly (A) synthetase activity etc) (Poch et al., 1990). 

Editing of mRNA by L is the root cause of GP protein production as this editing deviates 

from the normal sGP production and hence, mRNA editing by L regulates the expression of 

GP, sGP and ssGP (Volchkov et al., 1995). 

Despite the fact that L protein is present at the heart of essential viral mechanisms, little has 

been deduced about the structure or functioning of this protein owing to its large size and 
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unavailability of specific antibodies against it (Cantoni and Rossman, 2018; Schmidt and 

Hoenen, 2017). 

 

2.2.3. Life cycle of Ebola virus 

The different phases of EBOV life cycle have been portrayed in the Figure 2.5, page 14. 

 

Figure 2.5: Ebola virus life cycle (Yu et al., 2017) 

 

2.2.3.1. Viral entry (attachment and uptake) 

Various stages of EBOV entry comprise of binding, internalization, trafficking to and fusion 

with a late endosome membrane (Figure 2.5, page 14). Currently, the mechanism of EBOV 

entry is partially known (Yu et al., 2017). Trimeric GP spikes present all around the EBOV 

surface mediate all stages of EBOV entry. EBOV GP cleavage within the golgi apparatus 
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results in GP1 and GP2 domains which remain in contact via non-covalent interactions (Lee 

and Saphire, 2009). But unlike haemagglutinin of Influenza virus, the site of EBOV GP 

cleavage is important for neither viral entry (Wool-Lewis and Bates, 1999) nor pathogenesis 

(Neumann et al., 2007). EBOV GP1 can be subdivided into three regions viz., a) The receptor 

binding domain (RBD) b) The glycan cap and c) Mucin-like domain (MLD). RBD affects the 

EBOV coupling to host cells by interacting with multiple cellular receptors (Chan et al., 

2001; Kuhn et al., 2006).   

Amongst the multiple receptors, C-type lectin family is prominent with its various members 

such as asialoglycoprotein receptor (ASGP-R), acetylgalactosamine-specific C-type lectin 

(hMGL) etc being linked to EBOV attachment (Yu et al., 2017). Tyro3 protein kinase (TAM) 

family (Hunt et al., 2011) and folate receptor-α (FR-α) (Chan et al., 2001) have also been 

reported to effect viral attachment. Tyrosine kinase receptor Axl (Hunt et al., 2011) mediates 

viral binding while presence of plasma membrane sphingomyelin and activity of 

sphingomyelinase have been reported to be crucial to viral binding efficiency (Miller et al., 

2012). 

Various endocytic pathways lead to viral uptake after its entry. A study reported that 

macropinocytosis is essential to the same where as clathrin and caveolin-mediated 

endocytosis is non-significant (Nanbo et al., 2010). In another study, cathepsin B/L 

(endocytic enzyme) and cholesterol (lipid-raft component) were thought to be responsible for 

viral uptake (Saeed et al., 2010). GP-mediated fusion is independent of acidic condition 

though low pH conditions do catalyse the process. GTPases, such as RhoB, Rac1, and 

CDC42 play a vital part in EBOV GP-dependent transduction (Bavari et al., 2002). 

 

2.2.3.2. Uncoating and fusion 

Endocytosis precedes uncoating and fusion between viral and endosomal membranes (Yu et 

al., 2017). Internalization of the virus into a macropinosome is followed by its transfer to an 

endosomal compartment consisting of cysteine proteases such as cathepsin B and cathepsin 

L. The latter helps in digestion of GP which initiates viral and endosomal membrane fusion 

(White and Schornberg, 2012). Processed GP1 interacts with Neimann-Pick C1 protein of the 

late endosome resulting in GP2-dependent coupling of the envelope belonging to the virus 

and membrane of the endosome (Carette et al., 2011). It has been found that absence of Two-
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Pore Channel 2 (TPC2) has an adverse effect on the fusion process (Sakurai et al., 2015). The 

operational workflow of TPC2 is still unknown (Simmons et al., 2016). 

Furin cleaves the EBOV GP into GP1, GP2, sGP and ssGP inside the golgi apparatus 

(Falzarano et al., 2007). GP2 consists of five domains viz., a) N-terminal heptad region b) C-

terminal heptad region c) Transmembrane region d) Fusion loop consisting of a core 16 

residue hydrophobic sequence and e) Cytoplasmic tail (Lee and Saphire, 2009). The fusion 

loop helps in initiation of membrane fusion process by inserting into host endosomal 

membranes (Bar et al., 2006). Lysosomal thiol reductase is thought to trigger the fusion 

process. It can be blocked with the help of cysteine protease determents and acidic pH 

conditions (Schornberg et al., 2006). Amongst various GTPases that play a crucial role in 

viral fusion, Rab7 GTPase, related to the late endosomes, is at the forefront (Simpson et al., 

2012). 

After fusion, trimeric HR regions of GP2 subunit result in the genesis of a hexa-helical 

transmembrane structure which sets off an opening through the membrane (Malashkevich et 

al., 1999). Further, the viral proteins are discharged into the host cytoplasm where they 

participate in the replication process. 

 

2.2.3.3. Transcription and replication 

EBOV RNA (encapsulated by NP) and RNA-dependent RNA polymerase (RdRp) form a 

complex together known as ribonucleoprotein (RNP) complex (Yu et al., 2017). This 

complex is released in the host cytoplasm and serves as a template for replication. 

Throughout the replication process, complementary positive stranded RNA (cRNA) genesis 

is observed in the way of RNP which further serves as template or is packaged as genomic 

RNA into virions (Ruigrok et al., 2011). This process stresses on the significance of correct 

RNP formation, a mechanism whose knowledge still eludes the scientific community (Yu et 

al., 2017).  

N-lobe and C-lobe present in the core region of EBOV nucleoprotein result in the formation 

of a RNA binding groove (Ruigrok et al., 2011). Both the terminals of EBOV NP extend 

towards this groove and help in RNA binding as well as NP oligomerization for RNP 

formation (Zhou et al., 2013). VP35 blocks IRF3 signalling which inhibits IFN Type I 

production, thus, clearing the passage for smooth viral replication (Forrester, 2018). In vitro 

experiments have shown that VP35 N-terminal peptide performs an essential role in release 
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of RNA from the RNP by coupling with a hydrophobic region present on the C-terminal of 

nucleoprotein. This also results in inhibition of NP oligomerization (Dong et al., 2015). The 

exact mechanism by which VP35 carries out these functions remains largely unknown. 

 

2.2.3.4. Assembly and budding 

Various EBOV proteins play different roles throughout the viral assembly and budding 

process (Figure 2.5, page 14).  

Nucleocapsid (NP, VP35 and VP24) formation and accumulation at the perinuclear region 

triggers the viral assembly process (Yu et al., 2017). NC migrates to cell surface with the help 

of microtubules supervised by VP40 and is lastly assimilated into virions by NP-VP40 

interaction (Baker et al., 2016). Moreover, flexible NP-NP interactions during NP 

oligomerization enable dense packing of RNP into the viral particles (Dziubanska et al., 

2014). 

GP precursor is synthesized in the endoplasmic reticulum. It follows the classical secretory 

pathway wherein it arrives at the plasma membrane via golgi apparatus. GP experiences 

several post-translational modifications such as acylation before undergoing proteolytic 

cleavage by furin while being inside golgi apparatus (Ito et al., 2001). Lastly, GP is carried to 

late endosomes where it communicates with VP40 for assembly and budding (Neil et al., 

2008). 

VP40 protein is made up of two domains viz., a) N-terminal domain and b) C-terminal 

domain (Bornholdt et al., 2013). The former has a surface which is hydrophobic and results in 

the genesis of homodimers by interacting with various cell proteins. This results in the 

shipping of VP40 dimers towards plasma membrane (Dessen et al., 2000). The C-terminal 

domain exists as a pliant, hydrophobic loop whereas the N-terminal domain carries out the 

process of oligomerization (Adu-Gyamfi et al., 2015). The interaction of VP40 and the 

interior surface of the plasma membrane is vital for the budding process to ensue. Both, 

electrostatic and hydrophobic components, present in VP40 interact with the 

phosphatidylserine of the plasma membrane. Phosphatidylserine supervises the localization 

and oligomerization of VP40 onto the inner leaflet of the plasma membrane (Soni and 

Stahelin, 2014). Further information regarding the mechanism of VP40 association and the 

budding process is still unclear.  
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The role of EBOV VP24 in assembly and budding process is yet to be realised. A decrease in 

the quantity of virions released via budding was reported upon silencing of VP24 gene 

though viral transcription and replication remained unaffected (Huang et al., 2002). 

Lastly, all the viral proteins and the ribonucleoprotein complex (RNA plus nucleoprotein 

(NP)) assemble at the plasma membrane and result in genesis of virions which bud out from 

the cell surface. sGP and ssGP are also secreted out along with the virions (White and 

Schornberg, 2012). 

  

2.3. Epidemiology of Ebola 

In the last 45 years, EBOV outbreaks of different proportions and varying lethality have been 

witnessed in various geographical regions (Table 2.1, page 20-22). After initial zoonotic 

infection, spread to humans has been documented several times for three EBOV species 

(Sudan ebolavirus, Zaire ebolavirus and Bundibugyo ebolavirus) (King et al., 2012). Only 

one human infection case has been registered for Taï Forest ebolavirus species so far (Le 

Guenno et al., 1995) while the remaining two species (Reston ebolavirus and Bombali 

ebolavirus) are not known to infect humans. 

Even though many candidates have been contemplated as EBOV zoonotic reservoirs, it 

remains a topic of debate (Peterson et al., 2004). EBOV infection has been reported in 

various bat species such as Hypsignathus monstrosus, Myonycteris torquata and Epomops 

franqueti (Leroy et al., 2005) and a few human infections have been associated with bat 

exposure (Leroy et al., 2009). Dead end hosts such as chimpanzees and gorillas are also 

thought to be potent candidates for transfer of EBOV infection from animals to humans 

(Bermejo et al., 2006; Formenty et al., 1999).  

Secondary transmission results after primary infection upon close contact with either the dead 

bodies, the infected individuals or their body fluids (Feldmann et al., 2011). The source of 

human infection has been difficult to identify in many cases (Nkoghe et al., 2011). Activities 

such as hunting and bushmeat trading might bring humans in contact with an infected animal 

reservoir and cause problems (Nkoghe et al., 2011). Long-established and customary funeral 

habits which include contact with corpse and corpse washing further complicate the matter. 

Rapid spread of the disease in terms of both, space and time, is observed in case of lack of 

optimum protective measures in heath care facilities (Georges et al., 1999). 
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EBOV first surfaced on June 27, 1976 in the Democratic Republic of the Sudan where it 

infected a man living in a rural area. The patient died within two weeks of contracting the 

disease. 23% people who touched the man and 81% of health governors became infected 

(WHO report, 1978). Overall, 284 people were reported to be infected in this outbreak and 

around 150 people died. 

The world witnessed the second EBOV epidemic in September, 1976 in northeast Zaire. 

Many hospital personnel died upon transmission of disease from victims. 55 villages had 

reports of EBOV infection. An estimated 20% people coming in close contact of infected 

individuals were thought to contract the disease. Middle aged women (17-31 years) were the 

worst affected age group. A total of 318 cases were reported with around 88% mortality 

(WHO report, 1978). 

First infection by Reston ebolavirus was recorded in 1989 in Macaca fascicularis, a monkey 

species imported from Philippine Islands to Reston. As of now, no human cases caused by 

this species have been reported (Dhama et al., 2018). Taï Forest ebolavirus first surfaced in 

1994 when it infected an ethnologist who was carrying out an autopsy on a chimpanzee found 

dead in Côte d’Ivoire (Le Guenno et al., 1995). The fifth EBOV species, Bundibugyo 

ebolavirus came to limelight in 2007 in Uganda where it infected 116 people with 26% 

mortality (Towner et al., 2008). 

The West African epidemic of 2013-2014 is the largest recorded EBOV outbreak till date. It 

is thought to have started in December, 2013 from a child in Guinea who came in contact 

with an infected bat (Murray, 2015). Amongst various reasons responsible for rapid spread of 

this disease such as resource limitation and lack of proper health care facilities, fear factor 

played a significant role. Lack of awareness among the locals, including the urban 

population, led them to think that health care workers were responsible for the spread of 

disease. Consequently, unwarranted attacks on medical staff led to several deaths (McMahon 

et al., 2016). 

The latest EBOV outbreak began on August 1, 2018 in DRC in North Kivu and Ituri 

provinces. Response to the outbreak was impeded due to conflict between locals and the 

medical staff (Petesch, 2018). As a result, a secondary wave of EBOV attack was witness in 

September, 2018 (Anna et al., 2018). Nearly 700 cases have been reported so far (WHO 

report, 2019). Till date, more than 25 outbreaks have been registered with Zaire and Sudan 

species being responsible for most of them (Tariq et al., 2019) (Table 2.1, page 20-22). 
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Table 2.l: All human Ebola outbreaks since the inception of Ebola virus disease (CDC, 2019) a) From 1976-2000 b) From 2000-2013 c) 2014 

onwards.   

 a) 1976-2000 

Year Area/Locality Ebola species Number of 

cases 

Number of 

deaths 

Reference 

1976 England Sudan 1 0 Emond et al., 1977 

1976 Sudan Sudan 284 151 WHO report, 1978 

1976 Democratic republic of the Congo 

(DRC) 

Zaire 318 280 WHO report, 1978 

1977 DRC Zaire 1 1 Heymann et al., 1980 

1979 Sudan Sudan 34 22 Baron et al., 1983 

1994 Cote D’Ivoire Taï Forest 1 0 Le Guenno et al., 1995 

1994 Gabon Zaire 52 31 Georges et al., 1999 

1995 DRC Zaire 315 250 Khan et al., 1999 

1996 Russia Zaire 1 1 Borisevich et al., 2006 

1996 South Africa Zaire 2 1 WHO records, 1996 

1996 Gabon Zaire 97 66 Georges et al., 1999 

2000 Uganda Sudan 425 224 Okware et al., 2002 
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b) 2000-2013 

* DRC stands for Democratic republic of the Congo 

Year Area/Locality Ebola species Number of 

cases 

Number of 

deaths 

Reference 

2001 Gabon Zaire 65 53 WHO report, 2003 

2002 DRC* Zaire 143 128 Formenty et al., 2003 

2003 DRC Zaire 35 29 WHO record, 2004 

2004 Russia Zaire 1 1 Akinfeyeva et al., 2005 

2004 Sudan Sudan 17 7 WHO record, 2005 

2005 DRC Zaire 12 10 CDC, 2019 

2007 Uganda Bundibugyo 131 42 MacNeil et al., 2011 

2007 DRC Zaire 264 187 WHO record, 2007 

2008 DRC Zaire 32 15 WHO, 2009 

2011 Uganda Sudan 1 1 Shoemaker et al., 2012 

2012 Uganda Sudan 17 7 Albarino et al., 2013 

2012 DRC Bundibugyo 36 13 Albarino et al., 2013 



22 
 

c) 2014 onwards 

* DRC stands for Democratic republic of the Congo 

 

Year Area/Locality Ebola species Number of 

cases 

Number of 

deaths 

Reference 

2014 DRC* Zaire 69 49 Maganga et al., 2014 

2014 Guinea, Liberia, Sierra Leone 

(West African Epidemic) 

Zaire 28,610 11,308 Bell et al., 2016 

2014 Italy Zaire 1 0 WHO, 2015 

2014 Mali Zaire 8 6 Bell et al., 2016 

2014 Nigeria Zaire 20 8 Bell et al., 2016 

2014 Senegal Zaire 1 0 Bell et al., 2016 

2014 Spain Zaire 1 0 WHO, 2014. 

2014 United States Zaire 4 1 Bell et al., 2016 

2017 DRC Zaire 8 4 CDC, 2019 

2018 DRC Zaire 54 33 CDC, 2019 
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2.4. Ebola and immune system 

2.4.1. Innate immune response 

Innate as well as adaptive (humoral and cellular) immunity is triggered at every step of 

EBOV infection (Marcinkiewicz et al., 2014). 

Innate responses against viral infections are mediated by Type I IFNs (Ivashkiv and Donlin, 

2014). Multiple IFN-α and a single IFN-β gene encodes for Type I IFNs protein family. 

Activation of various pattern recognition receptor pathways can lead to IFN–α/β gene 

expression. Examples of such pathways include the RIG-I-like receptor (RLR) pathways, 

STING/cGAS pathway etc. (Brubaker et al., 2015). Two RIG-I-like receptors, RIG-I and 

MDA5, have been reported to be relevant in case of filoviral infections (Basler, 2015). Upon 

activation, cells secrete IFN–α/β which couples with the IFN-α/β receptor on the cell surface 

ensuing in autocrine or paracrine signalling. Consequently, a JAK-STAT signaling cascade 

develops which activates several hundred genes responsible for conferring resistance to viral 

infections and viral replication blockage ability to cells (Basler, 2015) (Figure 2.6, page 23).  

 

Figure 2.6: Innate immune response generated against Ebola virus (ICAHN, 2019) 
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IFN-γ or Type II IFN is vital for macrophage activation and expression of HLA class I 

molecules (Ben-Asouli et al., 2002). It can also trigger type I IFN response via cross talk 

(Barkhouse et al., 2015). IFN-λ or Type III IFN constitutes of IL-28A, IL-28B and IL-29. 

They are secreted by diverse human cells, especially respiratory epithelial cells (Wei et al., 

2016). 

 

2.4.2. Adaptive immune response 

Different haemorrhagic fever viruses trigger varied responses by T cell priming and 

activation, thus, resulting in the activation of adaptive immunity (Figure 2.7, page 25). EBOV 

infection results in haemorrhagic fever marked by onset of type-I effector mechanisms 

(cytotoxicity and interferon production), tremendous T cell activation and differentiation to 

effector profiles (Perdomo-celis et al., 2019). 

Protection against viral haemorrhagic fevers (VHF), whether natural or vaccine mediated, 

requires the stimulation of Tc as well as Th cells mediated by immunodominant epitopes. 

Activation of lytic and non-lytic effector mechanisms of both cell types is also essential. Th 

cells perform numerous other functions such as enhancement of TC response (Wherry and 

Ahmed, 2004) and B cell activation which results in antibody production (Farooq et al., 

2016) and hence, are indispensable for a robust immune response generation. Prodigious 

activation and terminal differentiation of TC cells has been reported in human survivors of 

EBOV disease. Unusually high numbers of HLA-DR+ CD38+, Ki-67, CD45RA+ CCR7- and 

CD45RA+ CCR7- cells were detected even after two months of viral infection (McElroy et 

al., 2015). In another study, no change in Th cell count was observed (an observation made 

during severe DENV infection as well) and this has been contemplated as a reason for the 

tremendous T cell activation and disease severity (Jayaratne et al., 2018). 

Cytokine circulation follows a specific pattern in case of VHF. Massive cytokine production 

is a trademark of VHF and is known as “cytokine storm” (Khaiboullina et al., 2017). Cells 

primarily involved in production of these factors include endothelial cells, antigen-presenting 

cells, NK cells, polymorphonuclear cells etc (Yiu et al., 2012). An increase in IFN-α, IFN-β, 

TNF-α and IL-6 (Hutchinson and Rollin, 2007) is observed during acute phase of infection. 

This phase, witnessed between 1st - 4th days after symptom detection, is also characterized by 

development of fever. IL-2 (Rathakrishnan et al., 2012) and IL-10 (Hutchinson and Rollin, 

2007) levels peak between 5th – 10th days of infection, a period which reflects the worst 
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consequences of VHF. Other mediators/factors observed include lipid mediators (Bennett and 

Gilroy, 2016) and oxygen and nitrogen reactive species (Miller et al., 2011). Together, these 

factors result in T cell activation and delimitation into effector profiles by causing their 

polarization (Kaiko et al., 2008). 

 

 

Figure 2.7: Activation of adaptive immune response by various haemorrhagic fever viruses 

(Perdomo-Celis et al., 2019) 

 

2.4.3. Evasion of host immune response by Ebola virus 

Filoviridae members employ an array of mechanisms to effectively counter the host 

protective mechanisms. Table 2.2 enlists the various ways of host immune evasion observed 

during different studies. Antiviral defences such as IFN responses are counteracted by 

suppressing Type I IFN and obstructing IFN signalling. This is indicated by the rapid 

replication rate displayed by these viruses inside the host (Bray and Geisbert, 2005).  
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EBOV VP35 plays a central role in host immune response evasion. Not only does it impede 

the normal functioning of both IFN’s (α and β) (Basler, 2015), it also blocks the activation of 

IFN-induced kinase PKR which exhibits antiviral activity (Schumann et al., 2009). Interferon 

regulatory factor 3 (IRF-3) is a transcription factor vital for IFN-β promoter induction. VP35 

prevents phosphorylation of this factor (Basler and Amarasinghe, 2009). In 2006, an 

interesting correlation was found by Cardenas et al within VP35’s ability to bind to dsRNA 

and to restrict RIG-I signalling (Cardenas et al., 2006).  

The suppression of innate immune response by EBOV VP35 has far reaching consequences. 

It impairs dendritic cell maturation which results in inhibition of IFN-α and IFN-β production 

as well as a failure of dendritic cells to activate T cells (Basler, 2015). 

Mohan and coworkers discovered in mice that sGP acts as a roadblock between the virus GP 

and anti-GP 12 antibodies as it can efficiently compete for these antibodies. Hence, it does 

not allow the antibodies and the virus GP to come in contact. It concentrates the attention of 

host onto its epitopes which are identical to those on virus GP and hence, absorbs anti-GP1,2 

antibodies. This event is known as antigenic subversion (Mohan et al., 2012). Contrary to the 

popular belief that viruses reduce the number of immune recognition molecules present on 

the victim’s cell surface, Francica and colleagues found that virus GP prevents the 

recognition of HLA class I and II molecules, a phenomenon termed as steric occlusion. Not 

only does this occur for host cell, steric occlusion also prevents the recognition of Ebola virus 

GP itself (Francica et al., 2010). Hence, steric occlusion is another way in which viruses can 

elude host immunity. 

Further, GP1 glycosylation, although not required for viral entry, is thought to guard GP from 

immune system, thus, enabling GP to function normally (Collar et al., 2017). 
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Table 2.2: Various mechanisms employed by Ebola virus to evade host immune response 

Mechanism Description Reference 

Antigenic variation Mucin like domain of GP varies between species and forms a part of the GP 

spike after cleavage of GP to GP1-GP2. This lends the virus protection against 

antibodies as cross-protection between viral species is nullified 

Hevey et al., 1997 

Abundant N and O linked 

glycosylation 

Present in mucin-like domain of GP and leads to viral tropism for dendritic cells 

and monocytes. Also results in epitope masking and variations in phenotypes.  

Jeffers et al., 2002 

GP gene editing Amongst filoviruses, this phenomenon is observed only in EBOV. A truncated, 

frame-shifted version of sGP is produced in this case. 

Sanchez et al., 1996 

Enshrouding of receptor-

binding and fusion domains 

The effect of antibodies is reduced drastically and probably completely upon 

exposure of vital functional domains only transiently upon entry. 

Manicassamy et al., 2005 

Promiscuous binding to cells GP has the ability to bind with different cell receptors. This proves to be 

problematic for antibodies as they are unable to block so many interactions. 

Feldmann et al., 1994 

Cytokine release GP reigns havoc on the immune system by activating multiple immune  

measures such as intracellular cascades, granule and cytokine release leading to 

an unbalanced immune response 

Leroy et al., 2000 
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2.5. Ebola: Prevention and control 

2.5.1. Antiviral drugs  

It takes at least three weeks for a vaccine to stimulate immunity in a person post-exposure to 

a pathogen. Owing to this and the consistent EBOV threat increase and rapid transmission of 

the disease, post-exposure therapeutic drug development is in order. The need was further 

stressed in 2014 when during the largest EBOV outbreak till date, WHO permitted the use of 

untested drugs to somehow control the high death count (Jerebtsova and Nekhai, 2015).  

A summary of various works done with respect to therapeutic drug development has been 

presented in table 2.3, page 30. Common approaches include targeting viral proteins and 

restriction of viral entry. The latter can be achieved in two ways viz., disrupting normal 

functioning of proteins crucial to the process and/or blocking cell receptors accountable for 

attachment of virus to host cell (Jerebtsova and Nekhai, 2015). 

Pradimicin A and benanomicin A are non-peptidic antibiotics that target EBOV GP 

(Balzarini, 2007). Enzon Pharmaceuticals provides commercial-grade human mannose-

binding lectin (MBL), a C-type lectin that identifies various EBOV surface glycan structures, 

such as glucose, mannose etc. Regrettably, complex MBL quaternary structure makes its 

large-scale production cumbersome and expensive (Jerebtsova and Nekhai, 2015). Griffithsin 

(GRFT) is a red algae derived lectin which is devoid of mitogenic activity and interacts with 

the terminal mannose molecules of N-linked glycans on the outside of EBOV. In contrast to 

many lectins, GRFT doesn’t actuate proinflammatory cytokine production in human PBMC. 

Periodic subcutaneous dosages of GRFT exhibited an insignificant danger in two rodent 

species. Further validation of GRFT is being done (Barton et al., 2014). 

BioCryst Pharmaceuticals developed a viral RNA polymerase inhibitor, adenosine analog 

(nucleoside drug) named BCX4430 which functions as a non-obligate RNA-chain terminator. 

Upon being injected in the subject 48h post infection, BCX4430 successfully stopped the 

flow of viral infection in human cells and non human primates. Dismal pharmacokinetic 

properties and short half life (<5 min) are the major drawbacks of this drug (Warren et al., 

2014). Another nucleoside drug capable of viral RNA synthesis inhibition is named 

Favipiravir. It can be obtained via chemical modification of pyrazine (Furuta et al., 2017). 

Antibodies are known to inhibit viral entry into cells as well as encourage antibody-directed 

cell-mediated cytotoxicity by NK cells. Also, along with the complement system, antibodies 

help in neutralization of the virus (Keller and Stiehm, 2000). Polyclonal IgG antibody 
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obtained from EBOV survivors and injected into non-human primates two days post-

exposure protected nearly 65% of test individuals (Dye et al., 2012). Though polyclonal 

antibodies confer better protection when compared to monoclonal antibodies, production 

difficulties, high lethality and low survivor numbers are the major limitations of polyclonal 

antibodies that render them unsuitable for human usage. This led the scientists to look at 

recombinant mAbs as a plausible alternative for post-exposure antibody treatment (Jerebtsova 

and Nekhai, 2015).  

Failure of human monoclonal antibody KZ52 in securing non-human primates from EBOV 

infection even when injected 1 day prior to infection (Oswald et al., 2007) paved the pathway 

for development of ZMapp, an antibody cocktail manufactured in collaboration by US Mapp 

Biopharmaceutical, Inc. and Defyrus, Inc. This cocktail conferred protection in all test non-

human primates when injected five days post-exposure (Qiu et al., 2014) though efficacy in 

humans is still under debate (Dixon and Schafer, 2014). In another case, Russian federation 

approved the temporary treatment of EBOV infected humans with hyperimmune serum 

(containing immunoglobulins) obtained from EBOV infected goats as the serum proved to be 

successful in tests on various human volunteers (Kudoyarova-Zubavichene et al., 1999).  

Therefore, mAb-based therapies in non-human primates have proven their metal at choking 

EBOV spread and reducing the fatality rate (Qiu and Kobinger, 2014). Still, the phenomenal 

measures employed by filovirus to evade the antibody based treatments (Kajihara et al., 

2013) present a challenge to the scientific community, especially to counter EBOV infection 

in humans (Jerebtsova and Nekhai, 2015). 
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Table 2.3: Various therapeutic drug development experiments performed in different studies 

Drug Name Target Description Reference 

Mannose-binding lectin (MBL) GP Post infection treatment protects 40% mice from lethal 

injection with EBOV 

Michelow et al., 2011 

Commercial-grade MBL GP Chimeric fusion protein L-FCN/MBL76 reduced infection Michelow et al., 2010 

Griffithsin (GRFT) Glycan structures GRFT binds N-linked glycans present on the viral surface. Barton et al., 2014 

BCX4430 RNA polymerase Protects NHP from MARV; Obstructs RNA polymerase Warren et al., 2014 

T-705 (Favipiravir) RNA polymerase Acts as a nucleotide analog. Treatment at day 6 postinfection 

protects 100% of mice 

Oestereich et al., 2014 

Aptamers VP35 Bind to VP35 protein and disrupt its interaction with NP Binning et al., 2013 

AVI-6002 (PMO) VP24 and VP35 Postinfection treatment protects 60% NHP Iversen et al., 2012 

TKM-Ebola RNA polymerase, 

VP24 and VP35 

Combination of siRNAs in lipid particles protects guinea pigs 

and monkeys 

Geisbert et al., 2010 

Small molecule inhibitor of 

VP40 

VP40 Inhibited Nedd4–PPxY interaction and PPxY-dependent 

budding 

Han et al., 2014 
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Currently, 80 drugs consented by the FDA are known to display anti-EBOV activity 

(Schneider-futschik et al., 2018) out of which 45 are cationic amphiphiles (Fan et al., 2017). 

Ease of availability of FDA-approved drugs makes them a reliable candidate for treatment in 

case of unprecedented EBOV breakouts. These drugs include antidepressants, selective 

estrogen receptor modulators (SERMs), antihistamines etc (Schneider-futschik et al., 2018). 

Amiodarone, dronedarone and verapamil drugs block viral entry effectively though their 

mechanism of action is unknown (Gehring et al., 2014). Positive results in in vitro and/or in 

vivo experiments and presence of a tertiary amine in these and other drugs such as 

chloroquine and amodiaquine have led to the belief of a similar action mechanism for all 

these drugs (Ekins and Coffee, 2015). A list of various FDA-approved drugs has been 

presented in the table 2.4, page 32. 
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Table 2.4: Food and drug administration (FDA) approved drugs known to display anti-Ebola virus activity 

FDA approved drug Description Reference 

Amiodarone Block viral entry at concentrations used for antiarrhythmic therapy Gehring et al., 2014 

Dronedarone Block viral entry at concentrations used for antiarrhythmic therapy Gehring et al., 2014 

Verapamil Block viral entry at concentrations used for antiarrhythmic therapy Gehring et al., 2014 

Miglustat, acarbose and 

miglitol (Imino sugars) 

Postinfection treatment protects 70% mice from lethal injections with EBOV 

and MARV 

Hensley et al., 2002 

IFN-beta Increases time of survival in NHP after lethal EBOV exposure Smith et al., 2013 

Toremifene Protects 50% of mice from lethal exposure with EBOV Johansen et al., 2013 

Clomiphene Protects 90% of mice from lethal exposure with EBOV Johansen et al., 2013 

 



33 
 

2.5.2. Vaccines 

Despite many showing successful results against non-human primates, no vaccines have been 

licensed for human usage as of 2019 (Mathebula et al., 2019; Feldmann et al., 2018). In a 

panic driven step to counter the possible and unprecedented presence of EBOV in their 

countries, Russia and China licensed two EBOV vaccines (STAT, 2017) though the efficacy 

of these vaccines is under debate as sufficient phase III trial data is not available 

(PharmaIntelligence, 2019). 

The first ever vaccine candidates against EBOV were tested in the 1970s and 1980s via 

traditional vaccine development strategy of injecting the attenuated virus in animal models 

(Lupton et al., 1980). Lack of efficacy and concern for safety led scientists to consider 

subunit and DNA vaccines in the 1990s. 21st century saw expedited efforts in designing an 

anti-EBOV vaccine with various vectors such as alphavirus replicons (Herbert et al., 2013; 

Hevey et al., 1998; Pushko et al., 2000), virus-like particles (Warfield et al., 2007), human 

adenoviruses (Geisbert et al., 2011; Sullivan et al., 2000; Swenson et al., 2008), a biologically 

contained EBOV lacking VP30 (Marzi et al., 2015), chimpanzee adenovirus (Stanley et al., 

2014), DNA (Grant-Klein et al., 2015), paramyxoviruses (Bukreyev et al., 2009; Bukreyev et 

al., 2006), cytomegalovirus (CMV) vectors (Marzi et al., 2016), rabies virus (Blaney et al., 

2013; Willet et al., 2015), modified vaccinia virus Ankara (MVA) (Domi et al., 2018) and 

different strategies with recombinant vesicular stomatitis virus (rVSV) (Jones et al., 2005; 

Matassov et al., 2015) under consideration. Many experiments with such vectors conferred 

protection in non-human primates (Stanley et al., 2014; Sullivan et al., 2000). 

A list of various vaccines under consideration has been provided in the table 2.5, page 34-35.



34 
 

Table 2.5: Various vaccines against Ebola virus under consideration and their clinical trial phase. a) Vaccines in clinical trial phase I and II and 

b) Vaccines in clinical trial phase III and pre-registration 

a)  Vaccines against Ebola virus in clinical trial phase I and II 

Vaccine Clinical trial phase References 

Adenoviral vector vaccine I Ledgerwood et al., 2017 

INO-4212 I ClinicalTrials, 2019 

Nucleic acid vaccine  I Martin et al., 2006 

Recombinant adenoviral vector vaccine I Wang et al., 2017 

HPIV3/EboGP vaccine  I Meyer et al., 2015 

Recombinant EBOV GP vaccine I Bengtsson et al., 2016 

MVA-EBOZ I ClinicalTrials, 2017 

rVSVN4CT1-EBOVGP1 I Matassov et al., 2015 

GamEvac-combi vaccine II Dolzhikova et al., 2017 

interferon beta- 1a  II Konde et al., 2017 

ZMapp II Group PIW et al., 2016 

SRC VB Vector vaccine II Konde et al., 2017 
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b) Vaccines against Ebola virus in clinical trial phase III and pre-registration 

Vaccine Clinical trial phase References 

rVSV-EBOV III Wang et al., 2017 

VRCEBOADC076-00-VP III Martins et al., 2016 

MVA-BN Filo + Ad26-ZEBOV  III ClinicalTrials, 2017 

Adenovirus based Ebola vaccine (freeze dried) PLA/Tianjin CanSino Pre-registration Wang et al., 2017 
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2.5.2.1. Virus like particles 

Viral like particles (VLPs) are protein subunit–based vectors obtained by transfecting cells 

with EBOV GP and VP40 encoding plasmid resulting in production of particles shaped like 

EBOV virus (Warfield et al., 2007). Plasmids encoding other EBOV proteins as well such as 

NP and VP24 increase VLP production efficiency (Licata et al., 2004). These particles are 

non-infectious and strongly immunogenic as they are capable of inducing humoral as well as 

cell mediated immunity (Warfield et al., 2005). Production difficulties and economic setbacks 

are the major limitations of using this platform (Feldmann et al., 2018). 

 

2.5.2.2. DNA vaccines 

DNA vaccines are economic and versatile with an uncomplicated production procedure 

making them a great alternative to VLPs. They also result in induction of both, humoral as 

well as cell mediated immunity and are safe to use. Experiments with rodent models yielded 

encouraging results (Riemenschneider et al., 2003; Vanderzanden et al., 1998) though 

hundered percent efficacy in non-human primates is yet to be achieved (Grant-Klein et al., 

2015). Moreover, high requirement of regular booster dosages presents a limitation in this 

vaccination approach (Grant-Klein et al., 2011). A combination of DNA vaccination with 

other approaches may lead to an optimized and efficient EBOV vaccine. 

 

2.5.2.3. Venezuelan equine encephalitis virus replicons 

Alphavirus replicons are well accepted and viable vaccine vectors. Replacement of alphavirus 

structural genes by a foreign antigen results in alphavirus replicons with the ability to 

transcribe and replicate normally but lacking the ability to make viral particles (Feldmann et 

al., 2018). The challenge in the use of these replicons is the need for booster dosages. 

Inconsistent results were obtained upon evaluation of EBOV-GP and NP expressing 

Venezuelan equine encephalitis virus (VEEV) replicons in non-human primates (Geisbert et 

al., 2002; Herbert et al., 2013). However, use of adjuvants or better delivery systems might 

improve vaccine efficacy.  
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2.5.2.4. Recombinant EBOV∆VP30 

EBOV VP30 gene is essential for viral transcription. Removal of VP30 gene from EBOV 

genome results in a recombinant, replication incompetent and biologically contained EBOV 

named EBOV∆VP30 (Halfmann et al., 2008; Halfmann et al., 2009). EBOV∆VP30 vector 

proved to be a success upon its assessment in non-human primates. It conferred complete 

protection in a single dose administered using varying strategies such as prime-boost 

approach etc. (Marzi et al., 2015). However, safety concerns regarding the use of 

EBOV∆VP30 in humans remain. The inactivated prime-boost vaccine strategy might help in 

this aspect and hence, has emerged as the leading administration strategy. 

 

2.5.2.5. Recombinant cytomegalovirus-based vectors 

Recently, cytomegalovirus (CMV) based vectors were reported to generate desirable 

antibodies levels in rhesus macaques (Marzi et al., 2016). This finding was contrary to earlier 

studies based on CMV vectors (Hansen et al., 2011; Hansen et al., 2009) and advocated 

selective transgene promoter usage. A major advantage of CMV vectors is that they are not 

hindered by pre-existing immunity. Hence, this vaccine platform is a highly potent alternative 

to EBOV vaccine development for non-human primates as well as humans. 

 

2.5.2.6. Modified vaccinia virus Ankara 

In the past decade, many experiments have been conducted by utilizing modified vaccinia 

virus Ankara (MVA) vaccine alone or in combination with other vaccines. A few candidates 

have made it to human trials and are showing encouraging results. A combination of 

adenovirus-based vaccine and MVA based vaccine was reported to induce protection against 

deadly EBOV doses (Mire et al., 2016) and is undergoing clinical trials. Another MVA based 

candidate entering clinical trials conferred protection in non-human primates after a single 

dose. It has been modified to express EBOV GP and VP40 proteins leading to release of virus 

like particles from infected cells (Domi et al., 2018). 
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2.5.2.7. Recombinant human parainfluenza virus 

Human parainfluenza virus 3 (HPIV3) leads to replication competent, live-attenuated vectors. 

These vectors have been under consideration since a long time (Durbin et al., 2000; Karron et 

al., 2003) but due to their ability to replicate and pre-existing immunity concerns, subject 

safety remains an issue and robust validation methods are required to authorize human usage. 

A vaccine vector based on HPIV3 and expressing EBOV-GP was shown to induce an 

immune response even under pre-existing immunity conditions (Bukreyev et al., 2010). In 

another study, a similar vaccine vector conferred protection in non-human primates upon 

intranasal, intratracheal and aerosol vaccination (Meyer et al., 2015). Another vector based on 

HPIV type 1 has been under consideration off late (Lingemann et al., 2017).  

 

2.5.2.8. Recombinant rabies virus–based vectors 

Rabies virus (RABV) infection has been observed in many regions endemically affected by 

EBOV infection. Hence, recombinant rabies virus based vector present an opportunity for 

protection against both the diseases. A point mutation in RABV glycoprotein of RABV 

vaccine strain SAD B19 followed by induction of ability to express EBOV-GP results in a 

live-attenuated, recombinant RABV based vector (rRABV/EBOV-GP) (Blaney et al., 2011). 

This vector has been reported to induce complete protection in non-human primates against 

EBOV in a single dose (Blaney et al., 2013). Contrary to these results, administration of live-

attenuated rRABV∆G/EBOV-GP followed by inactivated rRABV/EBOV-GP displayed only 

50% efficacy (Blaney et al., 2013). Modification of the inactivated RABV vaccine vector 

using a codon-optimized antigen (Willet et al., 2015) and use of adjuvants showed 

encouraging results in non-human primates. This strategy is now moving towards human 

clinical trials (Johnson et al., 2016). 

 

2.5.2.9. Recombinant adenovirus-based vectors 

Adenovirus (Ad) based vectors are replication incompetent vectors and hence, provide a safer 

alternative as compared to replication-competent vectors. Though adenovirus (Ad) based 

vectors such as human adenovirus serotype 5 (Ad5) vector have been under consideration 

(Marzi and Feldmann, 2014), pre-existing immunity against the vector is a major challenge in 

vaccine development (Mast et al., 2010) as highlighted by low vaccine efficacy in in vivo 

experiments performed by administration of Ad5-based vaccines in subjects with pre-existing 
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immunity (Croyle et al., 2008; Richardson et al., 2013). Interestingly, modification in the 

vaccine delivery system to mucosal delivery nullified the pre-existing immunity effect as well 

as generated better immune response (Croyle et al., 2008; Richardson et al., 2013). 

Administration of a DNA-prime and Ad5-boost vaccination conferred protection in non-

human primates though only humoral immunity was induced (Sullivan et al., 2000). In 

another study, administration of high volume of Ad5 expressing EBOV-GP showed 

encouraging results (Sullivan et al., 2003). Clearly, pre-existing immunity and high titer 

requirement are two major concerns in Ad5 vaccine development. Replacement vectors such 

as Ad26, Ad35 (Geisbert et al., 2011), chimpanzee adenovirus (cAd) and simian Ad21 (Roy 

et al., 2006; Stanley et al., 2014) have displayed inconsistent results. A single dosage of cAd3 

vector expressing EBOV-GP protected all the subjects (Stanley et al., 2014). Optimization 

and improvements in this platform are a work in progress.  

 

2.5.2.10. Recombinant vesicular stomatitis virus–based vectors 

Amongst the most successful of EBOV vaccine candidates is recombinant vesicular 

stomatitis virus (VSV) based vector. VSV based vaccines have been generated against EBOV 

as well as against Marburgvirus species (Marzi et al., 2011). VSV Indiana serotype 

expressing EBOV GP is used as a live-attenuated, replication incompetent vector for filovirus 

vaccine (Rose et al., 2001; Rose et al., 2000). VSV-GP, responsible for ingress of the virus as 

well as its pathogenicity (Garbutt et al., 2004; Rose et al., 2000), is removed from the vector 

beforehand. This virus based vaccine is highly immunogenic (Agnandji et al., 2015; Huttner 

et al., 2015) as proven by experiment on non-human primates who remained protected even 

when injected with lethal EBOV dose 28 days after a solitary dose of vaccine administration 

(Jones et al., 2005). Another study reported complete protection in non-human primates even 

on administration of the vaccine a week after EBOV infection (Marzi et al., 2015). High 

antibody generation has been identified as the reason for high immunogenicity (Marzi et al., 

2013; Geisbert et al., 2008). Safety concerns were put to rest by testing on susceptible pigs 

and SIV-infected non-human primates (de Wit et al., 2015; Geisbert et al., 2008), 

authenticating the usage of VSV-EBOV vaccine as an emergency solution (Feldmann et al., 

2018). Another vaccine candidate in this category which successfully protected non-human 

primates is VSV-N4CT1-ZEBOVGP. It expresses VSV-N and EBOV-GP and also carries a 

mutant form of VSV-G (Mire et al., 2015).  
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2.6. Peptide based vaccines 

Even though protein and DNA vaccines cater to many challenges presented by traditional 

means of vaccination, peptide based vaccines have emerged as an alternative to further 

improve safety, specificity, selectivity and stability. The antigen presenting cells internalize 

(phagocytosis) and digest the pathogen leading to its proteolysis. The peptides thus obtained 

are presented to naive T cells via HLA molecules present on the cell surface. This leads to 

stimulation of cell mediated and/or humoral immunity (Neefjes et al., 2011). Therefore, 

antigenic peptides are responsible for generating immune response. Such peptides are known 

as epitopes. In other words, epitopes are the minimal requirement for recognition of a 

pathogen by immune system (Skwarczynski and Toth, 2016) and based on this molecular 

mechanism, peptide based vaccine development has picked up pace in recent times (Nevagi 

et al., 2018). 

Betterment in gene expression understanding and reverse immunology studies coupled with 

progress in immunological techniques has played a significant role in peptide based vaccine 

development (Nevagi et al., 2018). A list of various therapeutic and prophylactic peptide 

based vaccines under different clinical trial stages has been presented in the table 2.6, page 

41. 
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Table 2.6: Peptide based vaccines under consideration for various therapeutic indications and their clinical trial phase  

Peptide Vaccine Therapeutic indication Clinical trial stage Reference 

J8 GAS (Group A streptococcus) 

infections 

I Steer et al., 2016 

(T1B)4 MAP Malaria I Nardin et al., 2000 

MSP3 SLP Malaria II Sirima et al., 2009; Malaria Site, 2019 

AFO-18 HIV I Karlsson et al., 2013 

Peptides derived from B cell epitopes of HA Influenza I Berlanda Scorza et al., 2016 

HerpV Herpes simplex virus II Wald et al., 2011 

E75, HER2/neu peptide Breast cancer II Mittendorf et al;., 2008 

E6/E7 peptides Cervical cancer II Vici et al., 2016 

CDCA1, CDH3 and KIF-20A Advanced biliary tract cancer I Aruga et al., 2014 

SurVaxM (SVN53-67/M57-KLH) Recurrent malignant glioma II Fenstermaker et al., 2016 

VEGFR1-770/1084 peptides Renal cell carcinoma I Yoshimura et al., 2013 

WT 1 Peptides Solid malignancy II Ohno et al., 2012 

R3 peptide Acute myeloid leukemia I Schmitt et al., 2008 

GV1001 Pancreatic cancer II Staff et al., 2014; ClinicalTrials, 2017 
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2.6.1. Advantages of Peptide based vaccines 

Peptide-based vaccines present many advantages over traditional vaccines. Peptides can be 

acquired in profoundly unadulterated structure and are effectively characterized utilizing 

analytical techniques, for example, fluid chromatography and mass spectrometry. They can 

be lyophilized into powder form, removing cold chain requirement amid transport and 

storage. Peptide size and properties can be customized without much difficulty to produce the 

ideal immune response. Also, peptides can be covalently conjugated to adjuvants or protein 

carriers in a highly desirable and controllable manner to attune their immunogenicity.  

Peptide based vaccines are safer to produce as handling of dangerous pathogens can be 

avoided. Also, they help in nullifying autoimmune or allergic response to vaccination 

(Skwarczynski and Toth, 2016). Some immunogenic regions (epitopes) take the shelter of 

other epitopes and hence, are able to evade the immune system. Such epitopes are called as 

cryptic epitopes. Peptide based vaccines help to overcome such immune evasion by directing 

humoral immunity against cryptic epitopes as well. Moreover, peptide-based vaccines 

potentially effective against multiple pathogens can be created by amalgamating 

immunogenic stretches of peptides obtained from their proteins. 

 

2.7. Immunoinformatics 

Computational immunology or immunoinformatics is a branch of science that addresses the 

organisation of massive, raw immunological data with the help of computational approaches 

into an understandable form, enabling the researcher to generate meaningful interpretations 

(Korber et al., 2006). It is the bridge that links mathematical and computational model results 

to experimental validation, thus, preventing the tiresome and daunting routine of validating 

thousands of candidates experimentally (Bui and Steiner, 2016; Fradera and Babaoglu, 2017). 

Success in protein and genome sequencing laid the foundations of this field. In silico 

approaches have far-ranging applications in the study of evolutionary patterns (Singh and 

Pardasani, 2009), structure prediction (Singh, 2004), host-pathogen interactions, peptide-

HLA interactions, epitope prediction, therapeutic and diagnostic technique representation and 

vaccine (both, prophylactic and therapeutic) design (Backert and Kohlbacher, 2015). 

Computational study of interaction between Mycobacterium tuberculosis enolase and human 

plasminogen suggested the possibility of selective targeting of enolase to hamper human 

plasminogen binding (Rahi et al., 2018). In an interesting study, computational analysis of 
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binding affinity of freely available natural herbal lead compounds towards prostate cancer 

effector molecule revealed the potential of such compounds in chemotherapy (Bhattacharjee 

et al., 2011). 

Escalation of peptide-based vaccine development has given rise to a number of databases 

specifically focussing on peptides and their therapeutic aspects such as anti-cancerous, anti-

microbial etc. This compilation of otherwise dispersed data has led to development of various 

tools, softwares and algorithms which help to predict plausible peptide vaccine candidates 

and/or novel peptide analogs with acceptable accuracy (Usmani et al., 2018).  

Numerous works on different pathogens and diseases such as Influenza virus (Lohia and 

Baranwal, 2015), Human papilloma virus (Kumar et al., 2015), hepatitis C (Sirskyj et al., 

2011), adenovirus (Hossain et al., 2018), tuberculosis (Vani et al., 2006; Monterrubio-López 

et al., 2015), Leishmaniasis (Agallou et al., 2014), West Nile virus (Hossain et al., 2018) and 

cancer (Dhiman et al., 2016; Naik et al., 2012) have been carried out using various 

computational approaches for elucidation of epitopes. Successful in vitro and/or in vivo 

validation of eptiopes predicted via computational approaches was carried out for Influenza 

virus (Lohia and Baranwal, 2017), Brucella abortus (Afley et al., 2015), Mycobacterium 

tuberculosis (Kovjazin et al., 2013), Schistosoma mansoni (Oliveira et al., 2016), Leishmania 

donovani (Dikhit et al., 2017), H1N1 virus (Duvvuri et al., 2013) and Moraxella catarrhalis 

(Yassin et al., 2016). An influenza vaccine, concept named FluV, comprising of peptides 

predicted via immunoinformatics approach has entered phase II clinical trials (Pleguezuelos 

et al., 2012; van Doorn et al., 2017). Recently, in silico prediction and in vivo validation of 

fluoro-benzimidazole derivatives was carried out in an effort to curb Alzheimer's disease (Ali 

et al., 2019). 

 

2.7.1. Epitope prediction tools 

Immunoinformatics tools for epitope prediction have a strong and varied statistical and 

machine learning system core and cater to various parameters such as proteosomal cleavage 

and molecular interactions such as antigen processing and presentation. They help in making 

a knowledge based selection of probable epitopes which can then be validated via in vitro/in 

vivo experiments. The predicted epitopes have varying ability to generate immune response 

as some epitopes might be dominant over others (Sun et al., 1991) and therefore, peptide 
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vaccines containing multiple epitopes result in the generation of a greater immune response, 

thus, serving the purpose of conferring enhanced immunogenicity (Almeida et al., 2012). 

HLA class I molecules, present on the exterior of antigen presenting cells, are accountable for 

presenting antigenic peptides to TC cells. A wide number of tools for predicting HLA class I 

binders are available. These tools predict epitopes for a stupendous assemblage of HLA 

alleles with high efficacy and 90-95% precision (He et al., 2010; Hoof et al., 2009; 

Lundegaard et al., 2008).  

RANKPEP is a popular server based on Position Specific Scoring Matrices (PSSMs) for 

predicting both, MHC class I and II epitopes. Currently, it is the leading tool in terms of 

MHC allele coverage as it offers prediction for 118 and 67 MHC class I and II alleles 

respectively. The algorithm is written in Python language and functions by scoring all protein 

parts with length of the PSSM width. Also, the prediction is biased towards those MHC class 

I ligands whose C-terminal end is probably going to be the consequence of proteasomal 

cleavage (Reche and Reinherz, 2007). 

The Immune Epitope database (IEDB) is a free resource since 2004, funded by a contract 

from the NIAID, USA (Vita et al., 2015). It provides easy search of antibody and T cell 

epitope data related to infectious diseases, allergies, autoimmunity and transplants in humans 

and other species reported by scientists across the globe. It also hosts various tools for 

prediction and analysis of B cell and T cell epitopes (Nielsen et al., 2007). Amongst the 

various algorithms available to be used for prediction, NetMHCpan is popular for supporting 

atypical number of organisms (humans, chimpanzee, cow, pig, gorilla, mouse and macaque). 

It has been in use since 2011 and helps in assessing the affinity of peptides for MHC 

molecules in a quantitative manner (Hoof et al., 2009). 

Another widely used MHC class I epitope prediction server is nHLAPred which provides the 

user an option to chose from 67 MHC class I alleles and two methods viz., Compred and 

ANNPred. It is based on Artificial Neural Networks (ANNs) and quantitative matrices (QM) 

while proteosomal matrices help in selecting potent candidates amongst all the predicted 

binders. Compred method utilizes a hybrid approach consisting of artificial neural networks 

and quantitative matrices and hence, is favored by the researchers (Bhasin and Raghava, 

2007). 

Kernel-based Inter-allele peptide binding prediction SyStem (KISS) is based on support 

vector machine (SVM) algorithm and predicts MHC class I epitopes for 64 alleles. It has 
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been coached based on databases having knowledge of epitopes already known to the 

scientific community obtained from various databases such as SYFPEITHI, IEDB etc (Soria-

Guerra et al., 2015). 

Apart from MHC class I specific T cell epitope prediction servers, various TAP (transporter 

associated with antigen processing) binding prediction softwares such as Epijen and TAPPred 

are available.  TAP proteins are heterodimeric transporters included in the ABC transporter 

family and are associated with MHC class I restricted antigen processing. They help in 

translocation of peptides beyond the membrane of endoplasmic reticulum with the help of 

energy generated via ATP hydrolysis (Soria-Guerra et al., 2015). 

Unlike MHC class I predictions, variable success has been attained in prediction of MHC 

class II specific T cell epitopes (Lin et al., 2008; Gowthaman and Agrewala, 2008). 

Inadequate training data, snag in spotting core binding regions of long peptides, ignorance of 

flanking peptide affect and the tolerance of MHC class II molecule binding groove towards 

epitope binding region, thus, allowing peptides to bind with freedom are some of the factors 

responsible for inconsistent results and modest accuracy of MHC class II prediction servers 

(He et al., 2010; Lin et al., 2008). 

ProPred (Institute of Microbial Technology, India) is based on quantitative matrix algorithm 

and helps in epitope prediction for 51 MHC class II alleles (Singh and Raghava, 2001). It 

employs amino acid /position coefficient table derived from pocket profile database described 

by Sturniolo and coworkers (Sturniolo et al., 1999). 

A server highly useful in vaccine design, immunodiagnostics and cellular immunology is 

MHC2Pred. It is based on SVM algorithm and performs prediction for 42 alleles with an 

average accuracy of 80%. Small datasets are chiefly responsible for its poor performance for 

some alleles (Gowthaman and Agrewala, 2008).  

A list of various T cell epitope prediction tools has been provided in table 2.7, page 46. 
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Table 2.7: T cell epitope prediction tools 

Tool Method MHC Reference 

  I II  

EpiJen Muti-step algorithm 24  Doytchinova et al., 2006 

SYFPEITHI Published motifs 42 7 Rammensee et al., 1999 

ANNPRED ANN-regression 30  Bhasin and Raghava, 2007 

BIMAS Published coefficient tables 41  Parker et al., 1994 

PROPRED I Quantitative matrix 47  Soria-Guerra et al., 2015 

PROPRED Quantitative matrix  51 Singh and Raghava, 2001 

MHCPred Additive method 14 11 Guan et al., 2003 

MHC2Pred SVM-based method  42 Gowthaman and Agrewala, 

2008 

NetMHC ANN based method 57  Lundegaard et al., 2008 

PREDEP Published coefficient tables 13  Soria-Guerra et al., 2015 

RANKPEP PSSM 118 62 Reche and Reinherz, 2007 

SVMHC SVM-based method 33 51 Donnes and Elofsson, 2001 

IEDB binding ANN and SMM method 77  Nielsen et al., 2007 

EpiVax Epimatrix algorithm 6 8 Soria-Guerra et al., 2015 

MMBPred Quantitative matrix 46  Soria-Guerra et al., 2015 

NetCTL ANN-regression 12  Larsen et al., 2007 

nHLAPred Artificial neural networks 67  Bhasin and Raghava, 2007 

KISS SVM-based method 64  Jacob and Vert, 2008 

SVRMHC SVM-based method 36 6 Soria-Guerra et al., 2015 

IMTECH Quantitative matrix  3 Soria-Guerra et al., 2015 
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B cell receptors recognize two types of epitopes viz., linear (continuous) and conformational 

(discontinuous) epitopes. Both these types are responsible for generation of humoral immune 

response (Soria-Guerra et al., 2015). Prediction of continuous B cell epitopes is very similar 

to that of T cell epitopes as both predict epitopes based on various amino acid properties such 

as charge, secondary structure, unshielded surface area etc. Conformational B cell epitope 

prediction necessitates the knowledge of antigenic 3D structure (Greenbaum et al., 2007; Yao 

et al., 2013).  

Various tools are available for linear/continuous B cell epitope prediction. Bcepred tool is 

composed of 1029 epitopes procured from Bcipep database and 1029 non-epitopes acquired 

from Swiss-Prot database. It predicts epitopes with 52.92 - 57.53% accuracy and caters to 

various properties such as pliability, hydrophilicity, polarity and exposed surface area (Saha 

and Raghava, 2006). On the other hand, ABCpred server predicts continuous B cell epitopes 

with 65.93% accuracy and is based on neural network algorithm (Sun et al., 2013). Another 

server called BepiPred is based on an amalgamation of propensity scale and hidden Markov 

model methodology (Larsen et al., 2006). 

DiscoTope is at the forefront of tools used for conformational B cell epitope prediction. It can 

be used for epitope prediction in multiple chain complexes. It ascertains surface accessibility 

and a novel epitope propensity amino acid score based on 3D protein structure followed by 

the determination of final score by consolidating the residue propensity scores in dimensional 

juxtaposition and the contact numbers (Kringelum et al., 2012). 

A list of various B cell epitope prediction tools is given in the table 2.8, page 48. 
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Table 2.8: B cell epitope prediction tools 

Tool Method Reference 

Bcepred Parker, Karplus, Emini and Kolaskar method Saha and Raghava, 2006 

BepiPred Random Forest algorithm Jespersen et al., 2017 

ABCPred ANN Saha and Raghava, 2006 

BEST Support Vector Machine (SVM) method Soria-Guerra et al., 2015 

EPCES Consensus Scoring Soria-Guerra et al., 2015 

Discotope Spatial neighborhood definition and half-sphere 

exposure 

Kringelum et al., 2012 

BEPro 

(PEPITO) 

Multiple distance thresholds and half sphere 

exposure 

Sweredoski and Baldi, 

2008 

SEPPA Unit patch of residue triangle concept Sun et al., 2009 

EpiSearch Frequency distribution Negi and Braun, 2009 

MimoPro Dynamic programming (DP) and branch and 

bound (BB) optimization 

Chen et al., 2011 

MIMOX Statistical method Huang et al., 2006 

Pep-3D-

Search 

Mimotope analysis Huang et al., 2008 

Epitopia Naive Bayes classifier Rubinstein et al., 2009 

Pepitope PepSurf and Mapitope algorithms Soria-Guerra et al., 2015 

ElliPro Thornton's method Ponomarenko et al., 2008 

 

 

http://curie.utmb.edu/episearch.html
http://pepitope.tau.ac.il/
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2.7.2. Role of immunoinformatics in the development of Ebola vaccine 

It is significant to counter EBOV spread at a fast pace. Immunoinformatics helps to save 

both, time as well as cost in developing anti-EBOV measures. Availability of 

computationally mined EBOV data, EBOV genome and protein sequences, comparative 

genome analysis procedures, 3-D modelling tools, molecular docking approaches and the 

possibility of creating a dedicated EBOV database are reasons enough to believe in the 

potential of immunoinformatics in modern EBOV drug/vaccine development (Karp et al., 

2015). 

In an earlier study, MHC class I restricted epitopes in EBOV NP were reported based on 

experimentations on murine models immunized with EBOV NP encoding vectors. (Simmons 

et al., 2004). In 2007, Sundar et al reported five computationally identified EBOV NP 

epitopes specific for HLA-A2 allele. Three conserved peptides (FLSFASLFL, RLMRTNFLI 

and KLTEAITAA) showed encouraging results in MHC stabilisation assay conducted based 

on flow cytometry. In vivo studies conducted in transgenic mice using interferon-γ ELISPOT 

assay confirmed the ability of these reported peptides to generate cytotoxic T cell response 

(Sundar et al., 2007). 

In another study, computational prediction of H-2d-specific T cell epitopes and their 

identification in BALB/c mice infected with replication-incompetent, EBOV GP expressing 

adenovirus vectors was done for Sudan and Zaire EBOV species (Wu et al., 2012). Changula 

et al worked on filoviral NP and reported two distinctly conserved antigenic regions (residues 

421-440 and 601-620) with the help of mouse monoclonal antibodies (Changula et al., 2013). 

In 2015, a 100% conserved NP B cell epitope (GEQYQQLR) was reported to aid antibody 

based therapeutic development against EBOV. It was identified after conducting multiple 

sequence alignment and conservation analysis studies on various structural and non-structural 

EBOV proteins (Ali and Islam, 2015). In the same year, 28 EBOV 9-mer epitopes with no 

apparent human homologs were identified using computer assisted approach (Dikhit et al., 

2015). Further, TLASIGTAF was identified as a highly potent B and T cell activating epitope 

with the ability to be a part of globally protective epitope-based vaccine as it showed positive 

interaction with 12 HLA alleles and population coverage of 80.99%. It was reported after 

positive results were obtained in various immunoinformatics based and molecular docking 

studies (Khan et al., 2015). One of the studies was focussed on EBOV RNA-dependent RNA 

polymerase-L. After initial sequence and conservancy analysis with the help of various 
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immunoinformatics tools such as BioEdit and CLC Sequence Viewer, epitope prediction was 

carried out with the help of IEDB tools followed by population coverage analysis. 

FRYEFTAPF was reported as the most potent epitope amongst all identified candidates and 

was found to be non-allelergic in nature. It was 100% conserved in the considered EBOV 

strains and exhibited a cumulative population coverage of 99.87 % for both MHC classes 

(Oany et al., 2015). 

Off late, three B cell epitopes (PPPPDGVR, ETFLQSPP, LQSPPIRE), four MHC class I 

specific T cell epitopes (FLYDRLAST, IIIAIIALL, MHNQNALVC and RTYTILNRK) and 

four MHC class II specific T cell epitopes (FAEGVIAFL, FLRATTELR, FLYDRLAST and 

FVWVIILFQ) were identified in 21 Sudan ebolavirus GP sequences with the help of 

computational analysis (Abu-Haraz et al., 2017). Also, successful in vivo validation of in 

silico derived DNA vaccine containing T cell epitopes was reported (Bounds et al., 2017). 

 

2.8. Gaps in study 

Despite numerous efforts to develop therapeutic and preventive measures against EBOV, the 

virus continues to pose a huge global threat as no prophylactic procedure or treatment course 

for Ebola virus disease has been licensed as yet. Palliative care is the only solution after an 

Ebola virus attack. Limited studies have been done to identify potential peptide vaccine 

candidates through computational approaches followed by simultaneous validation of the in 

silico selected peptides in the in vitro system. 

 

Therefore, objectives of the present investigations are: 

1. Immunoinformatics based prediction of peptides containing epitopes of Ebola virus 

 

2. In silico analysis of peptide MHC interaction 

 

3. Estimation of immunogenic response of in silico screened peptides in the in vitro 

system 
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Chapter 3: Materials and Methods 

 

3.1. Retrieval of glycoprotein and nucleoprotein sequences 

Full length Ebola virus (EBOV) glycoprotein (GP) and nucleoprotein (NP) sequences 

belonging to all human infecting EBOV species were downloaded from NCBI GenBank 

database and viprbrc (https://www.viprbrc.org/brc/) database. The sequences were manually 

screened for redundancy. 

 

3.2. Determination of conserved peptide sequences 

Multiple sequence alignment of the unique protein sequences was carried out by applying 

multiple sequence comparison by log expectation (MUSCLE) tool. It aligns the sequences 

based on iteration and offers a large array of options to the user. MUSCLE has proved to be 

more efficient as compared to other currently available multiple sequence alignment tools. Its 

accuracy is statistically equivalent to T-Coffee and MAFFT and it has been rated as fastest 

among T-Coffee, MAFFT and CLUSTALW for a high sequence number input (Edgar, 2004). 

The .fasta file obtained after multiple sequence alignment was used as input for antigenic 

variability analyser (AVANA) tool to identify conserved regions showing >90% conservancy 

amongst the GP and NP sequences. AVANA functions by measuring the sequence variability 

(entropy) in the input file at a given position. AVANA creates a graphical presentation of 

entropy profile for multiple sequence alignments, thus enabling users to examine position 

specific variants and their frequencies (Miotto et al., 2008).  

 

3.3. Prediction of CD8+ (HLA class I) and CD4+ (HLA class II) T cell epitopes 

A consensus approach was applied for epitope prediction wherein three tools viz., NetCTL 

v1.2, IEDB analysis resource and SYFPEITHI which are developed based on different 

algorithms and immunological parameters were employed for CD8+ T cell epitope prediction 

(Larsen et al., 2007; Nielsen et al., 2003; Rammensee et al., 1999). NetCTL 1.2 uses artificial 

neural network and weight matrix based method for predicting the HLA class I binding 

epitope. The server integrates the HLA class I epitope binding prediction with antigen 

processing steps including C-terminal proteasomal cleavage and TAP (transporter associated 
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with antigen processing) transport efficiency (Larsen et al., 2007). It predicts epitopes for 12 

HLA class I supertypes. Each supertype is a cluster of functionally related HLA alleles that 

share binding specificities towards the same panel of peptides owing to similar structural 

features of HLAs peptide binding groove (Lund et al., 2004). IEDB ANN (Nielsen et al., 

2003) tool is based on artificial neural network algorithm and calculates the IC50 value which 

shows the binding ability of peptides to specific HLA molecules. SYFPEITHI relies on 

published motifs for T cell epitope prediction. It considers the positions of amino acids and 

scores them based on whether they are anchor or auxiliary anchor position preferring residues 

(Rammensee et al., 1999).  

Continuing with the consensus approach, three different tools viz., MHC2pred, IEDB 

analysis resource and ProPred were employed to increase the stringency for CD4+ T cell 

epitope prediction. MHC2Pred is based on support vector machine (SVM) method and allows 

the user to make predictions for 42 MHC class II alleles (Bhasin and Raghava, 2004). IEDB 

NN Align is based on artificial neural network algorithm and calculates the IC50 value which 

shows the binding ability of peptides to specific HLA molecules (Nielsen et al., 2009). 

ProPred facilitates predictions based on matrix algorithm for 51 HLA class II alleles (Singh 

and Raghava, 2001). It employs amino acid/position coefficient table derived from pocket 

profile database described by Sturniolo and coworkers (Sturniolo et al., 1999). The threshold 

taken and algorithm used in each tool is mentioned in table 3.1, page 53. All the HLA 

alleles/supertypes available in each prediction tool were taken into consideration for 

predicting the epitopes (Table 3.1, page 53). 

The epitopes commonly predicted by all tools belonging to a specific HLA class were 

considered and then searched for overlapping epitopes. The overlapping epitopes were 

combined to get peptide fragments containing more than one epitope. In this way, peptides 

containing multiple epitopes were generated for both, HLA class I and II. Further, the peptide 

fragments which were present commonly in both, HLA class I and II peptide fragments were 

selected with the intention to consider peptides with a potential to induce both, CD4+ and 

CD8+ T cell response. 
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Table 3.1: CD8+ (HLA class I) and CD4+ (HLA class II) T cell epitope prediction tools employed in the current study 

T cell  Tools Algorithm HLA molecules Threshold Reference 

CD8+ SYFPEITHI Motifs search approach 7 HLA-A and 26 HLA-B 20 Rammensee et al., 1999 

NetCTL 1.2 Weight-matrix method 5 HLA-A and 7 HLA-B 0.75 Larsen et al., 2007 

IEDB consensus Artificial neural network 18 HLA-A and 32 HLA-B IC50< 500nm Nielsen et al., 2007 

CD4+ MHC2Pred Support vector machine (SVM) method 11 HLA-DQ and 27 HLA-DR 0.5 Bhasin and Raghava, 2004 

Propred Quantitative matrices 51 HLA-DR 3% Singh and Raghava, 2001 

IEDB consensus Artificial neural network 5 HLA-DP, 6 HLA-DQ and 14 

HLA-DR 

IC50< 500nm Nielsen et al., 2007 
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3.4. B cell epitope prediction 

Presence of B cell epitopes in the selected peptide fragments was checked with the help of 

ABCPred tool. This tool utilizes a recurring neural network method to predict linear B cell 

epitopes (Saha and Raghava, 2006). The window length was kept as 10. The peptides devoid 

of B cell epitopes were not considered further. 

 

3.5. Elimination of peptides showing autoimmune, allergic and toxic response 

3.5.1. BLASTp 

Immunogenic response is not mounted against self-peptides unless failure of clonal deletion 

leads to selection of auto-reactive T cells. Further, similarity of the identified peptides with 

host self-protein may sometimes lead to an unwanted immunogenic response (autoimmunity). 

Hence, in order to obtain non-self-peptides, the selected peptide fragments were analysed for 

their homology with annotated human proteome using BLASTp (Altschul et al., 1990). A 

fragment was considered as self if it shared a minimum seven consecutive identical amino 

acids with the human peptides (Dhiman et al., 2016). Such fragments were eliminated from 

further studies. 

3.5.2. AlgPred and ToxinPred 

AlgPred and ToxinPred were used for screening of peptides having allergic and toxic nature 

respectively. AlgPred provides the option to follow various prediction approaches such as 

mapping of IgE epitopes and MEME/MAST motif to measure allergenicity of the query 

sequence (Saha and Raghava, 2006). ToxinPred classifies toxic and non-toxic peptides based 

on dataset of non-toxic or random peptides (Gupta et al., 2013). 

 

3.6. HLA coverage analysis 

This analysis was carried out to assess the promiscuous (ability to interact with multiple HLA 

alleles) nature of the identified peptide fragments. Various epitope prediction tools cater to 

different types of HLA supertypes/alleles (HLA-A, HLA-B, HLA-DP, HLA-DQ and HLA-

DR types). All HLA supertypes/alleles, for which epitopes present in the selected peptide 

fragments were predicted by the six T cell epitope prediction tools, were listed manually. 

This list was further used as input for population coverage analysis.  
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3.7. Population coverage analysis 

There is a drastic difference in the frequencies of expression of various HLA types among 

individuals from different continents. Because of this, population coverage analysis of the 

HLA alleles corresponding to the predicted immunogenic peptides becomes important. The 

population coverage tool by IEDB calculates the proportion of individuals responding to a 

given set of epitopes with known HLA restriction taking into account HLA genotypic 

frequency (Bui et al., 2006). Population coverage analysis tool obtains the HLA allele 

frequencies for different individual populations from the allele frequency net database 

(Gonzalez-Galarza et al., 2015). In population coverage analysis tool, the populations are 

organized in a pecking order based upon geographical area, country and ethnicity. The data 

from the individual populations in each group was combined to evaluate the allele 

frequencies for each merged population. Analysis can be achieved for population distributed 

in different continents viz., Asia (East, Northeast, South, Southeast and Southwest Asia), 

Europe, Africa (East, West, Central, North and South Africa) and America (North, South and 

Central America). Population coverage analysis of the peptides was carried out for the 

population distributed across these continents. Analysis was also done for the whole world.  

 

3.8. Molecular docking 

The interaction of the predicted peptides containing epitopes with various HLA class I and II 

molecules was further studied by means of molecular docking. High-resolution 

crystallographic structures of nine HLA class I and nine HLA class II molecules (Table 3.2, 

page 56) were retrieved from the protein data bank (Berman et al., 2000). The naturally 

bound peptides (native peptides) of the HLA molecule were separated using the Discovery 

studio visualizer v4.1 tool. The resultant HLA molecules were used as receptors to dock the 

in silico identified epitopes/peptides and the separated naturally bound peptides (positive 

control) using AutoDock Vina (Trott and Olson, 2010) and CABS-dock (Blaszczyk et al., 

2016). The structure of epitopes present in the selected peptide fragments (for docking with 

HLA class I molecules) and the selected peptides themselves (for docking with HLA class II 

molecules) was generated using the PEP-FOLD server (Shen et al., 2014). PEP-FOLD 

provides a fast and user friendly approach for the de novo design of small peptides (9 to 36 

residues). It is based on OPEP coarse grained force field for molecular simulation. The top 

model structures predicted for the peptides were used for docking. 
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Table 3.2: HLA alleles and their resolution 

HLA Class I HLA Class II 

PDBid HLA molecule Resolution 

(Å) 

PDBid HLA molecule Resolution 

(Å) 

3C9N B*1501 1.87 4P5M DPA1  1.7 

4JQV B*18:01 1.5 IUVQ DQ0602 1.8 

2A83 B*2705 1.4  2NNA DQ8  2.1  

4O2F B*3901 1.9  2FSE DR1 3.1 

2BVP B5703 1.35  1KLU DRB1*0101 1.93 

3BO8 A1 1.8 1BX2 DRB1*1501 2.6 

3MRE A2 1.1  1A6A DR3 2.75 

3RL1 A*0301 2.0 1D5M DR4 2.0 

3WL9 A24 1.66 3C5J DR5 1.8 

 

3.8.1. AutoDock Vina 

Docking with AutoDock Vina involves a series of steps including receptor and ligand 

preparation, defining the search space (grid), preparing the configuration file and 

visualisation of the AutoDock Vina results. AutoDockTools (ADT) is the graphical user 

Interphase (GUI) employed by AutoDock to set up the ligand, receptor, search space and to 

visualise the results. The input files for the receptor and the ligand as well as the output 

obtained after docking are in PDBQT format which stores the atomic coordinates, partial 

charges and AutoDock atom types. 

 

3.8.1.1. Receptor preparation 

HLA molecules (receptor) were obtained from PDB database in the form of a coordinate data 

file (PDB file format). PDB structure of HLA was opened in Discovery studio visualizer v4.1 

tool. Water molecules were deleted while all the ligands and heteroatoms were selectively 

removed. Hydrogen atoms were added to the HLA peptide chains and the resultant file was 

saved as “receptor.pdb”. As the receptor.pdb file was opened in ADT using macromolecule 

option in Grid widget, ADT detected the charges on molecules. Inherent charge on the 

receptor molecule was preserved. In case of absence of any inherent charges, Gasteiger 

charges were automatically added to each atom. ADT determined the type of atoms in the 

macromolecule. Output was saved as “receptor.pdbqt” file. 
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3.8.1.2. Ligand preparation 

Structure of peptides (ligand) was generated from PEP-FOLD server in form of a coordinate 

data file (PDB file format). Naturally bound peptides were obtained from parent HLA by 

selectively removing the HLA chains and heteroatoms from the PDB structures in Discovery 

studio visualizer v4.1 tool. Hydrogen atoms were added at polar and non-polar positions and 

the resultant file was saved as the “ligand.pdb”. As the ligand.pdb file was opened in ADT, it 

computed and added Gasteiger charges for the entire ligand (in case the charge is zero); else 

partial charges were used. ADT assigned an autodock type to each atom in the ligand: atoms 

forming hydrogen bond and aromatic carbons. Output was saved as “ligand.pdbqt” file. 

 

3.8.1.3. Grid optimization 

Grid optimization is the most significant step of docking via AutoDock Vina. It requires us to 

specify the space where the peptide is ideally expected to bind; the 3D space called as the 

binding groove. If a peptide binds outside the binding groove, it is considered as a non-binder 

and as futile for vaccine development. Therefore, defining the grid precisely returns true 

results. In order to define the location and size of the 3D area to be searched during the 

AutoDock Vina procedure, grid box option in grid widget of ADT was used. The 

thumbwheels provided are controlled by dragging the pointer in L to R direction using the 

conventional left mouse button. Using the thumbwheels in grid option panel, search space 

was defined by specifying x, y, and z center, the number of points in each dimension (x, y, z) 

and the spacing (in angstrom) between points. The output grid dimension file was saved as 

“grid.txt” and the grid option was closed. 

 

3.8.1.4. Configuration file preparation 

A text file called configuration file which contains the information regarding the name of 

inputs files i.e. ligand.pdbqt and receptor.pdbqt, name of the output file to be generated, 

search space parameters (center as well as the size in each dimension) and exhaustiveness 

(the time spent on the search) was prepared and saved as “conf.txt”. The format of this text 

file is as mentioned:- 
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receptor = (Name of the receptor.pdbqt file) 

ligand = (Name of the ligand.pdbqt file) 

 

out = out.pdbqt 

 

center_x = (The value of center for x obtained during grid optimization) 

center_y = (The value of center for y obtained during grid optimization) 

center_z = (The value of center for z obtained during grid optimization) 

 

size_x = (The number of points in x dimension obtained during grid optimization) 

size_y = (The number of points in y dimension obtained during grid optimization) 

size_z = (The number of points in z dimension obtained during grid optimization) 

 

exhaustiveness = (The time spent on the search) 

 

3.8.1.5. AutoDock Vina process 

All the prepared files viz., receptor.pdb, receptor.pdbqt, ligand.pdb, ligand.pdbqt, grid.txt and 

conf.txt were kept in one folder. The command line interface terminal was opened and the 

following steps were followed:-  

 

cd.. (Command to change the working directory) 

 

cd The folder was dragged onto the terminal followed by Vina software 

 

--config conf.txt --log log.txt (Command to start the docking process) 
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Vina-split software was dragged onto the terminal 

 

--input out.pdbqt (Command to generate individual outputs from a multimodel file)  

 

Outcome was visualised by using analyze widget in ADT to confirm if the peptide was a 

binder/non-binder as well as to analyse the molecular interactions. 

 

3.8.2. CABS-dock 

CABS is an abbreviation of single amino acid residue letters: carbon alpha (CA), carbon beta 

(B) and side chain (S). It is based on CABS model which has been designed to control 

multimeric protein chains (Blaszczyk et al., 2016). CABS-dock server follows a four stage 

protocol:- 

a) Flexible docking based on CABS algorithm 

b) Selection of probable models from the complete list of generated models 

c) Selection of representative models  

d) Optimization of final models. 

Unlike AutoDock Vina, CABS-dock does not require the user to define a search space. Also, 

the .pdbqt format is not needed to work with CABS-dock. Moreover, generation of peptide 

structure is not a pre-requisite. CABS-dock allows for blind protein-peptide docking where it 

generates random structures of the peptide and places them randomly on the surface of the 

sphere centered at the receptor’s geometrical center. Starting from random conformations and 

positions of the peptide, CABS-dock performs simulation search for the binding site allowing 

for full flexibility of the peptide (Blaszczyk et al., 2016). It accepts the receptor file in .pdb 

format and peptide sequence for docking. 

 

3.8.2.1. Receptor preparation 

HLA molecules (receptor) were obtained from protein data bank (PDB) database in the form 

of a coordinate data file (PDB file format). PDB structure of HLA was opened in Discovery 

studio visualizer v4.1 tool. Water molecules were deleted while all the ligands and 
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heteroatoms were selectively removed. Hydrogen atoms were added to the HLA peptide 

chains and the resultant file was saved as “receptor.pdb”. 

 

3.8.2.2. File submission 

As input, CABS-dock requires the receptor.pdb file generated earlier and the peptide 

sequence. The native ligand sequence was obtained by using the “Show Sequence” option 

under “Sequence” tab in Discovery studio visualizer v4.1 tool. As CABS-dock is an online 

server, an email address can be provided (optional) to receive results once the job is finished. 

The link to docking results leads to the page which helps in viewing individual models and 

analyze if the peptide is a binder/non-binder. 

 

3.9. Peptide synthesis 

The selected peptides were synthesised by GL Biochem (Shanghai) Ltd (China) with purity ≥ 

90%. Peptides were dissolved in DMSO at a concentration of 1 mg/mL and stored in small 

aliquots at -20 °C. 

 

3.10. Blood sampling from healthy volunteers 

Healthy human volunteers of age ≥ 18 years having no history of hepatitis B, C and/or HIV 

infection were included in the study. Blood was drawn via venipuncture by the trained 

technicians of Rajindra Hospital, Patiala and Nitin Hospital, Patiala in blood collection 

EDTA quoted tubes (BD Vacutainer® Tubes). All the volunteers gave their informed consent 

to donate blood for the experiments and the study was approved by institutional ethical 

committee. 

 

3.11. Chemicals and reagents used 

All the chemicals and reagents used in this work were of cell culture grade (Table 3.3, page 

61-62). 
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Table 3.3: List of chemicals and reagents used in the current study 

S.No. Reagents/Chemical Company 

1 ABTS (2,2'-Azinobis[3-ethylbenzothiazoline-6-

sulfonicacid]-diammonium salt) substrate 

ThermoFisherScientific, USA 

2 Amphotericin B Sigma Aldrich, USA 

3 Bovine serum albumin (BSA) Sigma Aldrich 

4 Concanavalin A (Con A) Sigma Aldrich 

5 Dimethyl Sulphoxide (DMSO) Merck, Germany 

6 Fetal bovine Serum (FBS) Gibco®Life Technologies, 

USA 

7 HEPES buffer Sigma Aldrich 

8 Histopaque® -1077 Sigma Aldrich 

9 Human IFN-γ Mini ABTS ELISA Development Kit PeproTech, USA 

10 MTT(3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide) 

Sigma Aldrich 

11 Penicillin Sodium Himedia 

12 Potassium Chloride (KCl) Himedia 

13 Potassium phosphate monobasic (KH2PO4) Himedia 

14 Rosewell Park Memorial Institute (RPMI)-1640 

medium 

Sigma Aldrich 

15 Sodium Bicarbonate (NaHCO3) Himedia 

16 Sodium Chloride (NaCl) Himedia 



62 
 

17 Sodium phosphate dibasic (Na2HPO4) Himedia 

18 Streptomycin Sigma Aldrich 

19 Trypan blue Himedia 

20 Tween 20 Sigma Aldrich 

 

3.12. Peripheral blood mononuclear cells isolation 

Peripheral blood mononuclear cells (PBMC) were isolated by ficoll density gradient method 

(Lohia and Baranwal, 2017). Blood was carefully layered onto Histopaque®-1077 in the ratio 

of 1:1 and centrifuged at 400g for 30 min at room temperature in a swinging bucket rotor 

(Thermo Scientific Biofuge Stratos). This density based centrifugation technique fractionates 

blood into plasma, peripheral blood mononuclear cells (PBMC) and red blood cells. After 

centrifugation, the upper plasma layer was discarded with a micropipette and opaque 

interface (buffy coat) containing PBMC was transferred into a sterile 15 mL falcon. The cells 

were washed twice in 8 mL isotonic phosphate buffered saline solution by centrifugation at 

330g for 12 min. Finally, the cell pellet was re-suspended in 1 mL of complete media (RPMI-

1640 supplemented with 10% fetal bovine serum, 100 μg/mL streptomycin, 100 IU/mL 

penicillin and 10 mM HEPES). 

 

3.13. Cell counting 

Cells were counted with the help of a haemocytometer by trypan blue exclusion assay 

(Strober, 2001). Briefly, 10 μL of cell sample was diluted with 10 µL 0.4% Trypan Blue 

solution and the final volume was raised to 100 µL with the help of complete media. 20-25 

µL of this preparation was loaded on the haemocytometer and examined immediately under a 

microscope (Nikon Eclipse E100-LED) at 40X magnification. The number of unstained 

viable cells (non-viable cells take up dye and appear blue) were counted in all the four corner 

squares. Number of viable cells in the original cell suspension was calculated from the 

following formula:- 
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Number of viable cells/mL =
Number of unstained cells ∗ 10000 ∗ dilution factor

4
 

where dilution factor = 10 and number of unstained cells = total cells present in four corner 

squares 

 

3.14. PBMC proliferation assay 

Peptide induced proliferation of PBMC was measured by MTT based colorimetric assay (do 

Livramento et al., 2013). MTT assay measures the cell viability based on reduction of the 

yellow colored tetrazolium salt MTT into purple formazan crystals by mitochondrial 

succinate dehydrogenase of metabolically active cells (Mosmann, 1983). To measure 

proliferation, the isolated cells were seeded in a 96 well cell culture plate at a concentration 

of 2*105 cells per well on 0th day. Three sets of cells were made viz., unstimulated cells 

(negative control), peptide stimulated cells (cells stimulated with peptide at a concentration of 

50 µg/mL) and cells stimulated with concanavalin A (positive control) at a concentration of 

10 μg/mL. All experiments were carried out in triplicates and the plate was incubated at 37°C 

and 5% CO2. On 3rd day, peptide and ConA restimulation was given to cells. On 5th day, 

MTT (0.5 mg/mL) was added to the cell culture and the plate was again incubated at 37°C 

and 5% CO2. After an incubation of 4 h, 120 μL of the supernatant was removed without 

disturbing the purple colored crystals and stored at -80°C. These formazan crystals were 

solubilized in 100 μL DMSO. Finally, absorbance of each well was recorded at 570 nm with 

630 nm as the reference wavelength using a microplate reader (Tecan Austria). Proliferation 

was calculated in terms of stimulation index (SI) as following:- 

SI =
Average absorbance of peptide stimulated cells

Average absorbance of unstimulated cells
 

 

3.15. IFN-γ measurement assay 

In order to detect extracellular secretion of IFN-γ by peptide stimulated T cells, the 

supernatant extracted (as discussed in section 3.14.) was analyzed with sandwich ELISA 

(Agallou et al., 2014; Ohkuri et al., 2009) in 96-well ELISA plate (Nunc MaxiSorp®) as per 

manufacturer’s instruction. Briefly, 100 μL of capture antibody (1μg/mL in PBS) was added 

to each ELISA plate well and incubated overnight at room temperature. The wells were 

aspirated to remove liquid and the plate was washed four times with 300 μL wash buffer 
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(0.05% Tween-20 in PBS) per well. After the last wash, the plate was tapped in inverted 

position to remove residual buffer on paper towel. 300 μL of blocking buffer (1% BSA in 

PBS) was added to each well and the plate was incubated for 1h at room temperature. After 

washing the plate four times with wash buffer, 100 μL of the test sample and the IFN-γ 

standard were added to each well in triplicate. The plate was incubated for 2 h at room 

temperature. The plate was washed 4 times and 100 μL of detection antibody (1μg/mL in 

sample diluent buffer) was added to each ELISA plate well and incubated at room 

temperature for 2 h. Plate was washed four times and 100 μL of diluted avidin-HRP 

conjugate (1:2000) in sample diluent was added and incubated for 30 min. Plate was again 

washed four times and 100 μL of ABTS substrate solution was added to each well. The plate 

was wrapped in a foil and incubated at room temperature for 20 min for color development. 

Absorbance was recorded at 405 nm with wavelength correction set at 650 nm in ELISA 

plate reader (Tecan, Austria). IFN-γ production was expressed as fold change in cytokine 

release as following:- 

 

Fold change =
Average absorbance of peptide stimulated cells

Average absorbance of unstimulated cells
 

 

3.16. Statistical analysis of docking and in vitro results 

GraphPad Prism was used to generate column statistics (mean, median, mode, 25th percentile, 

max, min, 75th percentile and standard deviation and skewness) of results obtained by 

molecular docking (Autodock Vina and CABS-dock). One way ANOVA analysis followed 

by Tukey’s multiple comparison test was carried out to check if there was a significant 

difference between the results obtained by docking native peptides and those obtained by 

docking Ebola peptides.  

GraphPad Prism was used to analyse the MTT and ELISA results by performing t-test for 

unpaired data wherein p-values < 0.05 were considered as significant. Further, correlation 

analysis was carried out by calculating Pearson r and two-tailed p value. 
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Chapter 4: Results 

 

Objective 1 

4.1. Prediction of conserved peptides containing multiple T and B cell epitopes of 

glycoprotein and nucleoprotein  

Tc (CD8+) and Th (CD4+) cells recognize antigens presented to them by HLA class I 

molecules (present on the surface of nucleated cells) and  HLA class II molecules (present on 

the surface of antigen presenting cells) respectively. In order to identify the peptides 

containing multiple epitopes, full length protein sequences of Ebola virus (EBOV) 

glycoprotein (GP) and nucleoprotein (NP) were obtained from viprbrc and NCBI databases. 

MUSCLE tool was used for multiple sequence alignment. Aligned sequences of these 

proteins were used to identify conserved sequences by AVANA. These conserved regions 

were used as input for various T cell epitope prediction tools. They were searched for 

presence of T cell epitopes by using six epitope prediction tools (three for each, CD4+ and 

CD8+ T cell epitopes). Peptides containing multiple CD8+ and CD4+ epitopes respectively 

were obtained by merging overlapping epitopes. Further, common regions amongst these 

peptide fragments were identified so as to obtain such fragments containing both, CD8+ and 

CD4+ epitopes. B cell epitope prediction was carried out with the help of ABCPred tool. 

Screening of peptides for undesirable responses was done with the help of BLAST 

(autoimmunity), AlgPred (allergenicity) and ToxinPred (toxicity). Finally, peptides devoid of 

unwanted responses and containing multiple T and B cell epitopes were considered for 

further study. 

4.1.1. Identification of GP and NP conserved regions  

1092 GP and 2407 NP sequences belonging to human infecting EBOV species were 

downloaded from NCBI and viprbrc databases. These sequences were manually screened for 

redundancy resulting in 173 GP and 195 NP unique sequences (Table 4.1, page 66). To 

develop a vaccine useful for a comparatively longer period of time, it is essential to identify 

conserved regions in the viral proteins as they are least likely to undergo mutation in future. 

Therefore, the sequences were aligned with the help of MUSCLE tool and the conserved 

regions exhibiting ≥90% conservancy were identified with the help of AVANA tool. Ten 
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(Table 4.2, page 67) and four (Table 4.3, page 68) conserved regions were identified in GP and NP sequences respectively. These conserved 

regions were used as input for various epitope prediction tools. 

 

Table 4.1: Glycoprotein and nucleoprotein sequences belonging to human infecting Ebola virus species 

 

*Aggregate is the summation of the sequences of the four EBOV virus species viz., Zaire, Sudan, Bundibugyo and Tai Forest. 

 

 

Protein Time frame Total sequences Unique sequences 

Glycoprotein 1976 – 30th Jan 2018 1092 Aggregate*                   173 

   Zaire 164 

   Sudan 5 

   Bundibugyo 3 

   Tai Forest 1 

Nucleoprotein 1976 – May 2018 2407 Aggregate 195 

   Zaire 187 

   Sudan 5 

   Bundibugyo 2 

   Tai Forest 1 
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Table 4.2: Conserved peptide fragments of Ebola virus glycoprotein 

 

 

 Conserved peptide fragment Location Length 

CGp1 

 

 

MGVTGILQLPRDRFKRTSFFLWVIILFQRTFSIPLGVIHNSTLQVSDVDKLVCRDKLSSTNQLRSVGLNLEGN

GVATDVPS 

1-81 81 

CGp2 TKRWGFRSGVPPKVVNYEAGEWAENCYNLEIKKPDGSECLPAAPDGIRGFPRCRYVHKVSGTGPCAGDFA

FHKEGAFFLYDRLASTVIYRGTTFAEGVVAFLILPQAKKDFFSSHPLREPVNATEDPSSGYYSTTIRYQATGF

GTNE 

83-229 147 

CGp3 EYLFEVDNLTYVQLESRFTPQFLLQLNETIY 231-261 31 

CGp4 SGKRSNTTGKLIWKVNPEIDTTIGEWAFWETKKNLTRKIRSEELSFTAVSN 263-313 51 

CGp5 KNISGQSPARTSSDP 316-330 15 

CGp6 EDHKIMASENSSAMVQVHSQGR 337-358 22 

CGp 7 AAVSHLTTLAT 360-370 11 

CGp8 GPDNSTHNTPVYKLDISEATQ 390-410 21 

CGp9 SETAGNNNTHHQDTGEESASSGKLGLITNTIAGVAGLITGGRRTRRE 465-511 47 

CGp10 IVNAQPKCNPNLHYWTTQDEGAAIGLAWIPYFGPAAEGIYTEGLMHNQDGLICGLRQLANETTQALQLFLR

ATTELRTFSILNRKAIDFLLQRWGGTCHILGPDCCIEPHDWTKNITDKIDQIIHDFVDKTLPDQGDNDNWWT

GWRQWIPAGIGVTGVIIAVIALFCICKFVF 

513-685 173 
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Table 4.3: Conserved peptide fragments of Ebola virus nucleoprotein 

 

 

 

 

 

 

 

 Conserved peptide fragment 

 

Location Length 

CNp1 MDSRPQKVWMTPSLTESDMDYHKILTAGLSVQQGIVRQRVIPVYQVNNLEEICQLIIQAFEAGVDFQESADSFLLMLC

LHHAYQGDYKLFLESGAVKYLEGHGFRFEVKK 

 

1-110 110 

CNp2 DGVKRLEELLPAVSSGRNIKRTLAAMPEEETTEANAGQFLSFASLFLPKLVVGEKACLEKVQRQIQVHAEQGLIQYPT

AWQSVGHMMVIFRLMRTNFLIKFLLIHQGMHMVAGHDANDAVISNSVAQARFSGLLIVKTVLDHILQKTERGVRLHP

LARTAKVKNEVNSFKAALSSLAKHGEYAPFARLLNLSGVNNLEHGLFPQLSAIALGVATAHGSTLAGVNVGEQYQQL

REAATEAEKQLQQYAESRELDHLGLDDQEKKILMNFHQKKNEISFQQTNAMVTLRKERLAKLTEAITAASLPKTSGH

YDDDDDIPFPGPINDDDNPGHQDDDPTDSQDTTIPDVVVDPDDGGYGEYQSYSENGMSAPDDLVLFDLDEDDEDTKP

VPNRSTKGGQQKNSQKGQHTEGRQTQSTPTQN 

 

112-529 418 

CNp3 GPRRTIHHASAPLTDNDRRNEPSGSTSPRMLTPINEEADPLDDADDETSSLPPLESDDEEQDRDGTSNRTPTVAPPAPVY

RDHSEKKELPQDEQQDQDH 

 

534-632 99 

CNp4 NQDSDNTQPEHSFEEMYRHILRSQGPFDAVLYYHMMKDEPVVFSTSDGKEYTYPDSLEEEYPPWLTEKEAMNDENRF

VTLDGQQFYWPVMNHRNKFMAILQHHQ 

638-741 104 
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4.1.2. Peptides containing overlapping T cell epitopes 

Six T cell epitope prediction tools were used for CD8+ T cell epitopes (SYFPEITHI, NetCTL 

1.2 and IEDB analysis resource) and CD4+ T cell epitopes (ProPred, MHC2Pred and IEDB 

analysis resource) prediction. The prediction results were compared and CD8+ and CD4+ 

epitopes commonly predicted by all the tools were considered. The overlapping CD8+ and 

CD4+ T cell epitopes obtained were merged into peptide fragments. 

 

4.1.2.1 Ebola glycoprotein 

261, 186 and 469 redundant epitopes were predicted with the help of CD8+ T cell epitope 

prediction tools viz., SYFPEITHI, NetCTL 1.2 and IEDB analysis resource respectively (data 

not shown). 84 epitopes were found to be commonly predicted by all the tools (Table 4.4, 

page 70). The overlapping epitopes were merged to obtain 15, multiple epitope containing 

peptide fragments (Table 4.5, page 71). Similarly, 72 epitopes were found to be commonly 

predicted by three CD4+ T cell epitope prediction tools viz., MHC2Pred, Propred and IEDB 

analysis resource (Table 4.6, page 72) out of initial raw prediction data of 2381, 820 and 

2717 redundant epitopes (data not shown) respectively. 13 peptide fragments containing 

multiple CD4+ T cell epitopes were generated by merging the overlapping epitopes (Table 

4.7, page 73). 
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Table 4.4: CD8+ T cell epitopes commonly predicted for glycoprotein by the three prediction tools  

CD8+ T cell epitopes 

ILFQRTFSI EWAENCYNL YLFEVDNLT THNTPVYKL TELRTFSIL 

RTSFFLWVI TVIYRGTTF TYVQLESRF LITNTIAGV NQDGLICGL 

VIHNSTLQV AAPDGIRGF EYLFEVDNL KLGLITNTI AEGIYTEGL 

QLRSVGLNL GVPPKVVNY SRFTPQFLL ITGGRRTRR NETTQALQL 

VIILFQRTF LPQAKKDFF LFQRTFSIP NTIAGVAGL QDEGAAIGL 

FFLWVIILF GPCAGDFAF LESRFTPQF ETAGNNNTH AQPKCNPNL 

DRFKRTSFF FPRCRYVHK TTGKLIWKV TIAGVAGLI RATTELRTF 

LPRDRFKRT FAFHKEGAF LIWKVNPEI SASSGKLGL FEVDNLTYV 

RFKRTSFFL KRWGFRSGV NTTGKLIWK EESASSGKL  

FQRTFSIPL DRLASTVIY TTIGEWAFW GLMHNQDGL  

KRTSFFLWV FHKEGAFFL ETKKNLTRK RTFSILNRK  

RTFSIPLGV FAEGVVAFL DTTIGEWAF QIIHDFVDK  

ATEDPSSGY KDFFSSHPL TRKIRSEEL ETTQALQLF  

TEDPSSGYY AENCYNLEI KRSNTTGKL LANETTQAL  

HKEGAFFLY AEGVVAFLI SEELSFTAV FSILNRKAI  

FLYDRLAST LFEVDNLTY KIRSEELSF QRWGGTCHI  

RLASTVIYR LLQLNETIY AAVSHLTTL LRTFSILNR  

FLILPQAKK FLLQLNETI NSTHNTPVY NRKAIDFLL  

TFAEGVVAF FTPQFLLQL STHNTPVYK IHDFVDKTL  
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Table 4.5: Peptide fragments of glycoprotein containing overlapping CD8+ T cell epitopes  

 Peptides fragments Length Number of epitopes 

CGp1 LPRDRFKRTSFFLWVIILFQRTFSIPLGV 29 10 

CGp2 KRWGFRSGVPPKVVNY 16 2 

EWAENCYNLEI 11 2 

GPCAGDFAFHKEGAFFLYDRLASTVIYRGTTFAEGVVAFLILPQAKKDFFSSHPL 55 14 

ATEDPSSGYY 10 2 

CGp3 EYLFEVDNLTYVQLESRFTPQFLLQLNETIY 31 10 

CGp4 KRSNTTGKLIWKVNPEI 17 4 

DTTIGEWAFW 10 2 

ETKKNLTRKIRSEELSFTAV 20 4 

CGp8 NSTHNTPVYKL 11 3 

CGp9 EESASSGKLGLITNTIAGVAGLI 23 6 

CGp10 AEGIYTEGLMHNQDGLICGL 20 3 

LANETTQALQLF 12 3 

RATTELRTFSILNRKAIDFLL 21 6 

QIIHDFVDKTL 11 2 
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Table 4.6: CD4+ T cell epitopes commonly predicted for glycoprotein by the three prediction tools 

CD4+ T cell epitopes 

WVIILFQRT FHKEGAFFL FLLQLNETI LANETTQAL 

VIILFQRTF YDRLASTVI WAFWETKKN WTKNITDKI 

ILFQRTFSI IYRGTTFAE IMASENSSA IGVTGVIIA 

FQRTFSIPL IRYQATGFG MVQVHSQGR LHYWTTQDE 

IILFQRTFS FFLYDRLAS MASENSSAM LFLRATTEL 

FLWVIILFQ FLYDRLAST YKLDISEAT LRTFSILNR 

FFLWVIILF FLILPQAKK VYKLDISEA ILNRKAIDF 

LWVIILFQR VVAFLILPQ LGLITNTIA LQRWGGTCH 

FKRTSFFLW VIYRGTTFA LRQLANETT IPYFGPAAE 

LGVIHNSTL YRGTTFAEG FSILNRKAI YFGPAAEGI 

VIHNSTLQV YNLEIKKPD WRQWIPAGI IAVIALFCI 

IHNSTLQVS IRGFPRCRY IIAVIALFC LQLFLRATT 

LQVSDVDKL YVHKVSGTG IVNAQPKCN WIPYFGPAA 

LVCRDKLSS FFSSHPLRE VIALFCICK LLQRWGGTC 

MGVTGILQL YYSTTIRYQ IGLAWIPYF IALFCICKF 

LRSVGLNLE VAFLILPQA IIHDFVDKT  

LNLEGNGVA YVQLESRFT VIIAVIALF  

LEGNGVATD FEVDNLTYV LICGLRQLA  

FRSGVPPKV YLFEVDNLT FLRATTELR  
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Table 4.7: Peptide fragments of glycoprotein containing overlapping CD4+ T cell epitopes 

 

 

 

 

 

 Peptide fragments  Length Number of epitopes 

CGp1 FKRTSFFLWVIILFQRTFSIPLGVIHNSTLQVSDVDKLVCRDKLSS 46 14 

LRSVGLNLEGNGVATD 16 3 

CGp2 FHKEGAFFLYDRLASTVIYRGTTFAEG 27 7 

VVAFLILPQAKK 12 3 

IRGFPRCRYVHKVSGTG 17 2 

YYSTTIRYQATGFG 14 2 

CGp3 YLFEVDNLTYVQLESRFT 18 3 

CGp6 IMASENSSAMVQVHSQGR 18 3 

CGp8 VYKLDISEAT 10 2 

CGp10 IGLAWIPYFGPAAEGI 16 4 

LICGLRQLANETTQALQLFLRATTELRTFSILNRKAIDF 39 9 

LLQRWGGTCH 10 2 

WRQWIPAGIGVTGVIIAVIALFCICKF 27 7 
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4.1.2.2 Ebola nucleoprotein 

Initially, a total of 890 redundant epitopes (data not shown) were predicted by CD8+ T cell 

epitope prediction tools (347, 157 and 386 epitopes by SYFPEITHI, NetCTL 1.2 and IEDB 

analysis resource respectively). 105 epitopes were found to be commonly predicted by all 

three tools and hence, were considered further (Table 4.8, page 75). Overlapping epitopes 

were merged to obtain 18 peptide fragments containing multiple CD8+ epitopes (Table 4.9, 

page 76). 

7247 redundant epitopes (data not shown) were predicted by CD4+ T cell epitope prediction 

tools (2544, 965 and 3738 epitopes by MHC2Pred, Propred and IEDB analysis resource 

respectively) out of which, 79 epitopes were found to be commonly predicted (Table 4.10, 

page 77). 15 peptide fragments containing multiple CD4+were generated by merging the 

overlapping epitopes (Table 4.11, page 78). 
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Table 4.8: CD8+ T cell epitopes commonly predicted for nucleoprotein by the three prediction tools 

CD8+ T cell epitopes 

FLESGAVKY LESGAVKYL ILMNFHQKK EVNSFKAAL ERGVRLHPL AMNDENRFV 

SLTESDMDY LEEICQLII KILMNFHQK FPQLSAIAL TEANAGQFL AVLYYHMMK 

SADSFLLML SSLAKHGEY TVLDHILQK HPLARTAKV AQARFSGLL VVFSTSDGK 

ESADSFLLM VVDPDDGGY LMRTNFLIK APFARLLNL LEHGLFPQL NHRNKFMAI 

KILTAGLSV HAEQGLIQY RSTKGGQQK VATAHGSTL GEYAPFARL FEEMYRHIL 

YQGDYKLFL SLPKTSGHY SFASLFLPK QARFSGLLI AESRELDHL HRNKFMAIL 

LLMLCLHHA MSAPDDLVL TLRKERLAK LRKERLAKL GEKACLEKV SQGPFDAVL 

IIQAFEAGV FLSFASLFL AITAASLPK VAQARFSGL IQVHAEQGL LEEEYPPWL 

KLFLESGAV RLMRTNFLI RFSGLLIVK FRLMRTNFL WQSVGHMMV KEYTYPDSL 

YQVNNLEEI KLTEAITAA QTNAMVTLR QEKKILMNF ISFQQTNAM FVTLDGQQF 

AYQGDYKLF RLEELLPAV AVSSGRNIK MRTNFLIKF TVAPPAPVY  

IVRQRVIPV QLSAIALGV ISNSVAQAR KRLEELLPA GTSNRTPTV  

IPVYQVNNL GLFPQLSAI GVRLHPLAR QQTNAMVTL TIHHASAPL  

YHKILTAGL RLAKLTEAI VSSGRNIKR ARLLNLSGV DETSSLPPL  

VRQRVIPVY FASLFLPKL LLPAVSSGR ARFSGLLIV TSDGKEYTY  

HAYQGDYKL GMSAPDDLV EYAPFARLL HQKKNEISF VTLDGQQFY  

FQESADSFL SQDTTIPDV QFLSFASLF GHMMVIFRL FSTSDGKEY  

QKVWMTPSL LIHQGMHMV NFLIKFLLI TEAITAASL YPDSLEEEY  

QESADSFLL GQFLSFASL KVKNEVNSF QQYAESREL HMMKDEPVV  
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Table 4.9: Peptide fragments of nucleoprotein containing overlapping CD8+ T cell epitopes  

 Peptide fragments containing multiple CD8+ T cell epitopes Length Epitope Number 

CNp1 QKVWMTPSLTESDMDYHKILTAGLSV 26 4 

 IVRQRVIPVYQVNNLEEICQLIIQAFEAGV 30 6 

 FQESADSFLLMLCLHHAYQGDYKLFLESGAVKYL 34 11 

CNp2 KRLEELLPAVSSGRNIKR 18 5 

 TEANAGQFLSFASLFLPKL 19 6 

 IQVHAEQGLIQY 12 2 

 WQSVGHMMVIFRLMRTNFLIKFLLIHQGMHMV 32 8 

 ISNSVAQARFSGLLIVK 17 6 

 ERGVRLHPLARTAKVKNEVNSFKAAL 26 5 

 SSLAKHGEYAPFARLLNLSGV 21 5 

 LEHGLFPQLSAIALGVATAHGSTL 24 5 

 QQYAESRELDHL 12 2 

 QEKKILMNFHQKKNEISFQQTNAMVTLRKERLAKLTEAITAASLPKTSGHY 51 14 

 GMSAPDDLVL 10 2 

CNp3 GTSNRTPTVAPPAPVY 16 2 

CNp4 

SQGPFDAVLYYHMMKDEPVVFSTSDGKEYTYPDSLEEEYPPWL 43 9 

AMNDENRFVTLDGQQFY 17 3 

NHRNKFMAIL 10 2 
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Table 4.10: CD4+ T cell epitopes commonly predicted for nucleoprotein by the three prediction tools 

CD4+ T cell epitopes 

YHKILTAGL LLIHQGMHM VRLHPLART LAGVNVGEQ VLYYHMMKD 

IVRQRVIPV MHMVAGHDA ILMNFHQKK LHPLARTAK FMAILQHHQ 

FLLMLCLHH FKAALSSLA VKNEVNSFK FHQKKNEIS LYYHMMKDE 

LLMLCLHHA LLNLSGVNN FARLLNLSG YQSYSENGM  

VKYLEGHGF FPQLSAIAL LFPQLSAIA LIKFLLIHQ  

YQGDYKLFL VQRQIQVHA ISFQQTNAM IHQGMHMVA  

YQVNNLEEI VNSFKAALS FQQTNAMVT LMNFHQKKN  

VQQGIVRQR LGVATAHGS LIQYPTAWQ LMRTNFLIK  

VWMTPSLTE MVTLRKERL IQYPTAWQS LQKTERGVR  

VYQVNNLEE LVVGEKACL VIFRLMRTN IHHASAPLT  

YKLFLESGA MMVIFRLMR LLIVKTVLD FVTLDGQQF  

FLESGAVKY IFRLMRTNF LLPAVSSGR YRHILRSQG  

MLCLHHAYQ MRTNFLIKF VGHMMVIFR MMKDEPVVF  

IPVYQVNNL LNLSGVNNL LSGVNNLEH VTLDGQQFY  

MDYHKILTA LGLDDQEKK IKFLLIHQG YHMMKDEPV  

LMLCLHHAY FLIKFLLIH LVLFDLDED VMNHRNKFM  

FLSFASLFL FLLIHQGMH VVGEKACLE MYRHILRSQ  

MVIFRLMRT VISNSVAQA FLPKLVVGE YTYPDSLEE  

FRLMRTNFL LIVKTVLDH YAPFARLLN YWPVMNHRN  
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Table 4.11: Peptide fragments of nucleoprotein containing overlapping CD4+ T cell epitopes 

 Peptide fragments containing multiple CD4+ T cell epitopes Length Epitope Number 

CNp1 MDYHKILTAGL 11 2 

 VQQGIVRQRVIPVYQVNNLEEI 22 5 

 FLLMLCLHHAYQGDYKLFLESGAVKYLEGHGF 32 8 

CNp2 FLSFASLFLPKLVVGEKACLE 21 4 

 LIQYPTAWQS 10 2 

 VGHMMVIFRLMRTNFLIKFLLIHQGMHMVAGHDA 34 15 

 LLIVKTVLDH 10 2 

 LQKTERGVRLHPLARTAK 18 3 

 VKNEVNSFKAALSSLA 16 3 

 YAPFARLLNLSGVNNLEH 18 5 

 LFPQLSAIALGVATAHGS 18 3 

 ILMNFHQKKNEISFQQTNAMVTLRKERL 28 6 

CNp4 MYRHILRSQG 10 2 

 VLYYHMMKDEPVVF 14 4 

 FVTLDGQQFYWPVMNHRNKFMAILQHHQ 28 5 
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4.1.3. Identification of peptides containing multiple CD8+ and CD4+ epitopes  

Peptides containing CD8+ T cell epitopes and peptides containing CD4+ epitopes were 

searched for presence of common regions so as to obtain peptide sequences containing 

multiple CD8+ as well as CD4+ T cell epitopes. In this way, six GP and twelve NP sequences 

containing multiple CD8+ and CD4+ T cell epitopes were identified (Table 4.12, page 80). 

The total number of CD8+ and CD4+ epitopes present in each of these peptide sequences are 

mentioned in Table 4.12, page 80. 

4.1.4. Presence of B cell epitopes 

The identified peptides were looked for the presence of B cell epitopes via ABCPred tool. 

Two EBOV GP peptide fragments (VVAFLILPQAKK and YLFEVDNLTYVQLESRFT) 

were found to be devoid of B cell epitopes while four 

(FLLMLCLHHAYQGDYKLFLESGAVKYL, VKNEVNSFKAAL, 

ILMNFHQKKNEISFQQTNAMVTLRKERL and FVTLDGQQFY) of the identified EBOV 

NP fragments lacked B cell epitopes. The peptides lacking B cell epitopes were not included 

in further analysis. 

4.1.5. Screening for undesirable responses 

BLAST analysis was performed to screen for similarity to human proteome which might 

result in autoimmune responses. Amongst the GP peptides, YLFEVDNLTYVQLESRFT was 

found to exhibit similarity with human cytoskeletal linker protein epiplakin1 via BLAST 

analysis. VGHMMVIFRLMRTNFLIKFLLIHQGMHMV and YAPFARLLNLSGV of NP 

were found to be similar to human Anaphase-promoting complex/cyclosome and homeobox 

protein, Hox-B9 respectively. 

Allergenicity and toxicity of the identified peptides were predicted with the help of AlgPred 

and ToxinPred. None of the predicted peptides was found to be either allergic or toxic in 

nature. 

Hence, the remaining four GP peptides (Table 4.13, page 81) and six NP peptides (Table 

4.14, page 82) containing multiple T and B cell epitopes were considered for further studies. 
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Table 4.12: Peptides of glycoprotein and nucleoprotein containing multiple CD8+ and CD4+ T cell epitopes  

Glycoprotein peptides 
Total number 

of epitopes 
Nucleoprotein peptides 

Total number of 

epitopes 

FKRTSFFLWVIILFQRTFSIPL 15 FLLMLCLHHAYQGDYKLFLESGAVKYL 14 

FHKEGAFFLYDRLASTVIYRGTTFAEG 13 IVRQRVIPVYQVNNLEEI 8 

VVAFLILPQAKK 4 MDYHKILTAGL 3 

YLFEVDNLTYVQLESRFT 7 FLSFASLFLPKL 4 

LANETTQALQLF 9 ERGVRLHPLARTAK 4 

RATTELRTFSILNRKAIDF 4 VKNEVNSFKAAL 3 

  LFPQLSAIALGVATAHGS 5 

  ILMNFHQKKNEISFQQTNAMVTLRKERL 11 

  VLYYHMMKDEPVVF 5 

  FVTLDGQQFY 4 

  VGHMMVIFRLMRTNFLIKFLLIHQGMHMV 20 

  YAPFARLLNLSGV 4 
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Table 4.13: Peptide fragments of glycoprotein containing T and B cell epitopes 

Peptide fragments Epitopes 

 CD8+ T cell CD4+ T cell B cell 

FKRTSFFLWVIILFQRTFSIPL (Gp1) 

 

 

 

 

 

KRTSFFLWV 

RTSFFLWVI 

FFLWVIILF 

VIILFQRTF 

ILFQRTFSI 

FQRTFSIPL 

 

 

 

 

FHKEGAFFL 

HKEGAFFLY 

FLYDRLAST 

DRLASTVIY 

RLASTVIYR 

TVIYRGTTF 

 

 

 

 

 

LANETTQAL 

NETTQALQL 

ETTQALQLF 

 

 

RATTELRTF 

TELRTFSIL 

LRTFSILNR 

RTFSILNRK 

FSILNRKAI 

 

FFLWVIILF 

LWVIILFQR 

FKRTSFFLW 

WVIILFQRT 

VIILFQRTF 

ILFQRTFSI 

FQRTFSIPL 

IILFQRTFS 

FLWVIILFQ 

 

FHKEGAFFL 

YDRLASTVI 

IYRGTTFAE 

YRGTTFAEG 

FFLYDRLAS 

FLYDRLAST 

VIYRGTTFA 

 

 

 

 

LANETTQAL 

 

 

 

 

FSILNRKAI 

LRTFSILNR 

ILNRKAIDF 

 

 

RTSFFLWVII 

SFFLWVIILF 

LWVIILFQRT 

LFQRTFSIPL 

 

 

 

FHKEGAFFLYDRLASTVIYRGTTFAEG (Gp2) 

 

 

 

 

 

 

 

HKEGAFFLYD 

GAFFLYDRLA 

VIYRGTTFAE 

LASTVIYRGT 

ASTVIYRGTT 

FHKEGAFFLY 

STVIYRGTTF 

LYDRLASTVI 

RLASTVIYRG 

 

 

LANETTQALQLF (Gp3) 

 

 

NETTQALQLF 

 

 

 

 

RATTELRTFSILNRKAIDF (Gp4) 

 

 

 

ELRTFSILNR 

SILNRKAIDF 

RATTELRTFS 

LRTFSILNRK 

RTFSILNRKA 

TTELRTFSIL 

FSILNRKAID 
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Table 4.14: Peptide fragments of nucleoprotein containing T and B cell epitopes 

Peptide fragments Epitopes 

 CD8+ T cell CD4+ T cell B cell 

MDYHKILTAGL (Np1) YHKILTAGL 
 
 

IVRQRVIPV 
VRQRVIPVY 
IPVYQVNNL 
YQVNNLEEI 

 

 
FLSFASLFL 
SFASLFLPK 
FASLFLPKL 

 
ERGVRLHPL 
GVRLHPLAR 

 
 

 
FPQLSAIAL 
QLSAIALGV 

 
 
 
 

HMMKDEPVV 

MDYHKILTA 
YHKILTAGL 

 
IVRQRVIPV 
IPVYQVNNL 
VYQVNNLEE 
YQVNNLEEI 

 

 
FLSFASLFL 

 
 
 

LHPLARTAK 
VRLHPLART 

 
 

 
LFPQLSAIA 
FPQLSAIAL 

LGVATAHGS 
 
 
 

VLYYHMMKD 

LYYHMMKDE 
YHMMKDEPV 
MMKDEPVVF 

DYHKILTAGL 

 

 

 

IVRQRVIPVYQVNNLEEI (Np2) 

 

 
VYQVNNLEEI 
RVIPVYQVNN 
RQRVIPVYQV 

 

 

 

FLSFASLFLPKL (Np3) 

 
 
 

FLSFASLFLP 

LSFASLFLPK 

 
 

ERGVRLHPLARTAK (Np4) 

 

 

 

 
 

RLHPLARTAK 
ERGVRLHPLA 
VRLHPLARTA 

LFPQLSAIALGVATAHGS (Np5) 

 

 

 

AIALGVATAH 
LSAIALGVAT 
FPQLSAIALG 

ALGVATAHGS 
QLSAIALGVA 

 

VLYYHMMKDEPVVF (Np6) YHMMKDEPVV 
VLYYHMMKDE 
HMMKDEPVVF 
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4.1.6. Conservancy analysis 

In a bid to identify cross-protective peptide vaccine candidates which can confer protection 

against current strains as well as can be relied upon to protect against future viral strains, it is 

significant to conduct conservancy analysis of the identified peptide fragments. The peptides 

were looked for conservancy amongst all the human infecting Ebola virus species as well as 

in other filoviridae members viz., Marburg virus and Lloviu virus. 

All the GP peptides were found to be nearly 100% conserved in Zaire ebolavirus, the most 

pathogenic EBOV species (Table 4.15, page 84). Gp3 was found to be 100% conserved 

amongst all EBOV species while Gp4 was found to vary by two amino acids in Sudan 

ebolavirus. Gp2 was found to be the most variable of all the identified GP peptides. Further, 

Gp1 could not be located in Marburg virus while other peptides were located in the virus 

with ample variations (Table 4.15, page 84). Lloviu virus contained only Gp2 peptide but 

with variations. 

All the NP peptides were found to be 100% conserved in Zaire ebolavirus (Table 4.16, page 

85). Np1 exhibited a single amino acid variation w.r.t its first amino acid amongst various 

EBOV species. Further, Np3 established itself as a potent candidate as it exhibited 100% 

conservancy in all EBOV species as well as Lloviu virus with variation of only one amino 

acid in Marburg virus (Table 4.16, page 85). Amongst the EBOV species, Np5 was found to 

vary by a single amino acid in Sudan ebolavirus. The Np5 sequence for Sudan ebolavirus, 

Marburg virus and Lloviu virus was found to be the same. Np1, Np2 and Np6 could not be 

located in Marburg and Lloviu viruses. 
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Table 4.15: Conservancy analysis of identified glycoprotein peptides in Ebola virus species and other filoviridae members 

Virus species 
FKRTSFFLWVIILFQRTFSIPL 

(Gp1) 

FHKEGAFFLYDRLASTVIYRGTTFAEG 

(Gp2) 

LANETTQALQLF 

(Gp3) 

RATTELRTFSILNRKAIDF 

(Gp4) 

ZAIRE 99.39% 100% 100% 100% 

SUDAN FRKSSFFVWVIILFQKAFSMPL FHKDGAFFLYDRLASTVIYRGVNFAEG 100% RATTELRTYTILNRKAIDF 

TAI FOREST FRKTSFFVWVIILFHKVFSIPL FHKEGAFFLYDRLASTIIYRGTTFAEG 100% 100% 

BUNDIBUGYO FRKTSFFVWVIILFHKVFPIPL FHKEGAFFLYDRLASTIIYRSTTFSEG 100% 100% 

MARBURG -- LHLWGAFFLYDRVASTTMYRGKVFTEG LANQTAKSLELL RVTTEERTFSLINRHAIDF 

LLOVIU -- FHKHGSFFLYHGMASTVIYHGVTFTEG -- -- 
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Table 4.16: Conservancy analysis of identified nucleoprotein peptides in Ebola virus species and other filoviridae members 

Virus species 

 

MDYHKILTAGL 

(Np1) 

IVRQRVIPVYQVNNLEEI 

(Np2) 

FLSFASLFLPKL 

(Np3) 

ERGVRLHPLARTAK 

(Np4) 

LFPQLSAIALGVATAHGS 

(Np5) 

VLYYHMMKDEPVVF 

(Np6) 

ZAIRE 

 

100% 

 

LDYHKILTAGL 

 

 

TDYHKILTAGL 

 

ADYHKILTAGL 

100% 

 

IVRQRIIPVYVVSDLEGI/ 

IVRQRVIPVYVVNDLEGI 

 

IVRQRVIQVHQVTNLEEI 

 

IVRQRIIPVYQISNLEEV 

100% 100% 100% 100% 

*SUDAN 

 

100% 

 

 

DLGVRLHPLARTAK LYPQLSAIALGVATAHGS INYYHLMSDEPIAF 

TAÏ FOREST 

 

100% EHGVRLHPLARTAK 100% ILYYYMMTEEPIVF 

 

BUNDIBUGYO 

 

100% EHGVRLHPLARTAK 100% ILYYHMMKEEPIIF 

LLOVIU - 

 

- 100% EAGVQLHPLARTSK LYPQLSAIALGVATAHGS - 

*MARBURG - - FLSFCSLFLPKL 

 

DSGVTLHPLVRTSK/ 

DSGVALHPLVRTSK 

 

LYPQLSAIALGVATAHGS - 

* Np2 and Np4 of Sudan and Marburg virus respectively have two variable sequences 
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4.1.7. Peptide mapping 

The identified GP and NP peptides were located on their respective three dimensional protein 

structures obtained from protein data bank (PDB) (Figure 4.1 a, page 87; Figure 4.2 a, page 

88). All peptides were found to be parts of regions crucial for viral functioning. Further, a 

schematic representation helped in better understanding of the location of the peptides within 

EBOV GP and NP (Figure 4.1 b, page 87; Figure 4.2 b, page 88).  

The GP peptides viz., Gp2, Gp3 and Gp4 were mapped onto the crystal structure of Ebola 

glycoprotein (PDB id: 5JQ3) while Gp1 could not be located in the structure owing to 

missing residues. Further, Gp1 formed a part of signal peptide at the glycoprotein N terminus 

which directs the nascent glycoprotein to the endoplasmic reticulum where carbohydrates are 

added on its surface (Feldmann et al., 1994; Lee et al., 2008). Gp2 formed a part of 

glycoprotein subunit GP1 while Gp3 and Gp4 were found to be located in the heptad repeat 

regions (HR1 and HR2) of glycoprotein subunit, GP2 (Figure 4.1 b, page 87).  

NP peptides (except Np1 and Np6) were mapped onto the crystal structure of Ebola 

nucleoprotein (PDB id: 4YPI). Further, Np1-Np5 formed a part of N terminal 1-450 residues, 

a polypeptide which in itself is sufficient for viral genome replication (Watanabe et al., 

2006). A part of Np1 was located in N-tail while the rest of the peptide, along with Np2-Np5 

peptides, was found to be located in the core domain of viral nucleoprotein. Np6 was found to 

be a part of C tail (Figure 4.2 b, page 88).  
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a) 

 

 

b) 

 

 

Figure 4.1: a) Mapping of identified peptide fragments onto the crystal structure of Ebola glycoprotein (PDB id: 5JQ3). Gp2, Gp3 and Gp4 are 

depicted in pink, red and yellow respectively. Gp1 could not be located in the structure owing to missing residues. b) Schematic presentation of 

peptides in different regions of Ebola glycoprotein. 
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a) 

 

 

b) 

 

Figure 4.2: a) Mapping of identified peptide fragments onto the crystal structure of Ebola nucleoprotein (PDB id: 4YPI). Np2, Np3, Np4 and 

Np5 are represented in red, green, pink and yellow respectively b) Schematic presentation of peptides in different regions of Ebola 

nucleoprotein. 
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Objective 2 

4.2. Peptide-HLA interaction analysis 

Human leukocyte antigen (HLA) molecules are present on the surface of various cells and are 

a result of translation of mRNA transcribed from a cluster of approximately 200 genes 

present on the 6th chromosome. HLA class I molecules are located on the cell surface of all 

nucleated cells and present epitope to Tc (CD8+) cells while HLA class II molecules are 

found specifically on cell surface of antigen presenting cells (APC) and present epitope to Th 

(CD4+) cells. Therefore, the study of peptide-HLA interaction is of utmost significance in the 

prediction of peptide vaccine candidates with the ability to generate an effective cell 

mediated immune response. 

In the current study, peptide-HLA interaction studies were carried out in three phases viz., 

HLA coverage analysis to assess the promiscuous nature of identified peptides, population 

coverage analysis to assess the potential of predicted peptides as global vaccine candidates 

and molecular docking analysis carried out via Autodock Vina and CABS-dock. 

 

4.2.1. HLA coverage analysis 

T cell epitope prediction tools help in predicting epitopes corresponding to particular HLA 

alleles/supertypes. A supertype is a cluster of functionally related HLA alleles that share 

binding specificities towards the same panel of peptides owing to similar structural features 

of HLAs peptide binding groove (Lund et al., 2004). The HLA alleles/supertypes predicted 

by the six T cell epitope prediction tools for CD8+ and CD4+ T cell epitopes present in the 

finally selected peptide fragments were listed for both, EBOV GP and NP (Table 4.17 & 

Table 4.18, page 91).  

Amongst the GP peptides, Gp1 was predicted for the maximum number of HLA class I 

alleles/supertypes by the three different prediction tools while Gp2 showed coverage for 

maximum HLA class II alleles/supertypes (Table 4.17, page 91). Gp3 showed the least class I 

and class II coverage while Gp4 exhibited an average HLA coverage for both the classes 

(Table 4.17, page 91). 

Amongst the NP peptides, Np2 displayed the best HLA coverage for both, class I and II 

according to all the epitope prediction tools. Np6 displayed the least HLA class I coverage 

while Np3 and Np5 were jointly lowest in HLA class II coverage (Table 4.18, page 91). 
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Further, epitopes present in Np1 and Np6 were not predicted to bind to HLA-A and HLA-B 

respectively by any of the HLA class I T cell epitope prediction tools (Table 4.18, page 91). 

Overall, Gp1 exhibited the maximum HLA class I coverage amongst all the identified 

peptides where as Np2 lead the HLA class II predictions. Np2 emerged as the peptide with 

maximum HLA coverage when both HLA classes were considered together (Table 4.17 & 

Table 4.18, page 91). Interestingly, the four GP peptide fragments were predicted for a 

greater number of HLA class I alleles/sypertypes by the six epitope prediction tools than the 

six NP peptide fragments (Table 4.17 & Table 4.18, page 91). 
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Table 4.17: Multiple eptiope containing peptides of Ebola virus glycoprotein exhibited binding to diverse HLA supertypes/alleles 

 Class I Class II 

Tools SYFPEITHI NetCTL 1.2 IEDB ProPred MHC2Pred IEDB 

HLA type A B A B A B DR DQ DR DP DQ DR 

Number* 7 26 5 7 18 32 51 11 27 5 6 14 

FKRTSFFLWVIILFQRTFSIPL (Gp1) 3 7 3 6 9 8 47 1 3 4 4 10 

FHKEGAFFLYDRLASTVIYRGTTFAEG (Gp2) 6 6 5 6 7 5 47 5 9 5 3 12 

LANETTQALQLF (Gp3) 2 6 1 4 1 7 3 1 - 5 - 4 

RATTELRTFSILNRKAIDF (Gp4) 2 6 1 5 6 8 36 4 7 3 1 10 

*Total number of HLA alleles/supertypes in each tool 

 

Table 4.18: Multiple eptiope containing peptides of Ebola virus nucleoprotein exhibited binding to diverse HLA supertypes/alleles 

 Class I Class II 

Tools SYFPEITHI NetCTL 1.2 IEDB ProPred MHC2Pred IEDB 

HLA type A B A B A B DR DQ DR DP DQ DR 

Number* 7 26 5 7 18 32 51 11 27 5 6 14 

MDYHKILTAGL (Np1) - 4 - 2 - 1 22 5 5 - 1 10 

IVRQRVIPVYQVNNLEEI (Np2) 1 5 1 5 5 6 51 9 18 3 2 14 

FLSFASLFLPKL (Np3) 3 2 3 1 9 - 18 2 4 5 1 7 

ERGVRLHPLARTAK (Np4) 3 5 1 1 2 3 24 - 7 - 1 7 

LFPQLSAIALGVATAHGS (Np5) 2 4 1 3 3 6 15 3 6 1 2 10 

VLYYHMMKDEPVVF (Np6) 1 - 1 - 2 - 18 4 7 4 2 13 

*Total number of HLA alleles/supertypes in each tool 
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4.2.2. Population coverage analysis 

Population coverage analysis IEDB tool provides an insight into the geographical ethnicity/ 

population probable to react to a given epitope set. All the HLA alleles predicted for 

respective peptide fragments by the epitope prediction tools were considered and analysis 

was carried out for four different continents (Africa, America, Asia and Europe) consisting of 

14 geographical areas and whole world.  

GP peptide fragments exhibited a 77-100% population coverage for various continents while 

a tremendous coverage of 96-100% was found for the whole world (Figure 4.3, page 93). 

Individually, Gp1, Gp2, Gp3 and Gp4 exhibited an average percentage population coverage 

of 95, 96, 91 and 94 respectively for all continents.  

In case of EBOV NP, peptide fragments exhibited a 69-100% population coverage for 

various continents while a coverage of 90-100% was found for the whole world (Figure 4.4, 

page 93). Majority of peptides exhibited >95% population coverage for all continents except 

the African continent. Individually, Np1, Np2, Np3 and Np4, Np5 and Np6 exhibited an 

average percentage population coverage of 94.7, 96, 95.4, 85, 95 and 94.3 respectively for all 

continents.  
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Figure 4.3: Population coverage analysis of peptides belonging to glycoprotein 

 

 

 

Figure 4.4: Population coverage analysis of peptides belonging to nucleoprotein
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4.2.3. Molecular docking  

The first and foremost step towards the generation of an efficient adaptive immune response 

is the binding of immunogenic peptide to the peptide binding groove of HLA molecule 

present on  the surface of host cell. Molecular docking was employed to study the interaction 

of the predicted peptides containing epitopes with various HLA class I and II molecules. 

High resolution crystallographic structures of peptide bound HLA molecules (nine each for 

HLA class I and II typifying different HLA molecules) were obtained from the PDB database 

for docking. Autodock Vina and CABS-dock tools were employed to calculate the binding 

energy and root mean square deviation (RMSD) value respectively to assess the binding 

affinity of the selected peptides containing multiple epitopes with HLA class I and II 

molecules. Generally, a lower binding energy and RMSD value indicates a stable interaction 

with a good binding pose (Dhiman et al., 2016; Blaszczyk et al., 2016). Binding energy and 

RMSD values obtained by docking the natural peptides separated from the parent peptide-

HLA complex with the corresponding HLA molecules served as positive control.  

HLA class II accommodates longer peptides (~18–20 amino acid) in contrast to HLA class I 

which binds to smaller peptides (8-10 amino acid) (Andreatta and Nielsen, 2016). 

Accordingly, CD8+ T cell epitopes present in the peptide fragments were docked with HLA 

class I molecules while the selected peptide fragments were docked as such with HLA class 

II molecules. For Autodock Vina, PEP-FOLD was used to generate structure of CD8+ T cell 

epitopes and the selected peptide fragments. In case of CABS-dock, peptide structure 

generation is not necessary and hence, the peptide sequence and PDB file of the receptor 

were provided to the online server to find the RMSD value. 

 

4.2.3.1. Binding energy and RMSD values obtained by docking the peptides with HLA 

class I molecules  

Twenty and thirteen CD8+ T cell epitopes were present in the selected GP and NP peptide 

fragments respectively and they were docked with the HLA class I molecules. The mean of 

the binding energy and RMSD obtained for all epitopes belonging to a particular peptide 

fragment was considered and used for analysis.  
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4.2.3.1.1. Ebola glycoprotein 

The mean binding energy (Autodock Vina) and RMSD (CABS-dock) values of identified 

peptide fragments for HLA class I molecules were found to be comparable to the values 

obtained for native peptide (Figure 4.5, page 96; Figure 4.6, page 97). Interesting results were 

obtained in case of CABS-dock as several peptide-HLA complex exhibited better mean 

RMSD value than the corresponding native peptide-HLA complex. Gp1, Gp3 and Gp4 scored 

a RMSD value of 2.4, 1.8 and 2.1 respectively as compared to native peptide (3.7) for 

B*1801 while they scored 1.9, 1.8 and 2.1 respectively as compared to native peptide (3.3) 

for B*3901 (Figure 4.6, page 97). Gp1 showed a better RMSD value of 1.4 than native 

peptide (2.0) for A1 allele while Gp4 (1.6) outperformed native peptide (2.4) for A*0301 

allele.  

A detailed statistical analysis of the results was carried out by considering all HLA molecules 

for each peptide (Table 4.19, page 98). One way ANOVA analysis followed by Tukey’s 

multiple comparison test indicated no significant difference between the performances of 

selected peptides and native peptide in case of CABS-dock results. Although significant 

variation was observed in Autodock Vina results but the range of mean binding energies 

considering all HLA class I molecules for each peptide is -7.54 to -8.14 which is not much 

deviated from -9.28 of native peptide (Table 4.19, page 98). Skewness was also calculated 

where positive skewness indicates a stable interaction between a greater number of HLA 

molecules and selected peptides, normal distribution where skewness = 0 and negative 

skewness which indicates a highly stable interaction between a few HLA molecules and 

selected peptides. Most skewness values for HLA class I molecules were found to be either 

positive or close to zero for both, mean binding energy as well as mean RMSD. This 

indicated a relatively uniform stable interaction between GP epitopes belonging to all the 

selected peptides with majority of HLA class I molecules (Table 4.19, page 98). 
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a) 

 

 

 

b) 

 

 

Figure 4.5: Mean binding energies for the identified glycoprotein peptide fragments against 

HLA class I molecules. a) Gp1 and Gp2 b) Gp3 and Gp4 
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a) 

 

 

 

b) 

 

 

Figure 4.6: Mean RMSD values for the identified glycoprotein peptide fragments against 

HLA class I molecules. a) Gp1 and Gp2 b) Gp3 and Gp4 
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Table 4.19: Comparative analysis of mean binding energies (Autodock Vina) and RMSD (CABS-dock) values of glycoprotein peptides with 

native peptide for HLA class I molecules  

 

 Minimum 
25% 

Percentile 
Median 

75% 

Percentile 
Maximum Mean SD Skewness 

Significant      

p < 0.05 

 Binding energy (Kcal/mol)   

Native peptide -10.6 -9.95 -9.2 -8.6 -8.1 -9.28 0.80 -0.06  

Gp1 -8.9 -8.65 -8 -7.85 -7.3 -8.14 0.50 -0.04 * 

Gp2 -9.1 -8.55 -8.2 -7.6 -7.1 -8.13 0.63 0.36 * 

Gp3 -8.3 -8.15 -7.4 -7.15 -6.9 -7.57 0.52 -0.37 * 

Gp4 -8.2 -7.85 -7.6 -7.25 -6.5 -7.54 0.50 1.11 * 

 Root mean square deviation (RMSD)   

Native peptide 0.6 1.15 1.8 2.85 3.7 1.94 1.03 0.62  

Gp1 1.2 1.45 1.9 2.55 3.1 2.01 0.63 0.46 ns 

Gp2 1.5 1.8 2.2 3.1 3.7 2.46 0.75 0.38 ns 

Gp3 1.3 1.8 2.7 3.1 3.8 2.54 0.78 -0.13 ns 

Gp4 1.3 1.6 2.1 2.45 3.3 2.1 0.62 0.88 ns 

The mean of the binding energy and RMSD obtained for all epitopes belonging to a particular peptide fragment was considered as the binding energy and RMSD 

respectively for that peptide and these values have been depicted and analysed via skewness and one way ANOVA analysis followed by Tukey’s multiple 

comparison test. Significant differences are indicated by * (p<0.05) where as ns stands for non-significant. 
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4.2.3.1.2. Ebola nucleoprotein 

The mean binding energy and RMSD of each peptide for HLA class I molecules was plotted 

(Figure 4.7, page 100; Figure 4.8, page 101). Encouragingly, Np1 (-8.5 Kcal/mol) displayed 

better mean binding energy than native peptide (-8.1 Kcal/mol) for HLA A*0301 (Figure 4.7, 

page 100). All peptides viz., Np1 (1.2), Np2 (0.9), Np3 (2.2), Np4 (1.0), Np5 (2.7) and Np6 

(2.1) displayed a better mean RMSD value for B*3901 allele than native peptide (3.3). Np1 

was found to have a mean RMSD value of 0.6, superior to native peptide value (1.8) for 

B*1501 allele while both, Np1 (1.1) and Np6 (0.2) displayed better results than native 

peptide (1.4) for A2 allele. All peptides except Np2 exhibited better mean RMSD value for 

A1 molecule than native peptide (Figure 4.8, page 101). Peptide-HLA interactions either 

exhibiting an RMSD >5 or with peptide binding outside the HLA binding groove are 

considered as poor (Blaszczyk et al., 2016; Lohia and Baranwal, 2015) and hence, the RMSD 

values for Np4-A*0301, Np6-A*0301 and Np5-A24 peptide-HLA complexes were not 

plotted (Figure 4.8, page 101).  

One way ANOVA analysis followed by Tukey’s multiple comparison test indicated no 

significant difference in the mean RMSD values of peptides and native peptides for CABS-

dock results (Table 4.20, page 102) and even though significant variations were found for 

Autodock Vina results, three peptides viz., Np1, Np5 and Np4 displayed a mean binding 

energy of ≥ -8 Kcal/mol for six (B*1801, B*2705, B*5703, A2, A*0301 and A24), six 

(B*1501, B*1801, B*2705, B*3901, B*5703 and A2) and five (B*1501, B*2705, B*3901, 

B*5703 and A24) HLA molecules respectively and the range of mean binding energies 

considering all HLA class I molecules for each peptide was found to be -7.32 to -8.18 which 

is not much deviated from -9.28 of native peptide typifying desirable interactions between 

majority of peptide-HLA complex (Table 4.20, page 102). Moreover, positive or normal 

skewness of all peptides (except Np5 and Np6) for HLA class I molecules was found for 

Autodock Vina results which further indicates stable interactions of the epitopes with 

majority of class I molecules. In case of CABS-dock results, positive or close to zero 

skewness was found for three (Np1, Np3 and Np5) peptides indicating favourable 

interactions with a high percentage of HLA class I molecules while Np2, Np4 and Np6 were 

found to interact in a highly stable and superior manner for some of the molecules (Table 

4.20, page 102).  
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a) 

 

 

 

b) 

 

 

Figure 4.7: Mean binding energies for the identified nucleoprotein peptide fragments against 

HLA class I molecules. a) Np1, Np2 and Np3 b) Np4, Np5 and Np6 
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a) 

 

 

 

b) 

 

Figure 4.8: Mean RMSD values for the identified nucleoprotein peptide fragments against 

HLA class I molecules. a) Np1, Np2 and Np3 b) Np4, Np5 and Np6 
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Table 4.20: Comparative analysis of mean binding energies (Autodock Vina) and RMSD (CABS-dock) values of nucleoprotein peptides with 

native peptide for HLA class I molecules  

 Minimum 
25% 

Percentile 
Median 

75% 

Percentile 
Maximum Mean SD Skewness 

Significant      

p < 0.05 

 Binding energy (Kcal/mol)   

Native peptide -10.6 -9.95 -9.2 -8.6 -8.1 -9.28 0.80 -0.06  

Np1 -9.1 -8.75 -8.4 -7.5 -7.2 -8.18 0.67 0.33 * 

Np2 -8.4 -8.05 -7.7 -7.5 -7 -7.76 0.41 0.42 * 

Np3 -8.5 -8.45 -7.9 -7.35 -7 -7.85 0.55 0.24 * 

Np4 -8.6 -8.25 -8.1 -7.45 -7 -7.88 0.53 0.58 * 

Np5 -9.2 -8.3 -8.1 -7.55 -7.4 -8.05 0.54 -0.96 * 

Np6 -8 -7.6 -7.3 -7.05 -6.8 -7.32 0.37 -0.53 * 

 Root mean square deviation (RMSD)   

Native peptide 0.60 1.15 1.80 2.85 3.70 1.94 1.03 0.62  

Np1 0.60 1.02 1.20 4.07 4.90 2.08 1.74 1.27 ns 

Np2 0.90 1.45 2.50 2.75 2.90 2.16 0.75 -1.01 ns 

Np3 1.0 1.30 2.20 2.85 3.10 2.06 0.79 -0.01 ns 

Np4 0.20 1.40 1.90 2.90 3.50 2.06 1.02 -0.52 ns 

Np5 1.0 1.25 1.90 2.70 2.80 1.95 0.76 -0.02 ns 

Np6 0.20 1.87 2.10 2.67 3.70 2.16 0.98 -0.73 ns 

The mean of the binding energy and RMSD obtained for all epitopes belonging to a particular peptide fragment was considered as the binding energy and RMSD 

respectively for that peptide and these values have been depicted and analysed via skewness and one way ANOVA analysis followed by Tukey’s multiple 

comparison test. Significant differences are indicated by * (p<0.05) where as ns stands for non-significant. 
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4.2.3.2. Binding energy and RMSD values obtained by docking the peptides with HLA 

class II molecules  

The structure of the four GP and six NP peptide fragments generated via PEP-FOLD was 

docked as such with the selected HLA class II molecules to obtain binding energy via 

Autodock Vina. The peptide sequence was provided to the online server to obtain RMSD 

value via CABS-dock. 

 

4.2.3.2.1. Ebola glycoprotein  

The binding energy and RMSD values for all peptides were plotted against HLA class II 

molecules (Figure 4.9, page 104; Figure 4.10, page 105). Gp3 was found to outperform native 

peptides for multiple alleles viz., DR3, DRB1*1501, DR1 and DQ8 while Gp4 exhibited 

better results for DRB1*0101 in terms of binding energy (Figure 4.9, page 104). Gp1 

exhibited a superior RMSD value of 2.2, 0.2, 0.3, 1.4, 0.8, 2.0 and 2.2 than native peptide for 

DP1 (2.4), DQ0602 (1.5), DQ8 (3.0), DRA1 (2.2), DRB1 (1.8), DR2 (3.4) and DR4 (3.2) 

respectively (Figure 4.10, page 105). Gp2 exhibited positive binding energy for DR1 and 

showed poor CABS-dock results for 5 (DQ8, DRB1, DR2, DR4 and DR5) HLA class II 

alleles, proving to be either a non-binder or exhibiting an RMSD value >5. Therefore, these 

results were not plotted (Figure 4.9, page 104; Figure 4.10, page 105). An appreciably better 

RMSD value was found for Gp3 and Gp4 in case of 5 (DP1, DQ8, DRA1, DRB1 and DR2) 

and 3 (DP1, DQ0602 and DR5) HLA alleles respectively. 

Gp3 displayed the best results in all statistical categories for HLA class II molecules. Also, 

Gp1 and Gp3 displayed a better mean RMSD value than native peptide when all the HLA 

class II molecules were considered (Table 4.21, page 106). One way ANOVA analysis 

followed by Tukey’s multiple comparison test indicated a significant variation for Autodock 

Vina amongst the values of peptides when compared to native peptides (except for Gp3) 

while no significant variation was found in case of CABS-dock results (Table 4.21, page 

106). Gp1 and Gp4 showed positive skewness for Autodock Vina results indicating highly 

stable interaction with majority of HLA class II molecules. Gp2 skewness value was found to 

be comparable to native peptide value. In case of CABS-dock, skewness values indicated that 

Gp3 displayed favourable interaction with majority of class II molecules while the other 

peptides displayed lesser desirable interactions with some of the molecules (Table 4.21, page 

106).  
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a)  

 

 

 

b) 

 

Figure 4.9: Binding energies for the identified glycoprotein peptide fragments against HLA 

class II molecules. a) Gp1 and Gp2 b) Gp3 and Gp4  
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a) 

 

 

b) 

 

Figure 4.10: RMSD values for the identified glycoprotein peptide fragments against HLA 

class II molecules. a) Gp1 and Gp2 b) Gp3 and Gp4 
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Table 4.21: Comparative analysis of mean binding energies (Autodock Vina) and RMSD (CABS-dock) values of glycoprotein peptides with 

native peptide for HLA class II molecules  

 

 Minimum 
25% 

Percentile 
Median 

75% 

Percentile 
Maximum Mean SD Skewness 

Significant      

p < 0.05 

 Binding energy (Kcal/mol)   

Native peptide -7.9 -7.2 -6.9 -6.45 -6 -6.85 0.56 -0.37  

Gp1 -6.6 -6.1 -5.5 -4.65 -4 -5.37 0.85 0.26 * 

Gp2 -6.9 -5.95 -5.4 -4.97 -4.2 -5.45 0.79 -0.44 * 

Gp3 -8.4 -7.5 -7.1 -6.65 -6.3 -7.14 0.61 -0.82 ns 

Gp4 -6.4 -6.35 -6 -5.05 -4.8 -5.73 0.64 0.38 * 

 Root mean square deviation (RMSD)   

Native peptide 1.4 1.65 2.4 3.1 3.4 2.36 0.72 0.08  

Gp1 0.2 0.42 1.7 2.2 2.4 1.43 0.89 -0.43 ns 

Gp2 2.6 2.75 3.45 4 4.1 3.4 0.64 -0.36 ns 

Gp3 0.7 0.85 1.85 2.9 4.3 2.01 1.22 0.86 ns 

Gp4 0.5 0.75 3.25 4.17 4.6 2.66 1.69 -0.37 ns 

The mean of the binding energy and RMSD values obtained for all peptide fragments have been depicted and analysed via skewness and one way ANOVA analysis 

followed by Tukey’s multiple comparison test. Significant differences are indicated by * (p<0.05) where as ns stands for non-significant. 
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4.2.3.2.2. Ebola nucleoprotein 

Binding energy and RMSD values of each peptide for HLA class II molecules were plotted 

(Figure 4.11, page 108; Figure 4.12, page 109). Highly encouraging results were obtained as 

Np1, Np3, Np4 and Np5 outperformed native peptide for 4 (DR3, DR4, DR1 and 

DRB1*1501), 7 (DQ0602, DR1, DRB1*1501, DRB1*0101, DR3, DR4 and DR5), 4 (DR3, 

DRB1*0101, DR1 and DPA1) and 3 (DQ0602, DR1 and DPA1) HLA alleles respectively in 

case of Autodock Vina (Figure 4.11, page 108). All peptides, viz., Np1 (2.7), Np2 (1.9), Np3 

(1.4), Np4 (3.0), Np5 (0.9) and Np6 (2.8) displayed a better RMSD value for DR4 allele than 

native peptide (3.2). Np5 (1.3) and Np6 (1.1) outperformed native peptide for DQ0602 (1.5) 

and DRB1 (1.8) molecules respectively. Np4 and Np5 performed better in case of DR5 

molecule while Np1 and Np4 outperformed in case of DR3 molecule (Figure 4.12, page 109). 

CABS-dock results for Np1-DRB1*0101, Np2-DR5, Np3-DR5, Np6-DQ0602, Np4-DQ8 

and Np6-DQ8 peptide-HLA complexes were not plotted as either the peptides were found to 

be non-binders or exhibited RMSD>5 (Figure 4.12, page 109). 

One way ANOVA analysis followed by Tukey’s multiple comparison test indicated no 

significant difference for all peptides (except for Np2 in case of Autodock Vina) (Table 4.22, 

page 110). Statistical analysis indicated that all peptides (except Np1) displayed a skewness 

value which was either positive, close to zero or comparable to native peptide value for 

Autodock Vina results which meant the selected peptides interacted desirably with class II 

molecules. Positive skewness or normal distribution for all peptides in case of CABS-dock 

results depicted favourable binding of selected peptides with majority of HLA molecules 

(Table 4.22, page 110). Significantly, the mean binding energy of Np1 and Np3 and mean 

RMSD value of Np2, Np3 and Np4 were found to be better than the respective mean values 

of native peptide for all HLA class II molecules (Table 4.22, page 110).  
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a) 

 

 

 

b) 

 

Figure 4.11: Binding energies for the identified nucleoprotein peptide fragments against 

HLA class II molecules. a) Np1, Np2 and Np3 b) Np4, Np5 and Np6 
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a) 

 

 

 

b) 

 

 

Figure 4.12: RMSD values for the identified nucleoprotein peptide fragments against HLA 

class II molecules. a) Np1, Np2 and Np3 b) Np4, Np5 and Np6 
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Table 4.22: Comparative analysis of mean binding energies (Autodock Vina) and RMSD (CABS-dock) values of nucleoprotein peptides with 

native peptide for HLA class II molecules  

 Minimum 
25% 

Percentile 
Median 

75% 

Percentile 
Maximum Mean SD Skewness 

Significant      

p < 0.05 

 Binding energy (Kcal/mol)   

Native peptide -7.9 -7.2 -6.9 -6.45 -6 -6.85 0.56 -0.37  

Np1 -7.6 -7.25 -6.8 -6.6 -6.5 -6.88 0.40 -1.10 ns 

Np2 -6.3 -6.15 -5.8 -5.15 -5 -5.64 0.50 0.00 * 

Np3 -7.9 -7.4 -7.2 -6.7 -5.8 -7.06 0.60 1.04 ns 

Np4 -7.7 -7.15 -6.7 -6.55 -5.9 -6.78 0.52 -0.27 ns 

Np5 -7.6 -7.3 -6.7 -6 -5.9 -6.67 0.63 -0.10 ns 

Np6 -7.2 -7 -6.6 -6.25 -5.9 -6.63 0.44 0.33 ns 

 Root mean square deviation (RMSD)   

Native peptide 1.40 1.65 2.40 3.10 3.40 2.36 0.72 0.08  

Np1 0.60 1.82 2.60 3.82 4.90 2.73 1.36 0.08 ns 

Np2 1.20 1.37 1.95 2.47 3.10 2.00 0.64 0.42 ns 

Np3 1.10 1.47 2.05 2.42 3.00 2.00 0.60 0.13 ns 

Np4 0.70 1.52 2.00 3.00 4.50 2.28 1.17 0.78 ns 

Np5 0.90 1.75 2.50 3.75 4.70 2.67 1.25 0.34 ns 

Np6 1.10 2.00 2.80 4.70 4.90 3.10 1.45 0.04 ns 

The mean of the binding energy and RMSD values obtained for all peptide fragments have been depicted and analysed via skewness and one way ANOVA analysis 

followed by Tukey’s multiple comparison test. Significant differences are indicated by * (p<0.05) where as ns stands for non-significant. 
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4.2.3.3. Peptides displaying best interactions and non-binders for various HLA alleles 

Representative poses of HLA class I and II dockings with CD8+ T cell epitope and CD4+ 

epitope enriched peptide respectively, which resulted in highest binding energies are shown 

in Figure 4.13, page 112 (glycoprotein) and Figure 4.14, page 113 (nucleoprotein). 

A peptide was considered as a non-binder if:- 

a) The peptide-HLA complex exhibited a positive binding energy during Autodock Vina 

analysis 

b) The peptide-HLA complex exhibited a RMSD > 5 during CABS-dock analysis 

c) The peptide was found to bind outside the HLA binding groove during Autodock 

Vina and/or CABS-dock analysis  

A list of all peptides and the number of HLA molecules for which they were found to be non-

binder has been presented in table 4.23, page 114. Peptides (Gp2, Np1, Np4, and Np6) were 

observed to be non-binders for more than one HLA alleles and were not considered for the 

evaluation of immunogenic response in the in vitro system in this study.  
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a)            b) 

    

 

Figure 4.13: Autodock Vina docking poses showing highest binding energy. a) CD8+ T cell epitope (FQRTFSIPL) of glycoprotein with HLA 

class I molecule (HLA B1501) b) CD4+ T cell peptide (LANETTQALQLF) of glycoprotein with HLA class II molecule (HLA DQ8)  
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a)         b) 

    

 

 

Figure 4.14: Autodock Vina docking poses showing highest binding energy. a) CD8+ T cell epitope (QLSAIALGV) of nucleoprotein with HLA 

class I molecule (HLA B5703) b) CD4+ T cell peptide (FLSFASLFLPKL) of nucleoprotein with HLA class II molecule (HLA DR4) 
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Table 4.23: Number of HLA molecules for which the glycoprotein and nucleoprotein peptide 

fragments acted as non-binders during molecular docking analysis 

 

Peptide Peptide sequence Number of      

non-binders 

Gp1 FKRTSFFLWVIILFQRTFSIPL 1 

Gp2 FHKEGAFFLYDRLASTVIYRGTTFAEG 6 

Gp3 LANETTQALQLF 1 

Gp4 RATTELRTFSILNRKAIDF 1 

Np1 MDYHKILTAGL 2 

Np2 IVRQRVIPVYQVNNLEEI - 

Np3 FLSFASLFLPKL 1 

Np4 ERGVRLHPLARTAK 2 

Np5 LFPQLSAIALGVATAHGS 1 

Np6 VLYYHMMKDEPVVF 3 
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Objective 3 

4.3. Estimation of immunogenic response of in silico screened peptides in peripheral 

blood mononuclear cells 

The peptides showing best results during in silico analysis were selected for assessing the 

immunogenic potential based on peptide induced cell proliferation and interferon-gamma 

(IFN-γ) release in peripheral blood mononuclear cells (PBMC). The selection was based on 

three parameters viz., number of HLA alleles covered, peptide affinity with HLA molecules 

based on molecular docking analysis and best population coverage among different 

continents. Based on these criteria, Gp1, Gp3 and Gp4 for glycoprotein and Np2, Np3 and 

Np5 for nucleoprotein were selected and commercially synthesized with a purity level >90%. 

4.3.1. Peptide induced cell proliferation in PBMC 

In order to measure the peptide induced cell proliferation, PBMC isolated from the blood 

samples of healthy volunteers were given repeated peptide stimulus and MTT assay was 

carried out to assess the proliferation of peptide stimulated PBMC. Concanavalin A (con A) 

was used as positive control whereas unstimulated cells served as negative control. 

On 0th day, 2*105 cells were seeded per well and stimulated with the synthesized peptide. 

Restimulation was done on 3rd day while MTT assay was carried out on 5th day. All the 

experiments were carried out in triplicates. 

The PBMC proliferation resulting due to each selected peptide was measured in PBMC 

isolated from ten different healthy blood samples. Proliferation was represented as 

stimulation index which is the ratio of average absorbance of the peptide stimulated cells and 

average absorbance of unstimulated cells. Samples displaying a stimulation index >1 were 

considered as positive responders. Amongst the GP peptides, Gp1, Gp3 and Gp4 showed a 

positive response in eight, six and nine healthy individuals respectively (Figure 4.15, page 

116). Further, analysis with the help of unpaired t-test revealed that results for seven, six and 

eight individuals for Gp1, Gp3 and Gp4 respectively were statistically significant. In case of 

EBOV NP peptides, Np3 was found to have a positive response in all ten healthy individuals 

(nine statistically significant) while nine and six positive responders (six and five statistically 

significant) were found for Np2 and Np5 respectively (Figure 4.16, page 117).  
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Figure 4.15: Cell proliferation by glycoprotein peptides stimulated peripheral blood mononuclear cells (PBMC) of 10 healthy blood samples. 

Concanavalin A (Con A) was used as positive control. Significant differences between unstimulated and peptide stimulated cells are indicated by 

* (p<0.05). S1-S10 represent the 10 different healthy blood samples. 
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Figure 4.16: Cell proliferation by nucleoprotein peptides stimulated peripheral blood mononuclear cells (PBMC) of 10 healthy blood samples. 

Concanavalin A (Con A) was used as positive control. Significant differences between unstimulated and peptide stimulated cells are indicated by 

* (p<0.05). S1-S10 represent the 10 different healthy blood samples. 
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4.3.2. Peptide induced IFN-γ release in PBMC 

In the present study, sandwich ELISA was carried to measure the IFN-γ production by 

peptide stimulated PBMC. IFN-γ release was checked for each peptide in ten different 

healthy blood samples and the experiment was carried out in triplicates. PBMC were 

stimulated with the selected peptides on day 0 and 3 and on 5th day, culture supernatant was 

collected and tested for the presence of IFN-γ.  

Increase in IFN-γ secretion in response to con A and peptide stimulus was expressed as fold 

increase which is the ratio of average absorbance of peptide stimulated cells and unstimulated 

cells. Amongst the GP peptides, Gp4 exhibited the best results as significant positive 

response was found for all ten healthy blood samples (Figure 4.17, page 119). Other GP 

peptides viz., Gp1 and Gp3 showed positive response in eight and seven samples (seven 

statistically significant results for each) respectively (Figure 4.17, page 119). In case of NP 

peptides, Np2 and Np3 showed good response in eight and nine samples respectively though 

seven statistically significant results were found for each of these peptides. Np5 displayed the 

least desirable results as significant IFN-γ release was detected only in two samples (Figure 

4.18, page 120). 
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Figure 4.17: Interferon-gamma (IFN-γ) secretion by glycoprotein peptides stimulated peripheral blood mononuclear cells (PBMC) of 10 healthy 

blood samples. Concanavalin A (Con A) was used as positive control. Significant differences between unstimulated and peptide stimulated cells 

are indicated by * (p<0.05). S1-S10 represent the 10 different healthy blood samples. 
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Figure 4.18: Interferon-gamma (IFN-γ) secretion by nucleoprotein peptides stimulated peripheral blood mononuclear cells (PBMC) of 10 

healthy blood samples. Concanavalin A (Con A) was used as positive control. Significant differences between unstimulated and peptide 

stimulated cells are indicated by * (p<0.05). S1-S10 represent the 10 different healthy blood samples. 
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4.3.3. Comparative analysis of the cell proliferation and IFN-γ secretion measurement 

results 

The average stimulation index (cell proliferation) and fold change (IFN-γ) of each of six 

peptides for all 10 samples was found to be >1 indicating the immunogenic potential of these 

peptides (Table 4.24, page 121). Amongst GP peptides, Gp4 returned the best results for 

both, MTT (cell proliferation) and ELISA (IFN-γ) as statistically significant positive 

responders are ≥ 8 while other the two peptides (Gp1 and Gp3) exhibited good results as well 

(Table 4.24, page 121; Figure 4.19 a), page 122). In case of NP peptides, overall results in 

terms of both, cell proliferation and IFN-γ release for two peptides (Np2 and Np3) were 

promising while one peptide (Np5) responded poorly especially for IFN-γ release (Table 

4.24, page 121; Figure 4.19 b), page 122). Correlation analysis between MTT and ELISA 

results revealed a significant correlation with r value ranging from 0.624 to 0.718 for all six 

peptides (Table 4.25, page 123; Table 4.26, page 124). 

 

Table 4.24: Positive responders of the selected six EBOV peptides along with average 

stimulation index and fold change for 10 healthy blood samples 

Peptide Sequence Positive responders  Average (mean ± SD) 

MTT ELISA MTT 

(stimulation 

index) 

ELISA 

(fold 

Change) 

Gp1 FKRTSFFLWVIILFQRTFSIPL 8 (7*) 8 (7*) 1.29 ± 0.31 1.36 ± 0.33 

Gp3 LANETTQALQLF 6 (6*) 7 (7*) 1.2 ± 0.26 1.35 ± 0.33 

Gp4 RATTELRTFSILNRKAIDF 9 (8*) 10 (10*) 1.4 ± 0.28 1.82 ± 0.37 

Np2 IVRQRVIPVYQVNNLEEI 9 (6*) 8 (7*) 1.32 ± 0.24 1.46 ± 0.36 

Np3 FLSFASLFLPKL 10 (9*) 9 (7*) 1.58 ± 0.31 1.32 ± 0.28 

Np5 LFPQLSAIALGVATAHGS 6 (5*) 2 (2*) 1.2 ± 0.25 1.08 ± 0.38 

*Significant at p<0.05 
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a)

 

 

b)

 

Figure 4.19: A comparative representation of the cell proliferation (MTT) and IFN-γ 

secretion (ELISA) results of 10 healthy blood samples for a) glycoprotein peptides and b) 

nucleoprotein peptides 
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Table 4.25: Correlation analysis of MTT and ELISA data obtained for glycoprotein peptides  

Healthy 

sample 

Gp1 Gp3 Gp4 

 MTT ELISA Correlation  MTT ELISA Correlation  MTT ELISA Correlation  

   Pearson r P value 

(two-

tailed) 

 

  Pearson r P value 

(two-

tailed) 

 

  Pearson r P value 

(two-

tailed) 

 

S1 1.467 1.749 

0
.6

4
3
 

0
.0

3
2
 

1.643 0.817 

0
.6

2
4
 

0
.0

4
0
 

1.301 2.309 

0
.6

3
3
 

0
.0

3
6
 

S2 1.102 1.298 1.021 1.912 1.985 1.987 

S3 1.211 1.450 0.786 1.321 1.298 1.659 

S4 1.987 1.154 1.120 1.405 1.019 1.309 

S5 1.011 1.923 1.543 1.211 1.451 1.743 

S6 1.143 1.057 1.271 1.093 1.672 2.109 

S7 0.987 1.210 1.034 1.835 1.210 2.401 

S8 1.321 0.781 1.431 1.300 1.109 1.405 

S9 1.076 1.732 1.000 0.987 1.600 1.320 

S10 1.623 1.321 1.203 1.657 1.376 2.012 
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Table 4.26: Correlation analysis of MTT and ELISA data obtained for nucleoprotein peptides  

Healthy 

sample 

Np2 Np3 Np5 

 MTT ELISA Correlation  MTT ELISA Correlation  MTT ELISA Correlation  

   Pearson r P value 

(two-

tailed) 

 

  Pearson r P value 

(two-

tailed) 

 

  Pearson r P value 

(two-

tailed) 

 

S1 1.168 1.911 

0
.7

1
3
 

0
.0

1
3
 

1.568 1.179 

0
.7

1
8
 

0
.0

1
2
 

1.066 1.041 

0
.6

9
1
 

0
.0

1
8
 

S2 1.390 1.190 1.736 1.165 1.091 0.637 

S3 1.234 1.641 1.894 1.607 1.024 2.046 

S4 1.241 1.704 2.137 1.219 1.628 0.900 

S5 1.363 1.071 1.350 0.809 0.916 1.030 

S6 1.754 1.210 1.472 1.276 1.450 0.760 

S7 1.092 1.820 1.235 1.200 1.102 1.487 

S8 0.951 0.840 1.716 1.590 1.543 1.067 

S9 1.522 1.348 1.102 1.879 0.978 0.952 

S10 1.581 1.905 1.648 1.348 1.214 0.945 
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Chapter 5: Discussion 

 

Ebola virus (EBOV) presents a global challenge as it threatens bio-security and health of 

individuals worldwide. Though the outbreaks are sporadic, yet the intensity and lethality 

which they affect an area leads to a high mortality and morbidity rate (White and Schornberg, 

2012). The rapid spread of virus in the affected area via person to person transmission further 

impedes the treatment and post-infection healthcare. Therefore, EBOV has been classified as 

a category A pathogen by National Institute of Allergy and Infectious Diseases (NIAID) and 

recognised as an urgent medical challenge by the Centre for Disease Control and Prevention 

(CDC) (Madara et al., 2015). It has been categorised as a biothreat pathogen as well as a U.S. 

Select Agent and Tier 1 Pathogen (Fed. Sel. Agent Program, 2018). Also, EBOV is a 

Biosafety Level 4 (BSL4) pathogen which restricts the work on combating the virus to a 

handful of scientific community with appropriate facilities (Schneider-futschik et al., 2018). 

Contrary to the popular misconception that EBOV is found only in African continent, the 

virus has been discovered in various other parts of the world as well. Reston ebolavirus was 

found in monkeys in the US (Jahrling et al., 1990) and Asia (Miranda and Miranda, 2011). 

Further, this species has also been known to affect pigs in the Philippines (Barrette et al., 

2009). Human infections caused by Sudan ebolavirus and Zaire ebolavirus have been 

registered in England (Emond et al., 1977) and Russia (Borisevich et al., 2006) respectively. 

Zaire has affected people in Italy (WHO, 2015) and Spain (WHO, 2014) as well. This 

potential global threat posed by EBOV and the lack of an effective preventive measure 

(Brannan et al., 2019) calls for an urgent need to develop globally effective diagnostic and 

preventive measures against EBOV. 

Various studies have been conducted on different EBOV proteins in a bid to develop an 

effective vaccine. EBOV glycoprotein (GP) has been the most targeted candidate as it is 

responsible for viral attachment and entry into the host cells. As the only protein on the viral 

surface, it is known to be the sole target for classical neutralizing antibodies (Feldmann et al., 

2018). Interestingly, EBOV nucleoprotein (NP) also emerged as a potent vaccine candidate as 

shown by different recent studies (Gerritz et al., 2011; Kao et al., 2010). Majority of patients 

have displayed a positive response verified by their cytokine levels upon exposure to NP 

(Sakabe et al., 2018). The abundance of NP in the virus and strong antigenicity displayed by 

the C-terminal half of EBOV NP further strengthen its candidature (Niikura et al., 2001; Saijo 
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et al., 2001). Also, NP is the most conserved protein amongst all the Filoviruses (Changula et 

al., 2013) and thus, is a lucrative target for development of a multi-potent vaccine. Therefore, 

EBOV GP and NP were selected in the current study to find plausible vaccine candidates. 

Traditionally, live vaccines have been employed to confer protection against various 

pathogens. Though highly immunogenic, live vaccines come with their bag of problems; 

stringent storage conditions and stability issues amongst them. Also, there is always a risk of 

the attenuated virus reverting back and regaining its ability to infect which might prove 

disastrous for the recipient of the vaccine (Olson et al., 2001). Killed or inactivated vaccines 

solve the stability and safety issues but are relatively weakly immunogenic and thus, require 

regular booster doses to induce the desired immune response. Handling of highly virulent 

strains is possible only in few workspaces around the world equipped with state-of-the-art 

facilities. Moreover, traditional vaccines might result in undesired responses such as 

induction of an autoimmune or allergic response (Jarzab et al., 2013). Hence, the trend is 

shifting towards vaccine development with the help of a minimal microbial component 

capable of inducing a robust immune response and conferring long lasting immunity 

(Skwarczynski and Toth, 2016). The present study is reporting three highly conserved multi-

epitopic peptides each for Ebola virus glycoprotein and nucleoprotein which have the 

potential to be a part of a globally effective EBOV peptide vaccine. 

  

Objective 1 

5.1. Immunoinformatics based prediction of peptides containing epitopes of Ebola virus 

Uncovering potential epitopes is a pivotal step in the design of a peptide based vaccine. 

Computational immunology or immunoinformatics is a branch of science that addresses the 

organisation of massive, raw immunological data with the help of computational approaches 

into an understandable form, enabling the researcher to generate meaningful interpretations 

(Korber et al., 2006). Epitope prediction with the help of immunoinformatics approach is 

efficient as it narrows down the list of potential candidates thus, saving a lot of hassle 

encountered during experimental approaches. Moreover, the recent surge in the development 

of immunological databases and prediction tools based on different parameters enables the 

unveiling of potential vaccine candidates and development of peptide based vaccine in lesser 

time (Jackwood et al., 2008) as opposed to traditional vaccine development which might take 

upto 15 years. 
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Various immmunoinformatics approaches have been used successfully in many studies for 

identifying vaccine candidates against several pathogens viz. Human coronavirus (Oany et 

al., 2008), Saint Louis encephalitis virus (Hasan et al., 2013), Nairovirus (Oany et al., 2015), 

Chikungunya virus (Hasan et al., 2015) etc. Epitopes of Leishmania infantum, 

Mycobacterium tuberculosis, Mycobacterium bovis, Schistosoma mansoni and epitopes 

responsible for peanut-allergy have also been identified in silico and successfully proven to 

be immunogenic (Agallou et al., 2014; Chen et al., 2012; Mustafa, 2011; Oliveira et al., 2016; 

Pascal et al., 2013).  

Creating vaccines is particularly difficult for RNA viruses as they can quickly mutate their 

different exposed proteins (Twiddy et al., 2003). The 2014 West African EBOV outbreak (the 

worst in history) highlighted the ability of the virus to mutate during an epidemic (Carroll et 

al., 2015; Diehl et al., 2016). Hence, to account for current species as well as future viral 

mutations, highly conserved GP and NP regions of all unique GP and NP sequences available 

in NCBI and viprbrc databases belonging to human infecting EBOV species (Zaire 

ebolavirus, Sudan ebolavirus, Taï Forest ebolavirus and Bundibugyo ebolavirus) were 

selected. 

The predicted epitopes must be able to induce a robust, long-lasting immune response. Thus, 

to predict epitopes which surpass the criteria set based on different parameters and 

algorithms, a consensus approach was applied in the current study. Previous reports have 

used consensus approach to predict Influenza virus epitopes in matrix protein (Lohia and 

Baranwal, 2015) which were further validated in vitro for immune response (Lohia and 

Baranwal, 2017). The consensus prediction approach was also applied in various other 

studies (Moutaftsi et al., 2006; Trost et al., 2007; Chen et al., 2012; Ichihashi et al., 2011). 

Therefore, three T cell epitope prediction tools each for HLA class I (CD8+) and HLA class II 

(CD4+) were utilised in the present study. These tools follow different algorithms and predict 

epitopes based on different parameters such as proteasomal C-terminal cleavage, TAP 

(transporter associated with antigen processing) transport efficiency, stability of the peptide–

HLA complex and peptide susceptibility to proteolysis in lysosome. 

HLA class II binding groove is open ended and accommodates larger and flexible peptides as 

compared to closed HLA class I binding groove (Andreatta and Nielsen, 2016). Hence, the 

prediction tools of HLA class II are not as accurate as those of HLA class I. X-ray studies 

have shown that the binding groove of HLA class II is occupied by large peptides in which 

the core peptide is of nine amino acids (also called peptide registers) and rest of amino acids 
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extend to different sides of groove (Dimitrov et al., 2010). There is existence of multiple 

peptide registers and as a result, long peptides adopt different conformations which contribute 

to the poor prediction accuracy of class II binding epitopes. However, class II predicted 

epitopes have shown encouraging results in in vitro or in vivo system (Kovjazin et al., 2013; 

Burgosa et al., 2010; Brintnell et al., 2007). In the current study, peptides having both HLA I 

(CD8+) and II (CD4+) restricted epitopes were selected for GP and NP. In earlier studies, 

large peptides containing HLA I and II restricted epitopes of Influenza virus were found to 

exhibit peptide induced cell proliferation and IFN-γ release in peripheral blood mononuclear 

cells (Lohia and Baranwal, 2018). 

Computational studies for elucidation of epitopes in Ebola virus have been conducted earlier 

as well but in contrast to present study, Sundar et al used one prediction tool (Sundar et al., 

2007) while two prediction tools were used by Dutta et al (Dutta et al., 2015). An approach 

similar to the current study was employed by Dikhit et al where three different prediction 

algorithms were used to define only CD8+ T cell epitopes but not CD4+ T cell epitopes 

(Dikhit et al., 2015). In all these studies, the work was carried out only for identifying CD8+ 

T cell epitopes. Further, in contrast to previous studies where protein sequences were taken 

from single EBOV strain, present study has considered the sequences from 1976 to 2018 of 

all EBOV strains infecting humans. 

It is beneficial to have vaccine candidates with the ability to induce both, cell mediated (T 

cell) as well as humoral (B cell) immunity. Therefore, presence of B cell epitopes along with 

T cell epitopes augurs well for a vaccine candidate. Most of the B cell epitopes are 

discontinuous and nearly 10% epitopes are linear (Wang et al., 2011). In silico prediction 

tools for B cell epitopes (mainly linear B cell epitopes) (Ponomarenko and Van Regenmortel, 

2009) have been developed but are not as reliable as T cell epitope prediction tools. First 

efforts to predict B cell epitopes were made based on amino acid properties and three 

dimensional protein structures in the early 1980’s (Hopp and Woods, 1981). In one recent 

study on malarial antigen, some epitopes predicted by ABCpred were found to match with 

experimentally identified epitopes in immune rabbit antiserum (Bergmann-Leitner et al., 

2013). Hence, in the present study, B cell epitope prediction was carried out with the help of 

ABCPred tool which works on artificial neural network algorithm (Saha and Raghava, 2006). 

It is known to perform more efficiently as compared to tools based on Karplus and Schulz’s 

flexibility scale (Karplus and Schulz, 1985) and Parker’s hydrophobicity scale (Parker et al., 

1986). The study revealed that four out of six GP and eight out of twelve NP peptide 
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fragments contained B cell epitopes and hence, these peptides were considered for further 

analysis. 

Any component of a vaccine may contribute to adverse effects after vaccine administration. 

Measles-Mumps-Rubella (MMR) vaccination has been reported to induce anaphylactic 

reactions in some individuals (Patja et al., 2001). Varicella and HPV vaccination might 

induce a drop in blood pressure, bronchospasm and/or shock (Fritsche et al., 2010). Tetanus 

vaccination might lead to an Arthus-type reaction at the site of vaccination (Facktor et al., 

1973). Therefore, the capacity of peptides identified in the current study to cause an allergic 

and toxic response was predicted with the help of AlgPred and ToxinPred tools respectively. 

The results established that all peptides under consideration were incapable of inducing any 

allergic or toxic response. 

Development of autoimmune diseases such as Gullian Barr syndrome (influenza and oral 

polio vaccine), systemic lupus anaemia, mysthemia gravis, polyarthritis and 

thrombocytopenia (hepatitis B), diabetes mellitus (mumps), neural complications (rabies) and 

multiple sclerosis (swine flu) after vaccination has been reported in several studies (Cohen 

and Shoenfeld, 1996; Meyboom et al., 1995; Topaloglu et al., 1992). Hence, it becomes 

critical to eliminate the vaccine candidates which resemble human proteome to avoid 

autoimmunity. BLAST analysis was applied in the current study to remove potential 

autoimmune response elucidators. One EBOV GP peptide fragment, 

YLFEVDNLTYVQLESRFT (also found to be devoid of B cell epitopes) resembled the 

human cytoskeletal linker protein epiplakin1 while two EBOV NP peptide fragments viz., 

VGHMMVIFRLMRTNFLIKFLLIHQGMHMV and YAPFARLLNLSGV exhibited 

similarity to human Anaphase-promoting complex/cyclosome and homeobox protein, Hox-

B9 respectively. Hence, these peptides were eliminated from further consideration. 

After screening for undesirable responses, the selected four GP and six NP conserved peptide 

fragments containing multiple T and B cell epitopes were checked for their uniqueness in the 

IEDB database. None of the identified GP and NP peptide fragments appear to be reported 

exactly in any of the previous studies. Amongst the EBOV GP peptide fragments, a small 

sequence (LYDRLASTV) of Gp2 was reported to be capable of stimulating splenocytes in 

mice to secrete IFN-γ (Wu et al., 2012). Gp3 was found to be part of a large peptide 

(TEGLMHNQDGLICGLRQLANETTQALQLFLRATTELRT) which was reported to react 

with antisera obtained after vaccinating the Ebola DNA vaccine (Ripoll et al., 2017). 

TELRTFSI peptide which is a part of Gp4 has shown cytotoxic T lymphocytes response in 
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mice model (Rao et al., 1999). Amongst the EBOV NP peptide fragments, YQVNNLEEI, 

FLSFASLFL and FPQLSAIAL are the partial fragments of Np2, Np3 and Np5 peptides 

respectively that have been reported to induce CD8+ T cell response in earlier studies (Sundar 

et al., 2007; Ruibal et al., 2016; Theaker et al., 2016; Simmons et al., 2004). In another study, 

mice injected with EBOV NP vaccine responded by producing protective CTLs against 

VYQVNNLEEIC (consisting of a part of Gp2) (Wilson and Hart, 2001). A large peptide 

sequence, HILRSQGPFDAVLYYHMMKDEPVVFSTSDGKEYTYP (consisting of Np6), 

was reported to induce CD8+ T cell response in human survivors (Sakabe et al., 2018). 

Therefore, these studies support the potential of selected peptides to induce immunogenic 

response. 

In a bid to identify peptides that can be a part of a cross-protective, multi-potent vaccine, 

conservancy analysis was carried out for other Filoviridae family members viz., Marburg 

virus and Lloviu virus along with human infecting EBOV species. Like in Human 

Immunodeficiency virus, Influenza A virus and Avian leukosis and sarcoma virus, EBOV GP 

undergoes proteolytic cleavage which determines the potential of virus to cause infection 

(McCune JM et al., 1988; Dong et al., 1992). As per various previous studies, EBOV GP 

consists of a highly conserved region which is part of endoproteolytic cleavage site of Avian 

leukosis and sarcoma virus (Wool-Lewis and Bates, 1999). A few domains of EBOV GP 

exhibit amino acid similarity to those of oncogenic retroviruses (Volchkov et al., 1992). 33-

50 residues of GP (A part of Gp1 lies in this polypeptide) are responsible for differential 

infectivity potentials of human pathogenic and non-pathogenic EBOV species (Fujihira et al., 

2018). 36–351 residues of NP (Np2-Np5 lie in this polypeptide) are highly conserved 

amongst all EBOV strains, Marburg virus as well as Lloviu virus (Kirchdoerfer et al., 2015). 

Other Mononegavirales members such as Human respiratory syncytial virus (Tawar et al., 

2009), Nipah virus (Yabukarski et al., 2014) and Human parainfluenza virus (Alayyoubi et 

al., 2015) have shown structural similarity to EBOV. It was observed that all GP and NP 

peptide fragments (except Gp1 – 99.39%) identified in the present study were 100% 

conserved in Zaire ebolavirus (the most pathogenic EBOV species). Gp3 and Np3 were 

100% conserved in all EBOV species. Np3 was found to be 100% conserved in Lloviu virus. 

These results supported the idea of development of cross-protective peptide vaccine. 

Additionally, these peptides were found to be parts of crucial domains of their respective 

proteins. Gp1 formed a part of signal peptide at the glycoprotein N terminus which directs the 

nascent glycoprotein to the endoplasmic reticulum where carbohydrates are added on its 
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surface (Feldmann et al., 1994; Lee et al., 2008). A thick layer of oligosaccharide coats 

majority of the GP trimer (Lee et al., 2008) enabling formation of a shield that protects it 

from humoral immune responses. It is similar to glycan shields of HIV-1 gp120 (Kwong et 

al., 1998; Wyatt et al., 1998) and Epstein-Barr virus gp350 (Szakonyi et al., 2006) thus, 

indicating a common immune evasion method. Gp3 and Gp4 were found to be located in the 

heptad repeat regions (HR1 and HR2) of GP2. HR1 can be segmented into HR1A, HR1B, 

HR1C and HR1D. HR1A and HR1B (residues 554-575) form an alpha helix. The bend 

between HR1A and HR1B contains an atypical stutter similar to that in Human parainfluenza 

virus (Yin et al., 2006), which may act as a conformational switch (Weissenhorn et al., 1998). 

Cys511 and Cys556 form a highly conserved disulfide bond similar to the two cysteine 

residues bordering the internal fusion loop in Avian sarcoma leukosis virus (Delos et al., 

2008). HR1C (residues 576-582) forms an extended coil linking to HR1D (residues 583-598) 

(Lee et al., 2008). Np1-Np5 formed a part of N terminal 1-450 residues, a polypeptide which 

in itself is sufficient for viral genome replication (Watanabe et al., 2006). Np2–Np5 formed a 

part of N-terminal 36–351 residues which are needed for NP oligomerization and RNA 

binding (Dong et al., 2015). Most of Np1 was found to form an oligomerization arm of NP 

(Kirchdoerfer et al., 2015). A part of Np1 laid in N-terminal 1–24 residues which enhance 

ssRNA binding as well as control NP intermolecular interactions (Su et al., 2018; Dong et al., 

2015). One residue of Np3 (160th) is amongst the four important nucleoprotein residues (160, 

171, 174 and 248) responsible for RNA encapsidation (Albertini et al., 2006) and their 

deletion impairs EBOV replication (Noda et al., 2010). Residues of Np4 and Np5 (264, 268 

and 316) are involved in the formation of a highly conserved hydrophobic pocket significant 

for RNA formation (Dong et al., 2015). 

 

Objective 2 

5.2. In silico analysis of peptide MHC interaction 

Immune response is triggered when immunogenic peptides (epitopes) are presented by 

human leukocyte antigen (HLA) molecules to Tc and Th cells. These HLA molecules are 

present on the surface of various body cells and are a translational result of mRNA 

transcribed from HLA alleles present on chromosome 6. HLA alleles are the most 

polymorphic loci among the different individuals of the world. Till July 2019, 23,907 HLA 

alleles (17,191 class I and 6,716 class II) have been reported in IPD/IMGT database (EMBL-
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EBI, 2019) and this number is increasing periodically (Thude et al., 2005; Wang et al., 2019). 

Therefore, in a bid to develop a globally effective peptide vaccine, the vaccine candidate 

must exhibit interaction with multiple HLA alleles belonging to different populations of the 

world (Ling and Whitton, 1997). Hence, in the present study, peptide-HLA interaction studies 

were carried out by employing HLA coverage analysis (to assess the promiscuous nature of 

the peptides), population coverage analysis (to assess the potential of peptides as global 

vaccine candidates) and molecular docking (Autodock Vina and CABS-dock) analysis. 

The selected peptides in this study contain multiple epitopes predicted by six different 

prediction tools. The multiple epitopic peptides are advantageous as they cover a wider array 

of HLA alleles. HLA coverage analysis from prediction tools revealed that most of the 

peptides have potential to interact with diverse HLA (HLA-A, HLA-B, HLA-DP, HLA-DQ 

and HLA-DR) alleles. All GP peptides (except Gp3) exhibited good coverage for both, HLA 

class I and II.  Np2, Np3, Np4 and Np5 were found to contain epitopes predicted for all HLA 

types present in the prediction tools.  

Population coverage analysis provides an additional perspective towards the expected 

immune response of peptides in different geographical populations. Population coverage 

analysis has been performed in earlier studies during identification of vaccine candidates 

against Hepatitis C, influenza and malaria (Dewi et al., 2019; Lohia and Baranwal, 2015; 

Pritam et al., 2019). In a recent study during development of a subunit vaccine against 

tuberculosis, the existence of race-specific functional binding motifs of HLA alleles was 

contemplated after the application of IEDB tool (Perez-Martinez et al., 2017). Therefore, 

population coverage analysis was carried out in the current study with the help of IEDB 

population coverage analysis tool. The population coverage of both, GP and NP peptides was 

found to be in the range of 69-100% while in most of the continents, it was observed to be ≥ 

90% indicating the potential of identified peptide fragments to be a part of globally effective 

EBOV vaccine. 

In order to be presented to T cells by HLA molecules, the peptides (epitopes) must bind with 

the HLA molecule inside the binding groove in a stable manner and in the right 

configuration. This forms the basis for generation of a robust T cell mediated immune 

response. Molecular docking is a reliable technique to study peptide-MHC binding efficacy 

and is deemed as valuable in computer aided drug design (Patronov et al., 2011). In the past, 

it has been applied during development of vaccine candidates against cancer, schistosomiasis, 

leishmaniasis and tuberculosis (Mahaddalkar et al., 2015; Oliveira et al., 2016; Agallou et al., 



133 
 

2014; Singh et al., 2014). In a recent study conducted on H5N1 nucleoprotein, epitopes were 

identified by molecular docking and further tested for their immunogenicity in in vivo system 

(Hou et al., 2012).  

Molecular docking was carried out by employing two tools viz., Autodock Vina and CABS-

dock and the results were analysed in terms of binding energy and root mean square deviation 

(RMSD) respectively. PEPFOLD was employed to predict structure of the identified 

peptides. Most of the B-cell epitopes required to induce the desired humoral immunity levels 

need to maintain their native confirmation found in the protein. In contrast to humoral 

immunity, T-cell mediated immunity does not require the conformational presentation of T-

cell epitopes. Therefore, processing longer peptides into shorter epitopes is crucial for 

generation of cellular immunity but not the conformation of an epitope (Skwarczynski and 

Toth, 2016). Hence, even though PEPFOLD prediction and folding is presently assumed for 

neutral pH while the pH of lyso-endosomal compartment ranges between 5-6, the peptide 

structure predictions made in the current study can be expected to elicit immune response. 

However, the peptide vaccine candidates can be customised by either flanking them with 

specific sequences or by stapling where in artificial chemical bonds are induced between 

distinct chains of amino acids to obtain the required secondary structure. Autodock Vina has 

been employed to study peptide-MHC interaction in various studies on Australian box 

jellyfish, Toscana virus, Nipah virus and Campylobacter jejuni (Alam and Ashraf, 2013; Jain 

et al., 2015; Sakib et al., 2014; Yasmin et al., 2016). It provides us with binding energy 

(Kcal/mol) which is the amount of energy released upon binding of peptide in the HLA 

binding groove. According to general consensus, higher the value of negative binding energy, 

more stable is the peptide-HLA complex. Recent reports on development of a synthetic 

peptide vaccine against Nairovirus (Tipu, 2016) and Influenza virus (Sankar et al., 2018) and 

a subunit vaccine against Salmonella typhi (Samykannu et al., 2019) have indicated the 

ability of CABS-dock tool in studying peptide-HLA interaction and binding efficacy. CABS-
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dock provides us with RMSD values which indicate docking pose quality. The root-mean-

square deviation (RMSD) is the measure of the average distance between the atoms of 

superimposed proteins. Typically, RMSD is used as a quantitative measure of similarity 

between two or more protein structures (Blaszczyk et al., 2016). In the current study, the 

interaction of native peptide with a specific HLA molecule was used as a reference to 

estimate the quality of the binding pose of the predicted epitope with the same HLA 

molecule. The lower the RMSD value, the better are the key binding interactions which 

indicate a high quality docking pose. RMSD values < 3 are considered high quality 

predictions while 3 ≤ RMSD ≥ 5.5 are considered moderate quality predictions (Blaszczyk et 

al., 2016). In majority of cases for both, GP and NP peptides, the binding energy and RMSD 

values of peptides-HLA complexes were found to be in the range of corresponding native 

peptide-HLA complex values. Most of the peptides exhibited a RMSD < 3 and some peptide-

HLA results presented better binding interactions than native peptides. Amongst the GP 

peptides, Gp1, Gp3 and Gp4 showed better RMSD values than native peptides for several 

HLA alleles. Peptides either exhibiting a RMSD >5 or binding outside the HLA binding 

groove were considered as non-binders. Gp2 represented a weaker interaction amongst GP 

peptides as it was found to be a non-binder for six HLA alleles and therefore, was not 

considered for in vitro analysis. In case of NP peptides, several peptide-HLA complexes 

exhibited better binding interaction as compared to corresponding native peptides but Np1 

and Np4 did not show proper interaction with two HLA alleles while Np6 didnt interact with 

three HLA alleles. Moreover, Np2, Np3 and Np5 were shown to cover a large number of 

HLA alleles. Hence, these peptides were analysed further for evaluating their immune 

response in peripheral blood mononuclear cells. 
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Objective 3 

5.3. Estimation of immunogenic response of in silico screened peptides in the in vitro 

system 

The identification of potential peptide vaccine candidates based on numerous computational 

approaches has several advantages but the actual immune response needs to be validated in 

different experimental systems. In the current study, the efficacy of six selected peptides 

(Gp1, Gp3, Gp4, Np2, Np3 and Np5) was evaluated by measuring cell proliferation and IFN-

γ production by repetitively peptide stimulated peripheral blood mononuclear cells obtained 

from healthy volunteers. 

On continuous encounter with an antigen, first response of the lymphocytes is to undergo 

proliferation followed by differentiation to generate specialised cells which specifically 

identify and exterminate the pathogen. Thus, lymphocyte proliferation indicates the initiation 

of immune response towards immunogenic peptides. MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide] assay has proved to be a successful, safe and sensitive assay 

for measuring cell proliferation (Weichert et al., 1991). Earlier, MTT assay has been 

performed to ascertain the antigenic properties of hepatitis B surface antigen (do Livramento 

et al., 2013) and to measure the Human papillomavirus vaccine candidate induced PBMC 

proliferation (Goncalves et al., 2015; Liao et al., 2012). In the present study, all six peptides 

resulted in a significant peptide induced proliferation in at least 50% (5 out of 10) of healthy 

samples while Np3, Gp4 and Gp1 generated a significant response in ≥ 7 out of ten samples 

which shows the potential of these peptides to induce peptide specific immune cell 

proliferation.  

IFN-γ is a soluble cytokine that plays a significant role in both, innate and adaptive immune 

response during viral infection. It is released by NK cells during innate immune response 

while Tc and Th1 (a subclass of Th cells) cells release IFN-γ during adaptive immune response 

(Kang et al., 2018). Though NK cells express IFN-γ mRNA in a constitutive manner, T cells 

require optimum proliferation and differentiation conditions to express the genes leading to 

IFN-γ production. IFN-γ helps to increase phagocytosis via macrophage activation, increase 

the proteolysis of viral proteins by increasing the activity of proteasomes as well as increase 

the number of HLA molecules expressed on the cell surface which results in better 

presentation of epitopes to T cells (Rhein et al., 2015). Therefore, the release of IFN-γ is vital 

for generation of a robust immune response. Several studies have been conducted to estimate 



136 
 

the IFN-γ production by antigen stimulated and proliferated T cells (Atsmon et al., 2014; Hou 

et al., 2012; Stoloff and Caparros-Wanderley, 2007). In a report, effect of propolis, an 

immunomodulatory bee product, on the leishmaniasis affected human PBMC proliferation 

followed by IFN-γ release measurement was studied (Amarante et al., 2012). Recently, 

influenza peptide vaccine candidates identified via in silico approach were validated for 

human PBMC proliferation with the help of MTT assay followed by IFN-γ release 

measurement with the help of ELISA (Lohia and Baranwal, 2018). In another study, cytokine 

measurement was carried out with the help of ELISA in PBMC stimulated with lys-gingipain 

synthetic peptides belonging to Porphyromonas gingivalis after 48 hours (Santos-Lima et al., 

2019).  In the present work, all peptides (except Np5) displayed a significant response in 

inducing peptide specific IFN-γ release in ≥ 70% samples (7 out of 10 healthy samples). Gp4 

emerged as the most potent candidate as it was able to induce IFN-γ secretion in all the blood 

samples. Significant positive correlation was observed between peptide specific cell 

proliferation and IFN-γ production which jointly represent that the potential of these peptides 

to elicit immune response. 

Though advantageous over traditional vaccine development approaches in many aspects, 

peptide based vaccine approach is riddled with its own challenges and limitations. They result 

in a weak immunogenic response indicating a need of adjuvant (agents with the clear ability 

to enhance the immune response against the antigen of interest) or delivery system 

(technology to administer or transport vaccine components). Also, peptides are susceptible to 

undergo enzymatic degradation as opposed to fully folded whole proteins. Immunogenicity of 

peptides can be improved in multiple ways such as addition of adjuvants and/or usage of a 

mixture of synthetic peptides containing the poly-epitopes expressed in various expression 

systems (Rosendahl Huber et al., 2014). Adjuvants act as immunostimulants in vaccine 

formulations to enhance the potency of immune response generated. MF59 and Montanide 

ISA 51VG are some of the examples of adjuvants being used for the T cell based peptide 

vaccines which are currently under clinical trials (Soema et al., 2015). Other than alum, 

adjuvants such as squalene-based emulsions AF03 and AS03 as well as monophosphoryl 

lipid A containing AS04 have been licensed for human application and present possible 

options for the proposed vaccine candidates (Skwarczynski and Toth, 2016). Conserved T 

cell epitopes from various internal proteins (internal as well as surface proteins) or multiple 

copies of single immunodominant epitope in tandem have also been used to enhance the 

immunogenicity of peptide immunogens in in vivo systems (Rosendahl Huber et al., 2015; 
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Subbarao and Matsuoka, 2013; Wiersma et al., 2015). Different platforms for vaccine 

delivery that can be used to enhance the efficiency of same epitopes include soluble peptides 

with adjuvant, subunit or domain epitopes fused to a carrier protein, nanoparticles and virus-

like particles (VLPs) (Zhang et al., 2014). Further, prime-boost strategy of immunisation has 

also been used as one of the procedures to enhance memory T cell count (Woodland, 2004). 

Therefore, even though peptide vaccine may not fully replace the current trend of protein-

based vaccine development and other approaches, however, fully synthetic peptide-based 

vaccines are the potential future of vaccination as indicated by the exciting developments in 

this field. 

To conclude, six highly conserved Ebola virus peptide vaccine candidates containing multiple 

T (CD8+ and CD4+) and B cell epitopes are being reported in this study. These peptides are 

devoid of any undesired responses such as autoimmune, allergic or toxic response and are 

capable of interacting with a wide array of HLA molecules as indicated by HLA coverage 

and molecular docking analysis. Also, these peptides cover a large population base as 

indicated by population coverage analysis. Further, most of the peptides were found to induce 

cell proliferation and IFN-γ production in majority of PBMC samples. Therefore, these 

peptides may be considered as potent candidates for development of a globally effective 

EBOV peptide vaccine subject to further validation in experimental animal models. 
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Summary 

 

The unprecedented rise in Ebola virus epidemics poses a major health concern worldwide 

among humans. Owing to multiple host immune evasion methods employed by the virus and 

the limitations of traditional vaccine development approaches, finding a globally effective 

and reliable counter measure against Ebola virus remains a challenge. Development of a 

peptide based vaccine consisting of highly conserved immunogenic regions (epitopes) is one 

of the feasible options. The conventional approach of defining the epitope experimentally is 

an exhaustive and expensive process. Immunoinformatics or computational immunology has 

played an instrumental role in screening the epitopes which reduces the number of peptides 

needed for experimental validation for vaccine design.  

All available full length protein sequences viz., 1092 and 2407 sequennces of glycoprotein 

(GP) and nucleoprotein (NP) respectively were retrieved from NCBI and viprbrc databases 

and manually screened for redundancy to obtain 173 and 195 unique GP and NP sequences 

respectively. Sequences were aligned with the help of MUSCLE tool and regions exhibiting ≥ 

90% conservancy were identified via AVANA. Ten and four conserved peptides were 

identified for GP and NP respectively which were used as input for T cell epitope prediction 

by using a consensus approach wherein six prediction tools were utilized. 84 GP and 105 NP 

epitopes were found to be commonly predicted by the CD8+ T cell (HLA class I) epitope 

prediction tools (SYFPEITHI, NetCTL 1.2 and IEDB consensus) while 72 GP and 79 NP 

epitopes were predicted by CD4+ T-cell (HLA class II) epitope prediction tools (MHC2Pred, 

Propred and IEDB consensus). After merging the overlapping epitopes, fifteen GP and 

eighteen NP peptide fragments containing multiple CD8+ T-cell epitopes while thirteen GP 

and fifteen NP fragments containing multiple CD4+ T-cell epitopes were obtained. Regions 

commonly present in these peptide fragments were looked for so as to obtain six GP and 

twelve NP peptide fragments containing both types of epitopes. The identified peptides were 

searched for presence of B cell epitopes (ABCPred) as well as screened for the undesirable 

capability to generate autoimmune (BLAST), allergic (AlgPred) and toxic (ToxinPred) 

response. Four GP and six NP peptides containing multiple T and B cell epitopes and devoid 

of undesired responses were identified. All the peptides were found to be nearly 100% 

conserved in Zaire ebolavirus, the species responsible for maximum number of outbreaks 

while Gp3 and Np3 exhibited 100% conservancy in all human infecting Ebola species. In a 
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bid to find a cross-reactive vaccine candidate, the identified peptides were searched in other 

Filoviridae members (Lloviu virus and Margburg virus) wherein they exhibited minor 

variations or could not be located. Moreover, these peptides were found to be a part of GP 

and NP domains crucial for viral functioning.  

Immunogenic response against antigen varies in different populations owing to high HLA 

polymorphism. Upon HLA coverage analysis of the identified peptides, majority of the 

peptides were predicted to bind with diverse HLA (HLA-A, HLA-B, HLA-DP, HLA-DQ and 

HLA-DR) types. Population coverage analysis which emphasizes the global coverage of the 

peptides revealed that all the peptides exhibited 69-100% coverage for four (Asia, America, 

Africa and European) continents with an average population coverage of 90% (GP peptides) 

and ≥85% (NP peptides). Autodock Vina (Binding energy) and CABS-dock (RMSD) tools 

were employed to dock the identified peptides with high resolution HLA class I and II 

molecules (nine each). In most of the cases, the binding energy and RMSD values of peptide-

HLA complex were found to be near the values of corresponding native peptide-HLA 

complex indicating the strong potential of peptides to be presented by HLA molecules. 

Moreover, in some cases, the identified peptides performed better than native peptide 

indicating a better binding potential for various HLA molecules. However, Gp2 and Np6 

were found to be non-binders for six and three HLA molecules respectitvely while Np1 and 

Np4 acted  as non-binder two HLA alleles and therefore, these peptides were not considered 

for in vitro analysis 

Further, six peptides (Gp1, Gp3, Gp4, Np2, Np3 and Np5) were commercially synthesized 

and assessed for their immunogenic response via in vitro experimentation involving 

estimation of lymphocyte proliferation (MTT assay) and IFN-γ production (ELISA) by 

peptide stimulated peripheral blood mononuclear cells obtained from ten different healthy 

blood samples. All peptides (except Np5) resulted in cell proliferation and IFN-γ secretion in 

≥ 60% samples (six out of ten samples). Gp4 (RATTELRTFSILNRKAIDF) and Np3 

(FLSFASLFLPKL) emerged as the best peptides during in vitro analysis as they exhibited a 

significantly positive IFN-γ production response for 100% and 90% samples respectively.  

Thus, these GP and NP peptides are proposed to be validated further in animal models to 

inculcate them in design of a synthetic peptide vaccine against EBOV and related species. 
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37| 

>gb|AKC362

57|  

>gb|ALG015

94| 

>gb|ALX320

45| 

>gb|AJP1516

0| 

>gb|AND812

12| >gb|AKU755

55| 

>gb|AKC363

38|  

>gb|ALG016

39| 

>gb|ALX320

90| 

>gb|AKG960

52| 

>gb|ABW34

756|  >gb|AGB568

39| 

>gb|AKC363

74|  

>gb|ALG016

30| 

>gb|AKC369

73|  

>gb|ALG018

34| 

>gb|AKC367

39| >gb|AGB567

94| 

>gb|AKC364

01|  

>gb|ALG010

27| 

>gb|AKC364

07| 

>gb|AKC368

11| 

>gb|AKC368

38| >gb|AGB567

58| 

>gb|AKC364

10|  

>gb|ALG017

65| 

>gb|AKC364

34| 

>gb|AKC370

81| 

>gb|AJP1466

5| >gb|AGB567

67| 

>gb|AKC364

19|  

>gb|ALG013

42| 

>gb|AJP1455

7| 

>gb|AKC371

53| 

>gb|AJP1546

5| >gb|AGB568

12| 

>gb|AKC364

37|  

>gb|ALG019

45| 

>gb|AKI8341

6| 

>gb|AKI8352

4| 

>gb|AKI8328

1| >gb|AGB568

30| 

>gb|AKC364

55|  

>gb|ALG008

92| 

>gb|ALG013

03| 

>gb|AKC360

20| 

>gb|AKU752

64| >gb|AKA593

60| 

>gb|AKC364

64|  

>gb|ALG018

10| 

>gb|AKC371

71|  

>gb|AKC361

91| 

>gb|AKG657

60| >gb|AKC014

77| 

>gb|AKC364

73|  

>gb|AJZ747

11| 

>gb|AKC371

35| 

>gb|AJP1538

5| 

>gb|ALX317

10| >gb|AKC014

85| 

>gb|AKC365

27|  

>gb|ALX333

72| 

>gb|ALX315

31| 

>gb|AKG657

96| 

>gb|AMY60 

 

3 

 

 

 

 

>gb|AKC014

93| 

>gb|AKC365

54|  

>gb|ALX344

82| 

>gb|AKI8414

5| 

>gb|ALX311

23| 

>gb|AKC359

93| >gb|ALP300

59| 

>gb|AKC365

98|  

>gb|AKG959

11 

>gb|ALX319

91| 

>gb|ALX310

38| 

>gb|AKG656

61| >gb|AKC014

45| 

>gb|AKC366

34|  

>gb|AKG961

09| 

>gb|AJP1496

2| 

>gb|ALX339

39| 

>gb|AKI8329

0| 
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>gb|AKT088

40| 

>gb|AKC367

33|  

>gb|AKG961

18| 

>gb|AJP1403

6| 

>gb|ALX336

07| 

>gb|AIG9624

4| >gb|ALF045

42| 

>gb|AKC367

78|  

>gb|AKG955

96| 

>gb|AKC365

06|  

>gb|ALG018

07| 

>gb|AKC363

35| >gb|AIO117

53| 

>gb|AKC367

87|  

>gb|AKI842

67|  

>gb|AKC364

70| 

>gb|AIE1186

9| 

>gb|AJP1413

5| >gb|AIR940

08| 

>gb|AKC367

96|  

>gb|AKI842

58| 

>gb|ABW34

755| 

>gb|AKC366

94| 

>gb|AKC369

46| >gb|AIY291

82| 

>gb|AKC368

14|  

>gb|AGL734

53| 

>gb|AKG653

91| 

>gb|ALX337

96| 

>gb|AKG651

12| >gb|AJA043

93| 

>gb|AKC368

23|  

>gb|AGL734

60|  

>gb|ALX325

88| 

>gb|ALX340

58| 

>gb|AND812

30| >gb|AJA044

02| 

>gb|AKC368

41|  

>gb|ACI286

24| 

>gb|AKC364

88| 

>gb|AKC359

30| 

>gb|AMY60

252| >gb|AIW659

50|  

>gb|AKC368

59|  

>gb|AFP282

31| 

>gb|AKI8275

0| 

>gb|AIE1180

6| 

>gb|AKG959

71| >gb|AKL910

82| 

>gb|AKC368

68|  

>gb|ABY753

25| 

>gb|AKG961

06| 

>gb|AKC369

64| 

>gb|ABW34

752|  >gb|AKL911

09| 

>gb|AKC369

04|  

>gb|AGL734

25| 

>gb|AKI8304

7| 

>gb|AKI8363

2| 

>gb|AKC365

77| >gb|AKL911

18| 

>gb|AKC369

40|  

>gb|AGL509

28| 

>gb|AKI8347

0| 

>gb|AND812

21| 

>gb|AKC367

84| >gb|AKG657

36| 

>gb|AKC369

49|  

>gb|AGB566

78| 

>gb|ALX316

61| 

>gb|AKC360

29| 

>gb|AKC368

29| >gb|AKG652

77| 

>gb|AKC369

67|  

>gb|ACR331

90| 

>gb|AKC365

24| 

>gb|AKC362

27| 

>gb|ALG014

65| >gb|AKG657

63| 

>gb|AKC369

76|  

>gb|AAU438

87| 

>gb|AKC364

16| 

>gb|ALG012

13| 

>gb|AKI8343

4| >gb|AKG653

67| 

>gb|AKC369

94|  

 >gb|ABW34

751|  

>gb|AKI8278

6| 

>gb|ALX310

60| >gb|AKG654

57| 

>gb|AKC370

84|  

 >gb|ALX330

38| 

>gb|ALX312

02| 

>gb|AKC359

48| >gb|AKG657

00| 

>gb|AKC371

20|  

 >gb|AKU755

43| 

>gb|AIG9636

1| 

>gb|AKC359

84|  >gb|AKG652

50| 

>gb|AKC371

38|  

 >gb|AJP1428

8| 

>gb|ABW34

750| 

>gb|AKI8275

9|  >gb|AKG653

31| 

>gb|AKC371

47|  

 >gb|AKC369

10| 

>gb|AKG653

37| 

>gb|ALX309

79|  >gb|AKI826

49|  

>gb|AKC371

74|  

 >gb|AKC363

98| 

>gb|ABW34

749| 

>gb|AKU755

52|  >gb|AKI827

03|  

>gb|AKC372

46|  

 >gb|ALX336

35| 

>gb|ALG016

99| 

>gb|AKA593

57|  >gb|AKI827

21|  

>gb|AKC372

55|  

 >gb|ALX325

94| 

>gb|ALG016

63| 

>gb|ALF045

98|  >gb|AKI828

20|  

>gb|ALX343

56|  

 >gb|ALX325

20|  

>gb|AKC366

31| 

>gb|AKC361

01|  >gb|AKI828

38|  

>gb|AJP1481

2| 

 >gb|ALX324

29|  

>gb|ALG011

68| 

>gb|AKC372

52|  >gb|AKI830

54|  

>gb|AJP1519

0| 

 >gb|AKG955

84|  

>gb|ALB071

23| 

>gb|ALX323

78|  >gb|AKI833

51|  

>gb|AJP1528

9| 

 >gb|ALX323

70| 

>gb|ALG015

73| 

>gb|AKC366

13|  >gb|AKI834

23|  

>gb|AJP1532

5| 

 >gb|AKC367

93| 

>gb|ALX322

26| 

>gb|AKC367

30|  >gb|AKI834

41|  

>gb|AJP1443

4| 

 >gb|ALX337

84| 

>gb|AKC359

75| 

>gb|AKC369

91|  >gb|AKI834

50|  

>gb|AJP1542

4| 

 >gb|ALX336

86|  

>gb|AKI8269

6| 

>gb|ALX317

91|  >gb|AKI835

49|  

>gb|AJP1447

9| 

 >gb|ALX343

47| 

>gb|AKU755

70| 

>gb|AKC359

39|  >gb|AKI836

21|  

>gb|AJP1549

5| 

 >gb|AKG955

57| 

>gb|ALX321

49| 

>gb|AKU753

99|  
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>gb|AKI836

84|  

>gb|AJP1397

6| 

 >gb|ALX329

74| 

>gb|ABW34

747| 

>gb|AKI8338

9|  >gb|AKI837

47|  

>gb|AJP1467

7| 

 >gb|AKC368

65| 

>gb|AKC365

69| 

>gb|ALG013

21| >gb|AKI838

10|  

>gb|AJP1485

7| 

 >gb|AKC368

56| 

>gb|AIE1192

3| 

>gb|ALG020

95| >gb|AKI838

19|  

>gb|AJP1486

6| 

 >gb|AKC371

26| 

>gb|ALH214

51| 

>gb|AKC363

26| >gb|AKI839

54|  

>gb|ALH214

54| 

 >gb|AKC369

01| 

>gb|AKC366

58|  

>gb|ALG015

28|  
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a b s t r a c t 

Computational approach has shown remarkable progress in epitope mapping, paving the way to finding 

vaccine candidates against different viruses. In the current study, prediction algorithms and molecular 

docking were applied to select peptides containing multiple Ebola glycoprotein epitopes showing inter- 

action with different HLA molecules. Six peptides containing overlapping multiple HLA I (CD8 + ) and II 

(CD4 + ) restricted T cell epitopes were generated via consensus approach applying six different prediction 

tools. Four (P1, P2, P5 and P6) out of six peptides were selected after screening for absence of undesir- 

able responses and presence of B cell epitopes. Peptide-HLA interaction analysis based on Autodock Vina 

and CABS-dock showed strong binding of these four peptides with eighteen HLA molecules. HLA coverage 

analysis from each prediction tool showed that these peptides were able to bind to diverse HLA-A, HLA- 

B, HLA-DP, HLA-DQ and HLA-DR alleles. Population coverage analysis of peptides for expected immune 

response in four different continents (Africa, America, Asia and Europe) have shown average population 

coverage viz, P1 (95%), P2 (96%), P5 (91%) and P6 (94%). Further, these peptides were found to be nearly 

100% conserved in Zaire Ebola virus while LANETTQALQLF (P5) was found to be 100% conserved in Zaire, 

Sudan, Bundibugyo and Tai Forest species. Therefore, these peptides capable of inducing T and B cell 

response and being presented by a wide range of HLA molecules have a strong potential to be part of 

diagnostic and preventive tools against Ebola virus disease. 

© 2019 Elsevier Ltd. All rights reserved. 

1. Introduction 

Ebola virus (EBOV) is an enveloped, non-segmented, negative- 

stranded RNA virus which belongs to the Filoviridae family 

( Lee et al., 2008 ). Five Ebola virus species (Zaire, Reston, Su- 

dan, Bundibugyo, and Tai Forest) are known of which, Zaire is 

the most pathogenic and Reston is non-pathogenic in humans 

( Groseth et al., 2012 ). The mortality rate of Ebola virus disease 

(EVD) varies from 25%–90% with an average of 50% ( Peters et al., 

1999 ). More than 28,0 0 0 cases with over 11,0 0 0 deaths have been 

reported during its latest breakout ( Cherpillod et al., 2016 ). 

The 19 kb genome of Ebola virus consists of seven genes which 

are present in a defined order viz. nucleoprotein (NP), polymerase 

cofactors (VP35 and VP40), glycoprotein (GP), transcription acti- 

vators (VP30 and VP24) and RNA-dependent RNA polymerase (L) 

( Brauburger et al., 2014 ). The fourth gene from the 3 ′ end of 

EBOV genome results in the formation of three proteins viz. se- 

creted glycoprotein (sGP), soluble secreted glycoprotein (ssGP) and 

∗ Corresponding author. 

E-mail address: manoj.baranwal@thapar.edu (M. Baranwal). 

surface glycoprotein (GP) ( Ito et al., 2001 ) which is cleaved post- 

translationally to yield GP1 and GP2 subunits connected by a disul- 

fide link ( Jeffers et al., 2002 ). GP1 plays an important role in at- 

tachment to host cells with the help of 54-201 residues that form a 

highly conserved putative receptor-binding site (RBS) ( Kuhn et al., 

2006; Manicasammy et al., 2005; Lee et al., 2008 ). GP2 is in- 

dispensable for viral and host membrane fusion ( Volchkov et al., 

1998; Feldmann et al., 1993; Takada et al., 1997 ). Presence of both 

GP1 and GP2 is critical for recognition by an antibody. GP1 is re- 

quired to maintain the proper pre-fusion conformation of GP2 for 

antibody binding. Studies have revealed that antibodies bind to a 

non-glycosylated epitope at the base of the GP2 subunit where 

they interact with residues 42-43 at the N terminus of GP1 and 

505-514 and 549-556 at the N terminus of GP2 ( Lee et al., 2008 ). 

As EBOV GP is the first protein to interact with the immune sys- 

tem, it is considered as a potential candidate for vaccine and anti- 

filoviral therapeutic development ( Madara et al., 2015 ). 

sGP is the most abundant product of the glycoprotein gene 

( Iwasa et al., 2011 ) and it has been proven to result in anti- 

genic subversion (a process wherein sGP acts as a barrier between 

the virus GP and anti-GP12 antibodies, thus, preventing contact 

https://doi.org/10.1016/j.jtbi.2019.01.016 

0022-5193/© 2019 Elsevier Ltd. All rights reserved. 
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between the virus GP and the antibodies) ( Mohan et al., 2012 ). 

It has been reported that sGP shares 295 amino acids with GP1 

( Iwasa et al., 2011 ). Hence, sGP may be an important target for vac- 

cine development. 

An effective prophylaxis or treatment for EVD is not yet avail- 

able ( Takada et al., 2015 ). Among the vaccines in various stages of 

clinical trials are recombinant adenoviruses, recombinant vesicular 

stomatitis viruses, recombinant human para influenza viruses and 

virus-like particles ( Sykes et al., 2015; Sridhar, 2015 ). Efficient and 

prolonged response to the vaccine candidate and protection against 

different strains of the virus represent the current challenges faced 

by the scientific community ( Sridhar, 2015; Hoenen et al., 2012 ). 

A safer alternative route to live-attenuated or inactivated vac- 

cines is the development of peptide based vaccines. They are rela- 

tively easier to produce and handle as there is no need to culture 

any pathogenic organisms. With the advancement in immunoin- 

formatics tools focusing on epitope mapping, it has become easy 

to select peptides containing immunogenic epitopes. Immunoinfor- 

matics utilizes sequence and structure based approaches and has 

shown promising results in peptide based vaccine development. 

The immunogenic peptides obtained using this approach were val- 

idated in in vitro and in vivo system ( Lohia and Baranwal, 2017; 

Oliveira et al., 2016; Kovjazin et al., 2013; Duvvuri et al., 2013 ). One 

of the noteworthy examples is in silico based selected influenza 

peptides which are the constituents of an influenza vaccine cur- 

rently undergoing phase II clinical trial with the concept name of 

FluV ( Pleguezuelos et al., 2012; van Doorn et al., 2017 ). 

In the present study, consensus based predictions and molecu- 

lar docking tools were employed to obtain the peptides containing 

multiple epitopes of Ebola glycoprotein which have the potential 

to interact with a wide range of HLA molecules. 

2. Method 

2.1. Conserved peptides identification 

1092 sequences belonging to various Ebola species (1976–

30th January 2018) pathogenic to humans were downloaded from 

Ebola virus database (viprbrc). 173 unique full length (676 amino 

acids) Ebola glycoprotein sequences (164, 5, 3 and 1 sequences of 

Zaire, Sudan, Bundibugyo and Tai Forest species respectively) were 

screened out after removing redundancy. 

22 sGP sequences (364 amino acids) belonging to various Ebola 

species (1976–April 2015) pathogenic to humans were downloaded 

from the Ebola virus database (viprbrc). Six sequences found to be 

unique and considered for this study included three sequences for 

Zaire and one sequence each for Sudan, Bundibugyo and Tai Forest 

species. 

Multiple sequence comparison by log-expectation (MUSCLE) is 

an iteration based multiple sequence alignment tool. It is faster 

than other available tools such as T-Coffee, MAFFT and CLUSTAL W 

and maintains the same accuracy ( Edgar, 2004 ). It was employed 

for multiple sequence alignment of the obtained glycoprotein se- 

quences which is a prerequisite for running AVANA. 

Entropy is a measure of sequence variability and therefore, anti- 

genic variability analyser (AVANA) tool was employed. It analy- 

ses multiple sequence alignments based on entropy and measures 

variability at a given position ( Miotto et al., 2008 ). It is used to 

find conserved fragments and the criteria for conservation was set 

to ≥ 90%. 

2.2. Prediction of CD4 + and CD8 + T cell epitopes 

A consensus approach using six prediction tools to define CD4 + 

and CD8 + T cell epitopes has been utilized as mentioned in previ- 

ous study ( Lohia and Baranwal, 2014 ). Various tools were selected 

to consider different parameters and algorithms in order to in- 

crease the prediction stringency. 

SYFPEITHI ( Rammensee et al., 1999 ) and NetCTL 1.2 

( Larsen et al., 2007 ) were used for HLA class I binding (CD8 + 

T cells) epitopes and their threshold value was taken as 20 and 

0.75 respectively. SYFPEITHI relies on published motifs for T cell 

epitope prediction. It considers the positions of amino acids and 

scores them based on whether they are anchor or auxiliary anchor 

position preferring residues ( Rammensee et al., 1999 ). NetCTL 1.2 

uses artificial neural network and weight matrix based method 

for predicting the HLA class I binding epitope. The server inte- 

grates the HLA class I epitope binding prediction with antigen 

processing steps including C-terminal proteasomal cleavage and 

TAP (transporter associated with antigen processing) transport ef- 

ficiency ( Larsen et al., 2007 ). It predicts epitopes for 12 HLA class 

I supertypes. Each supertype is a cluster of functionally related 

HLA alleles that share binding specificities towards the same panel 

of peptides owing to similar structural features of HLAs peptide 

binding groove ( Lund et al., 2004 ). 

MHC2Pred ( Bhasin et al., 2004 ) and Propred ( Singh et al., 2001 ) 

were employed for HLA class II binding (CD4 + T cells) epitopes by 

taking criteria as 0.5 and 3% respectively. MHC2Pred is a support 

vector machine (SVM)-based method for prediction of promiscuous 

binders for 42 MHC class II alleles ( Bhasin et al., 2004 ). ProPred is a 

matrix-based prediction algorithm for 51 HLA-DR alleles (HLA class 

II) ( Singh et al., 2001 ). It employs amino acid /position coefficient 

table derived from pocket profile database described by Sturniolo 

and coworkers ( Sturniolo et al., 1999 ). 

IEDB ANN ( Nielsen et al., 2003 ) and IEDB NN Align ( Nielsen and 

Lund, 2009 ) tool was used for HLA I and II binding epitopes respec- 

tively which are based on artificial neural network. These tools cal- 

culate the IC50 value which shows the binding ability of peptides 

to specific HLA molecules and the threshold for IC50 values was 

taken as less than 500 nm. 

The epitopes commonly predicted by all tools catering to a spe- 

cific HLA class were considered. The overlapping epitopes were 

merged to obtain peptide fragments containing more than one epi- 

tope. In this way, peptides containing multiple epitopes were gen- 

erated for both, HLA class I and class II. Further, the peptide frag- 

ments which were present commonly in both, HLA class I and class 

II peptide fragments were selected with the intention to consider 

peptides with a potential to induce both, CD4 + and CD8 + T cell 

response. 

2.3. Presence of B cell epitopes 

ABCpred was used to predict linear B cell epitopes by keeping 

the window length as 10. This tool utilizes a recurring neural net- 

work method to predict B cell epitopes ( Saha et al., 2006a , b ). 

2.4. Screening of peptides for autoimmune, allergic and toxic 

response 

BLAST analysis was carried out to eliminate peptides having 

7 out of 9 consecutive identical amino acids to human proteome 

( Altschul et al., 1990 ). AlgPred and ToxinPred were used for screen- 

ing of peptides having allergic and toxic nature respectively. Al- 

gPred provides the option to follow various prediction approaches 

such as mapping of IgE epitopes and MEME/MAST motif to mea- 

sure allergenicity of the query sequence ( Saha et al., 2006a,b ). Tox- 

inPred classifies toxic and non-toxic peptides based on dataset of 

non-toxic or random peptides ( Gupta et al., 2013 ). 
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2.5. Molecular docking 

Molecular docking was put into service to understand peptide- 

HLA interactions. High-resolution crystallographic structures of 

eighteen class I and II HLA molecules (nine each) representing 

eighteen different HLA alleles were retrieved from the protein data 

bank (PDB) ( Berman et al., 20 0 0 ). The native peptides (peptides 

bound to the HLA molecule downloaded from PDB) were separated 

from their HLA molecule using the Discovery studio visualizer v4.1. 

The resultant HLA molecules were used as receptors to dock the 

separated native peptides (control) and in silico identified Ebola 

epitopes/peptides as ligands using Autodock Vina and CABS-dock. 

The structure of identified epitopes/peptides was generated us- 

ing the PEP-FOLD server. It is based on optimized potential for 

efficient protein structure prediction (OPEP) coarse grained force 

field for molecular simulation and provides a fast and user friendly 

platform for de novo design of small (9 to 36 residues) peptides 

( Shen et al., 2014 ). The top model structures predicted for the pep- 

tides were used for docking. 

Autodock Vina helps to estimate the binding energy (Kcal/mol) 

of the peptide-HLA complex. The higher the negative value of the 

binding energy, the more stable is the peptide-HLA interaction. 

Positive binding energies indicate highly unstable and undesirable 

interaction. Docking with AutoDock vina involves various steps 

such as molecule preparation and grid optimization which are car- 

ried out with the help of AutoDockTools (ADT), a graphical user 

interface (GUI) employed by AutoDock ( Trott and Olson, 2010 ). The 

receptor and ligands are prepared in PDBQT format which stores 

the atomic coordinates, partial charges and AutoDock atom types. 

In order to define the space (grid) where peptides are supposed to 

bind for presentation to T cells by HLA molecule, the thumbwheels 

in grid box option of ADT grid widget were used. Epitope/peptides 

showing positive binding energy were eliminated. 

CABS-dock performs docking by allowing full flexibility 

of ligand and small fluctuations of the receptor backbone 

( Kurcinski et al., 2015 ). Also, it does not require a predefined 

epitope/peptide structure and therefore, only the pdb file of 

receptor (prepared in Discovery Studio Visualizer 4.1 by editing 

the HLA-native peptide file downloaded from PDB) and ligand 

sequences were provided. CABS-dock was used to estimate the 

root mean square deviation (RMSD) value of the native peptides 

(control) and identified epitope/peptides. Ligand-RMSD value gives 

an estimate of the docking pose quality. The lower the RMSD 

value, the better are the key binding interactions which indicate 

a high quality docking pose. RMSD values < 3 are considered high 

quality predictions while 3 ≤ RMSD ≥ 5.5 are considered moderate 

quality predictions ( Blaszczyk et al., 2016 ). 

2.6. Population coverage analysis 

Population coverage analysis tool provides the expected re- 

sponse of each peptide in different geographic regions based on 

peptide-HLA data and HLA genotypic frequency. The selected pep- 

tides and their HLA alleles obtained from prediction tools were 

used as input for this tool. Four major geographical continents con- 

sidered were Africa (Central, East, North, West and South Africa), 

America (Central, North and South America), Asia (East, South, 

Southwest, Northeast and Southeast Asia) and Europe. Average of 

population coverage for different regions of same continent was 

taken. Analysis was also carried out by considering the whole 

world. 

2.7. Structural analysis 

The three-dimensional structure of Ebola glycoprotein was ob- 

tained from PDB (PDB id 5JQ3) and used as base structure for 

mapping identified peptides. Discovery Studio Visualizer tool v4.1 

was used to locate the peptide fragments on the base structure. 

3. Results 

The goal of this study was in silico elucidation of conserved 

peptide fragments capable of eliciting T (CD8 + and CD4 + ) and B 

cell response. Also, the identified fragments must be devoid of un- 

desirable (autoimmune, allergic and toxic) responses. Further, these 

peptides should be presented by diverse HLA molecules and ex- 

hibit wide population coverage. 

3.1. Conserved peptides containing T cell epitopes 

Ten overlapping peptide fragments of surface glycoprotein (GP) 

with ≥90% conservancy were identified with the help of MUS- 

CLE and AVANA (Supplementary Table 1). In soluble glycoprotein 

(sGP), two peptide fragments (YEAGEWAENCYNL and GAFFLYDR- 

LAST) with ≥90% conservancy were identified which were present 

in conserved peptide C2 of GP (Supplementary Table 1). There- 

fore, the identified sGP conserved fragments were not treated sep- 

arately henceforth. Three different tools each for HLA class I and 

II were applied to predict epitopes on conserved peptides and 

those epitopes were considered which were predicted commonly 

by all three tools. 84 CD8 + T cell epitopes were obtained (data not 

shown) and overlapping epitopes were identified to generate pep- 

tide fragments containing multiple CD8 + T cell epitopes (minimum 

two epitopes). Fifteen peptide fragments containing multiple CD8 + 

T cell epitopes were generated by merging the overlapping epi- 

topes (Supplementary Table 2). Similarly, from the 77 CD4 + T cell 

epitopes obtained (data not shown), thirteen peptide fragments 

containing multiple CD4 + T cell epitopes were constructed (Sup- 

plementary Table 3). Now, to generate peptides which have the 

potential to elicit both CD8 + and CD4 + T cell response, the pep- 

tide fragments commonly present in fifteen peptides enriched with 

CD8 + T cell epitopes and thirteen peptides enriched with CD4 + T 

cell epitopes were chosen ( Table 1 ). In this way, six peptide frag- 

ments (P1-P6) containing overlapping CD8 + and CD4 + T cell epi- 

topes were selected. 

3.2. Peptide screening for undesired responses and presence of B cell 

epitopes 

Linear B cell epitope prediction (ABCpred) tool resulted into 

a total of 152 B cell epitopes and nine fragments were gener- 

ated by merging the overlapping epitopes (Supplementary Table 4). 

The six identified fragments containing T cell epitopes ( Table 1 ) 

were examined for the presence of predicted B cell epitopes 

and four peptides were found to contain B cell epitopes exclud- 

ing VVAFLILPQAKK (P3) and YLFEVDNLTYVQLESRFT (P4). BLAST 

analysis was carried out and one peptide fragment (YLFEVDNL- 

TYVQLESRFT) was eliminated owing to its similarity to human pro- 

teome. None of the remaining peptides were found to be allergic 

(AlgPred) or toxic (ToxinPred). After screening, four conserved pep- 

tides (P1, P2, P5 and P6) containing multiple T and B cell epitopes 

were selected ( Table 2 ). Interestingly, P2 was found to contain one 

of conserved fragments (GAFFLYDRLAST) identified for sGP. 

3.3. Peptide-HLA interactions 

Peptides are presented to T cells by HLA molecules which re- 

sults in T cell immune response. HLA molecules are found to be 

highly polymorphic in nature; hence, peptides capable of interact- 

ing with wide HLA molecules are potent vaccine candidates. Dock- 

ing was carried out to analyze the binding behavior of peptides 
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Table 1 

Glycoprotein peptides containing overlapping CD8 + and CD4 + T-cell epitopes. The fragments marked in bold are the ones which are commonly present in the CD8 + and 

CD4 + T cell epitope enriched peptide fragments. VVAFLILPQAKK has been underlined to denote that it is not a part of FHKEGAFFLYDRLASTVIYRGTTFAEG fragment. 

CD8 + T cell epitope enriched peptides 

No. of 

epitopes CD4 + T cell epitope enriched peptides 

No. of 

epitopes 

Common peptides containing CD8 + and 

CD4 + T-cell epitopes 

LPRDR FKRTSFFLWVIILFQRTFSIPL GV 10 FKRTSFFLWVIILFQRTFSIPLG 

VIHNSTLQVSDVDKLVCRDKLSS 

14 FKRTSFFLWVIILFQRTFSIPL (P1) 

GPCAGDFA FHKEGAFFLYDRLASTVIYRGTTFA 

EG VVAFLILPQAKK DFFSSHPL 

14 FHKEGAFFLYDRLASTVIYRGTTFAEG 7 FHKEGAFFLYDRLASTVIYRGTTFAEG 

(P2) 

VVAFLILPQAKK 3 VVAFLILPQAKK (P3) 

E YLFEVDNLTYVQLESRFT PQFLLQLNETIY 10 YLFEVDNLTYVQLESRFT 3 YLFEVDNLTYVQLESRFT (P4) 

LANETTQALQLF 3 LICGLRQ LANETTQALQLF L RA 

TTELRTFSILNRKAIDF 

9 LANETTQALQLF (P5) 

RATTELRTFSILNRKAIDF LL 6 RATTELRTFSILNRKAIDF (P6) 

Table 2 

Peptides representing the presence of different T and B cell epitopes. The epitopes in bold represent the epitopes also present 

in the sGP fragment “GAFFLYDRLAST ” which is a part of P2. 

Peptide fragments CD8 + T cell epitopes CD4 + T cell epitopes B-cell epitopes 

FKRTSFFLWVIILFQRTFSIPL (P1) KRTSFFLWV 

RTSFFLWVI 

FFLWVIILF 

VIILFQRTF 

ILFQRTFSI 

FQRTFSIPL 

WVIILFQRT 

VIILFQRTF 

ILFQRTFSI 

FQRTFSIPL 

IILFQRTFS 

FLWVIILFQ 

FFLWVIILF 

LWVIILFQR 

FKRTSFFLW 

RTSFFLWVII 

SFFLWVIILF 

LWVIILFQRT 

LFQRTFSIPL 

FHKEGAFFLYDRLASTVIYRGTTFAEG (P2) FHKEGAFFL 

HKEGAFFLY 

FLYDRLAST 

DRLASTVIY 

RLASTVIYR 

TVIYRGTTF 

FHKEGAFFL 

YDRLASTVI 

IYRGTTFAE 

YRGTTFAEG 

FFLYDRLAS 

FLYDRLAST 

VIYRGTTFA 

HKEGAFFLYD 

GAFFLYDRLA 

VIYRGTTFAE 

LASTVIYRGT 

ASTVIYRGTT 

FHKEGAFFLY 

STVIYRGTTF 

LYDRLASTVI 

RLASTVIYRG 

LANETTQALQLF (P5) LANETTQAL 

NETTQALQL 

ETTQALQLF 

LANETTQAL NETTQALQLF 

RATTELRTFSILNRKAIDF (P6) RATTELRTF 

TELRTFSIL 

LRTFSILNR 

RTFSILNRK 

FSILNRKAI 

FSILNRKAI 

LRTFSILNR 

ILNRKAIDF 

ELRTFSILNR 

SILNRKAIDF 

RATTELRTFS 

LRTFSILNRK 

RTFSILNRKA 

TTELRTFSIL 

FSILNRKAID 

with different HLA molecules. Class I HLA binds to shorter pep- 

tides as the binding groove is closed while class II accommodates 

larger peptide owing to open ended grooves. Considering this dif- 

ference in the binding pockets of HLA molecules, twenty nonamer 

CD8 + T cell epitopes which are a part of considered peptides and 

the four selected peptides ( Table 2 ) were docked with HLA class I 

and class II alleles respectively. The length of native peptides (nat- 

urally bound peptides separated from their respective HLA crystal 

structure) was 8-11 and 9-20 amino acids for HLA class I and II re- 

spectively which were re-docked with their respective HLA to ob- 

tain a standard for comparison. 

For HLA class I, average binding energy and RMSD value of 

CD8 + T cell epitopes which are a part of each peptide were 

taken for comparison with native peptides. The average bind- 

ing energy of the four peptides with HLA class I was found to 

be comparable with native peptide binding energy ( Fig. 1 (a) and 

(b)). The average binding energies considering all HLA class I al- 

leles were −8.1 (P1), −8.1 (P2), −7.6 (P5), −7.5 (P6) and −9.3 

(native peptides). In majority of HLA class I-peptide interactions, 

the RMSD value was found to be comparable with native pep- 

tides with variation in some cases ( Fig. 1 (c) and (d)). The aver- 

age RMSD values were 2.0 (P1), 2.5 (P2), 2.5 (P5), 2.1 (P6) and 1.9 

(native peptides) which are less than 3 representing high quality 

predictions. 

Docking for HLA class II molecules was carried out by tak- 

ing the four identified common peptides (P1, P2, P5 and P6). The 

binding energy for all peptides with HLA class II was found to 

be similar with native peptide binding energy ( Fig. 2 (a) and (b)). 

Tellingly, positive binding energy of P2 indicated highly unsta- 

ble interactions with HLA-DRA1 and hence, it was not plotted in 

Fig. 2 (a). The average binding energies considering all HLA class 

II molecules were −5.4 (P1), −5.5 (P2), −7.1 (P5), −5.7 (P6) and 

−6.9 (native peptides). The RMSD values of peptide P1 (DQ0602, 

DQ8, DR1, DRB1 ∗0101, DRB1 ∗1501 and DR4), P5 (DPA1, DQ8, DR1, 

DRB1 ∗0101and DRB1 ∗1501) and P6 (DPA1, DQ0602 and DR5) were 

found to be better than native peptide RMSD values ( Fig. 2 (c) and 

(d)). RMSD values of peptides for some HLA class II molecules were 

not plotted as either the value was found to be > 5 or peptides did 

not bind in the binding cavity. The average RMSD values were 1.4 

(P1), 3.4 (P2), 2.0 (P5), 2.6 (P6) and 2.4 (native peptides). Except 

P2, three peptides have shown good quality predictions as RMSD 

value is less than 3. 
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Fig. 1. (a) Binding energy (Autodock Vina) and (b) RMSD (CABS-dock) of the native peptide (control) and Ebola peptides for HLA class I. For all four peptides, the mean 

binding energy and RMSD of epitopes belonging to respective peptide were considered and hence, standard error of mean (SEM) has been plotted. Native peptides represent 

the peptide that already existed in the crystallographic structures of the HLA molecules. They were separated and docked with their respective HLA molecule. 

Prediction tools have shown that these peptides were predicted 

to bind with large number of HLA-A, HLA-B, HLA-DP, HLA-DQ and 

HLA-DR alleles ( Table 3 ). All HLA alleles predicted by the predic- 

tions tools have been mentioned in supplementary Table 5. Popu- 

lation coverage analysis (an indication of the fraction of individuals 

expected to respond to a given epitope set) for different continents 

was carried out for the identified Ebola peptides by taking all the 

HLA alleles (supplementary Table 5). The results showed that the 

expected response of these peptides is in the range of 77%–100% 

for populations residing in different continents ( Fig. 3 .). Population 
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Fig. 2. (a) Binding energy (Autodock Vina) and (b) RMSD (CABS-dock) of the native peptide (control) and Ebola peptides for HLA class II. The four identified peptides were 

docked with each HLA II molecule. Native peptides represent the peptide that already existed in the crystallographic structures of the HLA molecules. They were separated 

and docked with their respective HLA molecule. P2 showed highly unstable interactions (positive binding energy) with HLA-DRA1, hence it was not plotted in Fig. 2 (a). RMSD 

value of some peptides was found to be > 5 representing poor quality prediction and hence, they were not plotted in Fig. 2 (b). 
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Table 3 

Peptides containing multiple epitopes binding to diverse HLA alleles. 

Peptide fragment HLA alleles covered 

Class I Class II 

HLA-A HLA-B HLA DP HLA DQ HLA DR 

FKRTSFFLWVIILFQRTFSIPL (P1) 100 75 11 20 121 

FHKEGAFFLYDRLASTVIYRGTTFAEG (P2) 115 74 10 18 120 

LANETTQALQLF (P5) 17 75 4 11 3 

RATTELRTFSILNRKAIDF (P6) 7 72 2 7 63 

Table 4 

Peptide conservation in various Ebola virus species. The amino acid variation of identified peptides among different species has been highlighted in 

bold and underlined. 

Ebola species FKRTSFFLWVIILFQRTFSIPL (P1) FHKEGAFFLYDRLASTVIYRGTTFAEG (P2) LANETTQALQLF (P5) RATTELRTFSILNRKAIDF (P6) 

ZAIRE 99.39% 100% 100% 100% 

SUDAN F RKS SFF V WVIILFQ KA FS M PL FHK D GAFFLYDRLASTVIYRG VN FAEG 100% RATTELRT YT ILNRKAIDF 

TAI FOREST F RK TSFF V WVIILF HKV FSIPL FHKEGAFFLYDRLAST I IYRGTTFAEG 100% 100% 

BUNDIBUGYO F RK TSFF V WVIILF HKV F P IPL FHKEGAFFLYDRLAST I IYR S TTF S EG 100% 100% 

Fig. 3. Population coverage of the identified peptides in whole world and four dif- 

ferent continents. Bars indicate the percentage of population coverage obtained 

from IEDB population coverage analysis tool. Population coverage represents the 

fraction of individuals expected to respond to a given epitope set. 

coverage for the whole world was found to be 96%–100% ( Fig. 3 .). 

These computational results merely indicate the probability of the 

potential candidates to generate immune response in different geo- 

graphical regions but exact immune response needs to be validated 

in vitro/in vivo. 

3.4. Conservation analysis of peptides amongst different Ebola virus 

species 

Each selected peptide was looked for conservancy in all con- 

sidered glycoprotein sequences of Ebola virus species infecting 

humans (Zaire, Sudan, Bundibugyo and Tai Forest). All peptides 

showed more than 99% conservancy amongst Zaire Ebola glycopro- 

tein sequences ( Table 4 ). P5 was found to be 100% conserved in 

all Ebola virus species infecting humans. P6 was found to be 100% 

conserved in all Ebola virus species except Sudan. P1 and P2 are 

mostly conserved except for a few variations in different species 

( Table 4 ). 

3.5. Mapping of peptide fragments 

As the protein has a trimeric structure, only monomer was se- 

lected from the downloaded PDB structure with the help of Discov- 

ery Studio Visualizer tool v4.1 to highlight selected peptide frag- 

ments enriched with multiple T and B-cell epitopes ( Fig. 4 .). In 

the PDB structure of glycoprotein, 1-31 residues were missing so 

P1 could not be mapped. Further, the location of all the peptides 

was schematically shown in different domains of glycoprotein. Pep- 

tide P1 is a part of the signal peptide, P2 is a part of GP1 domain 

whereas P5 and P6 are parts of GP2 domain ( Fig. 4 .). 

4. Discussion 

Peptide as a choice of vaccine candidate has made remarkable 

headway in vaccine development against virus, bacteria and can- 

cer. Peptides can be a recombinant or synthetic construct of epi- 

topes which are targeted against cell surface or intracellular pro- 

teins ( Kumai et al., 2017 ). GMP grade peptides are easy to syn- 

thesize and cost effective as compared to whole organism vac- 

cine or recombinant proteins. Although peptide vaccines are still 

not translated into clinics, the promising results have led to dif- 

ferent stages of clinical trials. A multimeric recombinant peptide 

consisting of nine conserved B and T cell epitopes from hemag- 

glutinin, nucleoprotein and matrix 1 protein has been produced by 

BiondVax Pharmaceuticals Ltd. (Israel). It has shown the ability to 

induce cell mediated and humoral immunity and is presently in 

clinical trials phase II ( van Doorn et al., 2017; Atsmon et al., 2014 ). 

Vacc-4x and Vacc-C5 are peptide based vaccines against HIV in- 

fections and have shown encouraging results in phase II clinical 

study ( Huang et al., 2018; Brekke et al., 2017 ). Peptide based vac- 

cines have also been developed against different types of cancer 

such as gastric cancer, colorectal cancer and myeloid leukemia and 

are either in phase I or phase II clinical trials ( Maslak et al., 2018; 

Sundar et al., 2018; Taniguchi et al., 2017 ). Identification of im- 

munogenic peptide regions (epitopes) solely based on experimen- 

tal approach is time consuming and expensive. Rapid development 

of computational approaches has made it easier to screen poten- 

tial epitopes, thus, reducing the number of epitopes requiring val- 

idation based on in vitro and in vivo experiments. In the present 

study, four highly conserved peptides containing multiple epitopes 

of Ebola virus glycoprotein were identified based on different in sil- 

ico approaches that include multiple epitope prediction algorithms 

and docking tools. 
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Fig. 4. (a) Mapping of identified peptide fragments onto the crystal structures of Ebola Glycoprotein (PDB id: 5JQ3). P2, P5 and P6 are depicted in pink, red and yellow 

respectively. P1 could not me located in the structure owing to missing residues. (b) Schematic presentation of peptides in different regions of Ebola glycoprotein. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

A number of epitopes have been reported based on differ- 

ent computational prediction algorithms for influenza virus, ade- 

novirus, papilloma virus, tuberculosis and cancer ( Hossain et al., 

2018; Dhiman et al., 2016; Kumar et al., 2015; Lohia and Baran- 

wal, 2015; Monterrubio-Lopez and Ribas-Aparicio, 2015 ). Several 

prediction algorithms have been developed for mapping potential 

epitopes ( Patronov and Doytchinova, 2013; Ponomarenko and Van 

Regenmortel, 2009 ). A consensus approach where multiple epitope 

prediction tools are applied is more effective as different tools al- 

low consideration of multiple algorithms, immunological factors 

and databases ( Lohia and Baranwal, 2014 ). In the current study, 

peptides containing multiple CD4 + and CD8 + epitopes with a po- 

tential to induce both helper and cytotoxic T cell response were 

identified by employing six different (three for each CD4 + and 

CD8 + T cell epitopes) immunoinformatics tools. 

HLA class II binding groove is open ended and accommodates 

larger and flexible peptides as compared to closed HLA class I 

binding groove ( Andreatta and Nielsen, 2016 ). Hence, the predic- 

tion tools of HLA class II are not as accurate as those of HLA class 

I. X-ray studies have shown that the binding groove of HLA class 

II is occupied by large peptides in which the core peptide is of 

nine amino acids (also called peptide registers) and rest of amino 

acids extend to different sides of groove ( Dimitrov et al., 2010 ). 

There is existence of multiple peptide registers and as a result, 

long peptides adopt different conformations which contribute to 

the poor prediction accuracy of class II binding epitopes. How- 

ever, class II predicted epitopes have shown encouraging results 

in in vitro or in vivo system ( Kovjazin et al., 2013; Burgosa et al., 

2010; Brintnell et al., 2007 ). Further, larger peptides were found to 

elicit both, HLA class I and II immune response in different studies 

( Krug et al., 2010; Maslak et al., 2010 ). In one of our earlier stud- 

ies, peptides containing multiple CD8 + and CD4 + T cell epitopes 

have shown induced proliferation and IFN- γ secretion in periph- 

eral blood mononuclear cells ( Lohia and Baranwal, 2017 ). 

Most of the B cell epitopes are discontinuous and nearly 10% 

epitopes are linear ( Wang et al., 2011 ). In silico prediction tools for 

B cell epitopes (mainly linear B cell epitopes) ( Ponomarenko and 

Van Regenmortel, 2009 ) have been developed but are not as re- 

liable as T cell epitope prediction tools. In one recent study on 

malarial antigen, some epitopes predicted by ABCpred were found 

to match with experimentally identified epitopes in immune rabbit 

antiserum ( Bergmann-Leitner et al., 2013 ). Hence, in the present 

study, identified peptides containing multiple T cell epitopes were 

looked for the presence of B cell epitopes and four out of six pep- 

tides were found to contain B cell epitopes. 

Development of autoimmune diseases such as Gullian Barr syn- 

drome (influenza and oral polio vaccine), systemic lupus anaemia 

and mysthemia gravis (hepatitis B), diabetes mellitus (Mumps) and 

multiple sclerosis (swine flu) after vaccination has been reported 

in several studies ( Cohen and Shoenfeld, 1996 ). Hence, it becomes 

critical to eliminate the vaccine candidates which resemble hu- 

man proteome to avoid autoimmunity. BLAST results reveal that 

one peptide fragment (YLFEVDNLTYVQLESRFT) resembles the hu- 

man cytoskeletal linker protein epiplakin1 and hence, it was elim- 

inated from further studies. Urticarial, vasculitis, bronchospasm 

and gastrointestinal disorders are some of the clinical manifesta- 

tions associated with hypersensitivity reported after vaccination 

( Fritsche et al., 2010 ). Current in silico analysis have shown that 

none of the selected peptides have a chance to induce either aller- 

gic or toxic response. 

Peptide protein interaction has gained attention in recent days 

that resulted in advancement of docking approaches focused on 

peptide-protein docking. It is significant to find peptide vac- 

cine candidates which can be presented by diverse array of HLA 

molecules so as to have efficacy in different populations across the 

globe. Nine protein structures each of HLA class I and II obtained 

from PDB and two docking tools (Autodock Vina and CABS-dock) 

were employed in the current study. Docking studies reveal that 
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selected peptides and epitopes have comparable binding energy 

and RMSD with native peptide. In our previous studies, peptides 

containing multiple T cell epitopes of H1N1 influenza virus ma- 

trix protein and metadherin protein (tumor antigen) have shown 

good binding potential with different HLA class I and II alleles 

( Dhiman et al., 2016; Lohia and Baranwal, 2015 ). In other study 

on human baculo virus, selected epitopes of capsid protein have 

shown strong binding with HLA class I alleles using Autodock Vina 

( Kalyanaraman, 2018 ). In addition to Autodock Vina, CABS-dock 

was used to get better perspective for HLA-peptide interactions. 

Average RMSD of all peptides except P2 (HLA class II) was found 

to be less than 3 indicating highly favorable binding interactions 

with selected HLA molecules. Although there was unstable interac- 

tion of P2 with some HLA class II alleles but it was found to have 

comparable binding energy and RMSD value to native peptides for 

majority of HLA class I alleles. P2 is a longer peptide and therefore, 

may adopt different conformations in open binding groove of HLA 

class II which could be the reason of unstable interactions. P2 is an 

interesting candidate also because it was found to contain a pep- 

tide fragment (GAFFLYDRLAST) common with soluble glycoprotein 

(sGP). Further, all peptides were predicted to bind to a large num- 

ber of class I and II HLA alleles. The expected immune response of 

all these peptides in different continents (Africa, America, Asia and 

Europe) was found to be noteworthy (range of population cover- 

age was 77%–100%) indicating that these peptides may be effective 

vaccine candidates for different populations across the world. 

On performing a comparative analysis with the help of IEDB to 

elucidate previous reports, it was found that the exact sequence 

of these peptides was not reported for T and B cell response in 

the in vitro or in vivo system. A fragment (LYDRLASTV) of P2 was 

reported to be capable of stimulating splenocytes in mice to se- 

crete interferon-gamma ( Wu et al., 2012 ) which supports the po- 

tential of P2 to evoke immune response. LANETTQALQLF (P5) was 

found to be part of a large peptide (TEGLMHNQDGLICGLRQLANET- 

TQALQLFLRATTELRT) which was reported to react with antisera ob- 

tained after vaccinating the Ebola DNA vaccine ( Ripoll et al., 2017 ). 

TELRTFSI peptide which is a part of P6 (RATTELRTFSILNRKAIDF) has 

shown cytotoxic T lymphocytes response in mice model ( Rao et al., 

1999 ). Hence, these studies support the potential of selected pep- 

tides to induce T and B cell response. 

Further, these peptides were found to be highly conserved in 

most of Ebola virus strains infecting humans. Interestingly, one 

peptide was 100% conserved in all four species of Ebola virus. Ad- 

ditionally, these peptides were found to be parts of crucial do- 

mains of glycoprotein. Peptide P1 formed a part of signal peptide 

at the glycoprotein N terminus which directs the nascent glycopro- 

tein to the endoplasmic reticulum where carbohydrates are added 

on its surface ( Feldmann et al., 1994; Lee et al., 2008 ). A thick 

layer of oligosaccharide coats majority of the GP trimer ( Lee et al., 

2008 ) enabling formation of a shield that protects it from hu- 

moral immune responses. It is similar to glycan shields of HIV-1 

gp120 ( Kwong et al., 1998; Wyatt et al., 1998 ) and Epstein-Barr 

virus gp350 ( Szakonyi et al., 2006 ) thus, indicating a common im- 

mune evasion method. Peptides P5 and P6 were found to be lo- 

cated in the heptad repeat regions (HR1 and HR2) of GP2. HRI can 

be segmented into HR1A, HR1B, HR1C and HR1D. HR1A and HR1B 

(residues 554-575) form an alpha helix. The bend between HR1A 

and HR1B contains an atypical stutter similar to that in parain- 

fluenza virus ( Yin et al., 2006 ), which may act as a conformational 

switch ( Weissenhorn et al., 1998 ). Cys511 and Cys556 form a highly 

conserved disulfide bond similar to the two cysteine residues bor- 

dering the internal fusion loop in avian sarcoma leukosis virus 

( Delos et al., 2008 ). HR1C (residues 576-582) forms an extended 

coil linking to HR1D (residues 583-598) ( Lee et al., 2008 ). 

In an interesting study, a cocktail of therapeutic monoclonal an- 

tibodies (MAbs) was used to find the critical residue of GP respon- 

sible for interacting with these MAbs ( Davidson et al., 2015 ). It 

was reported that these MAbs binds to different residues which 

are present in base of GP, glycan cap or mucin like domain. The 

identified peptides of current study are different from these exper- 

imentally identified epitopes and they are located in different re- 

gions of GP protein. These epitopes are highly conserved and have 

potential to generate cross protective immunity against different 

strains of EBOV. The identified epitopes are projecting majorly to T 

cell epitopes and continuous B cell epitopes. It is proposed to use 

the cocktails of these four peptides for generating cell mediated 

and humoral immune response. 

More than 15 vaccine candidates are in preclinical development 

while eight vaccine candidates are dispersed in various stages of 

clinical tests. Two DNA Ebola vaccines under consideration are a 

vaccine encoding a transmembrane-deleted GP sequence from the 

Zaire and Sudan strain (SUDV) along with the NP from the Zaire 

strain of EBOV and a second DNA vaccine containing two DNA 

plasmids in equal proportion expressing the WT GP of EBOV and 

SUDV ( Sridhar, 2015 ). A multivalent filovirus vaccine namely Mod- 

ified Vaccinia Ankara (MVA) that encodes the glycoproteins from 

Zaire, Sudan and Marburg virus and a nucleoprotein from Tai For- 

est Ebola species is under clinical trials. All these effort s to develop 

a vaccine against Ebola virus are a long way from being translated 

into practical applications. Thus, these peptides having the poten- 

tial to induce T and B cell response may be considered in designing 

synthetic vaccine against the Ebola virus. 

5. Conclusion 

Four peptides containing multiple T and B cell epitopes of Ebola 

glycoprotein which are highly conserved in different Ebola strains 

infecting humans were identified. These peptides were found to be 

predicted for a large number of HLA molecules and have shown 

strong binding interactions with 18 HLA molecules. Hence, these 

peptides are proposed as candidates for synthetic vaccine design 

against Ebola virus and need to be validated experimentally in vitro 

or in vivo . 
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Abstract
Immunoinformatics has come by leaps and bounds to finding potent vaccine candidates against various pathogens. In the 
current study, a combination of different T (CD4+ and CD8+) and B cell epitope prediction tools was applied to find pep-
tides containing multiple epitopes against Ebola nucleoprotein (NP) and the presentation of peptides to human leukocyte 
antigen (HLA) molecules was analyzed by prediction, docking and population coverage tools. Further, potential peptides 
were analyzed by ELISA for peptide induced IFN-γ secretion in peripheral blood mononuclear cells isolated from healthy 
volunteers. Six peptides were obtained after merging the overlapping multiple HLA I (CD8+) and II (CD4+) restricted T 
cell epitopes as well as B cell epitopes and eliminating the peptides liable to generate autoimmune and allergic response. 
All peptides displayed 100% conservancy in Zaire ebolavirus. In other Ebola virus species (Sudan, Bundibugyo and Taï 
forest) and Filoviridae members (Lloviuvirus and Margburgvirus), some peptides were found to be conserved with minor 
variations. Prediction tools confirmed the ability of predicted peptides to bind with diverse HLA (HLA-A, HLA-B, HLA-DP, 
HLA-DQ and HLA-DR) alleles. CABS-dock results displayed that the average root mean square deviation (RMSD) value 
was less than three in majority of cases representing strong binding affinity with HLA alleles. Population coverage analysis 
predicted high coverage (> 85%) for expected immune response in four continents (Africa, America, Asia and Europe). Nine 
out of ten blood samples exhibited enhanced IFN-γ secretion for two peptides (P2 and P3). Thus, the identified NP peptides 
can be considered as potential synthetic vaccine candidates against Ebola virus.

Keywords  Epitope-based vaccine · Conservation analysis · HLA alleles · Molecular docking · Ebola nucleoprotein

Introduction

Ebolavirus (EBOV) is a Filoviridae member [1] responsible 
for Ebola virus disease (EVD) which leads to ungoverned 
viral replication and multi-organ failure [2]. The virus is 
known to multiply in various cell types (hepatocytes, 

macrophages, endothelial and epithelial cells) and speedily 
makes its way into the vital organs of the host [3]. Maxi-
mum cases of EVD happen due to person to person transmis-
sion [4]. Approximately, 30,000 cases of Ebola have been 
reported till date since 1976 with North Kivu province being 
the site of latest outbreak in 2018 [5].

EBOV is a single non-segmented negative-stranded 
RNA virus with an unusual, variable-length, filamentous 
morphology. It consists of seven proteins viz. nucleopro-
tein (NP), polymerase cofactors (VP35 and VP40), gly-
coprotein (GP), transcription activators (VP30 and VP24) 
and RNA-dependent RNA polymerase (L) [6]. Like its 
family members, EBOV RNA is incapable of existing in 
naked form [7]. Nucleoprotein (NP) serves as scaffold for 
assembly of filovirus nucleocapsid (NC) which includes 
VP35, V30, VP24 and L [8]. NP interacts with VP35 and 
VP30 [8] which in turn interact with polymerase and help 
in assembling viral replication complex [9]. NC plays role 
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in viral RNA synthesis during proliferation cycle [10–12]. 
Therefore, NP is essential in viral RNA synthesis and virus 
assembly [10] as ssRNA binding is likely dependent on 
oligomerization and proper orientation of NP [10, 11]. NP 
also protects the virus from host innate immune responses 
and provides resistance to host ribonucleases. When NP-
specific CTLs were given to naive mice challenged with a 
lethal EBOV dose, they helped to induce protection against 
EBOV indicating the role of cell-mediated immunity against 
NP [13]. In other recent study, analysis of T cell response 
was carried out for seven proteins of EBOV in 30 individu-
als who survived after EBOV infection and it was observed 
that the maximum survivors (96%) responded against the NP 
protein as compared to other proteins [14]. Hence, NP is a 
highly critical protein and, thus, presents itself as a lucrative 
vaccine design target.

Vaccine development against EBOV is still in develop-
ment phase and various trials include viral vector-based vac-
cines [15], protein-based vaccines [16] and subunit vaccines 
[17]. In recent years, there has been a remarkable progress 
in peptide-based vaccines which are fragments of protein 
antigen sequences assembled into a single molecule capable 
of inducing an immune response. Immunoinformatics tools 
have shown success in elucidating potent peptide vaccine 
candidates against influenza virus [18], hepatitis C [19], 
West Nile virus [20] and EBOV [21]. The immunogenic 
peptides obtained using this approach were validated in 
in vitro system for influenza [22] and in in vivo system for 
Brucella abortus [23] and EBOV [24].

In the present investigation, peptides containing multiple 
epitopes against EBOV NP were selected based on different 
epitope prediction tools and examined for their conservation 
among the EBOV species and other Filoviridae members. 
These peptides were looked for binding potential to diverse 
HLA molecules based on different prediction tools, docking 
and population coverage analysis. Further, in vitro validation 
of immunogenic response of three potential peptides was 
carried out by measuring IFN-γ secreted by peptide-stimu-
lated peripheral blood mononuclear cells (PBMC) isolated 
from healthy blood samples.

Method

Conserved peptides identification

195 unique Ebola nucleoprotein sequences (739 amino 
acids) out of a total of 2407 entries (1976–May 2018) 
were downloaded from viprbrc and NCBI databases. These 
sequences comprised 187 (Zaire), five (Sudan), two (Bundi-
bugyo) and one (Taï Forest) sequences belonging to various 
Ebola species pathogenic to humans. MUSCLE [25] and 
AVANA [26] tools were employed to identify peptide frag-
ments showing at least 90% conservancy.

Prediction of T and B cell epitopes

T cell epitopes were predicted based on a consensus 
approach [27] that includes three prediction tools (SYFPEI-
THI, NetCTL 1.2 and IEDB consensus) for CD8+ T cell 
epitopes (HLA class I) and three tools (MHC2Pred, Propred 
and IEDB consensus) for CD4+ T cell epitopes (HLA class 
II). The detailed information of each tool is mentioned in 
Table 1. The epitopes showing overlaps were further joined 
to obtain peptide fragments containing both CD4+ and CD8+ 
T cell epitopes.

Linear, 10 amino acid long B cell epitopes were identified 
with the help of ABCpred at default threshold (0.51). This 
tool utilizes a recurring neural network method to predict B 
cell epitopes with 65.93% accuracy [33].

Screening of peptides for autoimmune and allergic 
response

Peptides having seven out of nine consecutive amino acids 
identical to human proteome were eliminated using BLAST 
analysis. Allergenicity of the peptides was predicted using 
the online tool AlgPred, which is based on screening IgE 
epitopes in query protein sequence and Motif Alignment & 
Search Tool [34].

Table 1   T cell epitope 
prediction tools

T cell Tools Algorithm Threshold Reference

CD8+ SYFPEITHI Motifs search approach 20 Rammensee et al. [28]
NetCTL 1.2 Weight-matrix method 0.75 Larsen et al. [29]
IEDB consensus Artificial neural network IC50 < 500 nm Nielsen et al. [30]

CD4+ MHC2Pred Support vector machine 
(SVM) method

0.5 Bhasin et al. [31]

Propred Quantitative matrices 3% Singh et al. [32]
IEDB consensus Artificial neural network IC50 < 500 nm Nielsen et al. [30]
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Conservancy analysis amongst Ebola species 
and other filoviridae members

The identified peptides were looked for conservancy in 
human-pathogenic Ebola species (Zaire, Sudan, Bundibu-
gyo and Taï forest) sequences as well as in 18 unique out of 
a total of 79 Marburgvirus nucleoprotein sequences and the 
only available unique nucleoprotein sequence of Lloviuvirus 
obtained from viprbrc and NCBI databases.

Molecular docking

HLA–peptide interaction analysis was done with the help 
of CABS-dock which allows for flexibility of peptide and 
receptor backbone [35]. High-resolution crystal structures 
of eighteen HLA class I and II alleles (nine each) bound 
to their respective native peptide were obtained from PDB. 
The HLA crystal structures without their native peptides 
(peptides already bound to the HLA) were obtained using 
Discovery Studio Visualizer (version 4.1). RMSD values 
obtained by docking the native peptides to their respec-
tive HLA structures served as standard. Peptides showing 
RMSD > 5 or found to be interacting outside the binding 
groove were eliminated.

Population coverage analysis

IEDB population coverage analysis tool, based on peptide-
HLA data and HLA genotypic frequency, plays an important 
role in a bid to develop a globally protective vaccine. The 
selected peptides and their HLA alleles obtained from pre-
diction tools were used as input for this tool. For this analy-
sis, four different geographical continents (Africa, America, 
Asia and Europe) were chosen. Africa, America and Asia 
comprised 13 different geographical regions and, therefore, 
the average of population coverage for these regions was 
considered. Analysis was also carried out by taking into 
account the whole world.

Statistical analysis

One-way Anova followed by Tukey’s multiple comparison 
test using GraphPad Prism was carried out to analyze the 
docking data.

Measurement of IFN‑γ secreted 
by peptide‑stimulated peripheral blood 
mononuclear cells

P2, P3 and P5 were commercially synthesized by GL Bio-
chem (Shanghai) Ltd. Healthy blood samples were obtained 
from Nitin Hospital, Patiala and Rajindra Hospital, Patiala 
(India) after informed consent from all volunteers. The 

study was approved by the institutional ethical committee. 
Peripheral blood mononuclear cells (PBMC) were isolated 
via ficoll density gradient method [22]. Restimulation assay 
was carried out for measuring peptide-induced IFN-γ secre-
tion with certain modifications to the previous report [36]. 
In a 96-well cell culture plate, 2 × 105 cells were seeded per 
well in a total volume of 200 µL complete media (RPMI-
1640 supplemented with 10% fetal bovine serum, 100 µg/mL 
streptomycin, 100 I.U./mL penicillin and 10 mM HEPES) 
and stimulated with each peptide (50 µg/mL). Unstimulated 
cells served as negative control while cells stimulated with 
10 µg/mL of concanavalin A (ConA, Sigma-Aldrich) served 
as positive control. Restimulation was done on 3rd day with 
each peptide. On 5th day, IFN-γ secreted by unstimulated, 
peptide-stimulated and ConA-stimulated cells was meas-
ured by performing ELISA with the help of human IFN-γ 
mini Elisa development kit (Peprotech, USA). A micro-
plate reader (Tecan Austria) was used to take absorbance at 
405 nm with 630 nm as reference wavelength. All experi-
ments were carried out in triplicates. IFN-γ production was 
expressed as fold change which is the ratio of absorbance of 
peptide-stimulated cells and unstimulated cells.

Results

Conserved peptides containing T and B cell epitopes 
and having no autoimmune and allergic properties

Four overlapping fragments (C1–C4) with ≥ 90% conserv-
ancy in 195 Ebola nucleoprotein sequences were obtained 
after multiple sequence alignment via MUSCLE and con-
servancy analysis via AVANA (Online Resource 1). Next, 
epitopes commonly predicted in the identified fragments by 
six epitope prediction tools (three each for HLA class I and 
II) were considered. Initially, 105 and 79 HLA class I (CD8+ 
T cell) and II (CD4+ T cell) binding epitopes were obtained, 
respectively (Online Resource 2). Twelve peptide fragments 
containing multiple CD8+ and CD4+ T cell epitopes were 
obtained by merging overlapping epitopes (Online Resource 
3).

A total of 201 linear B cell epitopes were obtained 
after analyzing the four conserved fragments (C1–C4) via 
ABCpred (Online Resource 2). The predicted B cell epitopes 
were present only in eight identified fragments. These 
eight peptides were checked for autoimmune and allergic 
responses. Two peptide fragments (VGHMMVIFRLM-
RTNFLIKFLLIHQGMHMV and YAPFARLLNLSGV) 
exhibited similarity to intrinsic human proteins based on 
BLAST analysis and, hence, were eliminated. Algpred tool 
confirmed none of the peptides to be allergic in nature. Thus, 
six non-self and non-allergic peptide candidates possessing 
multiple B and T cell epitopes were selected (Table 2).
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Conservation analysis of peptides amongst different 
Ebola virus species and related family members

Six identified fragments were investigated for their con-
servancy in different species of Ebola virus (Zaire, Sudan, 
Bundibugyo and Taï Forest) and other members (Marburg-
virus and Lloviuvirus) of Filoviridae to judge the potential of 
these candidates to develop cross protective immunity. Inter-
estingly, all selected peptides showed 100% conservancy 

amongst Zaire ebolavirus nucleoprotein sequences 
(Table 3). P3 was found to be 100% conserved in all Ebola 
virus species and Lloviuvirus and there was a single amino 
acid variation in case of Marburgvirus. P5 was found to be 
100% conserved in three Ebola virus species (Zaire, Bun-
dibugyo and Taï Forest) while one amino acid variation at 
same position was observed in Sudan, Lloviu and Marburg 
viruses (Table 3). Rest of the peptides were found with few 
variations in different Ebola virus species. In most cases, one 

Table 2   Peptides representing 
the presence of different T and 
B cell epitopes

Peptide fragments CD8+ epitopes CD4+ epitopes B-cell epitopes

MDYHKILTAGL (P1) YHKILTAGL MDYHKILTA DYHKILTAGL
YHKILTAGL

IVRQRVIPVYQVNNLEEI (P2) IVRQRVIPV IVRQRVIPV VYQVNNLEEI
VRQRVIPVY IPVYQVNNL RVIPVYQVNN
IPVYQVNNL VYQVNNLEE RQRVIPVYQV
YQVNNLEEI YQVNNLEEI

FLSFASLFLPKL (P3) FLSFASLFL FLSFASLFL FLSFASLFLP
SFASLFLPK LSFASLFLPK
FASLFLPKL

ERGVRLHPLARTAK (P4) ERGVRLHPL LHPLARTAK RLHPLARTAK
GVRLHPLAR VRLHPLART​ ERGVRLHPLA

VRLHPLARTA​
LFPQLSAIALGVATAHGS (P5) FPQLSAIAL LFPQLSAIA AIALGVATAH

QLSAIALGV FPQLSAIAL LSAIALGVAT
LGVATAHGS FPQLSAIALG

ALGVATAHGS
QLSAIALGVA

VLYYHMMKDEPVVF (P6) HMMKDEPVV VLYYHMMKD YHMMKDEPVV
LYYHMMKDE VLYYHMMKDE
YHMMKDEPV HMMKDEPVVF
MMKDEPVVF

Table 3   Peptide conservation in Ebola virus species and other filoviridae members

a P2 and P4 of Sudan and Marburg virus, respectively, have two variable sequences

Virus species MDYHKILT-
AGL (P1)

IVRQRVIPVYQVNN-
LEEI (P2)

FLSFA-
SLFLPKL 
(P3)

ERGVRLHPLARTAK (P4) LFPQLSAIALG-
VATAHGS (P5)

VLYYHM-
MKDEPVVF 
(P6)

ZAIRE 100% 100% 100% 100% 100% 100%
aSUDAN LDYHKILT-

AGL
IVRQRIIPVYVVS-

DLEGI/IVRQRVIPVY-
VVNDLEGI

100% DLGVRLHPLARTAK LYPQLSAIALG-
VATAHGS

INYYHLMS-
DEPIAF

TAÏ FOREST TDYHKILT-
AGL

IVRQRVIQVHQVTN-
LEEI

100% EHGVRLHPLARTAK 100% ILYYYM-
MTEEPIVF

BUNDIBUGYO ADYHKILT-
AGL

IVRQRIIPVYQISNLEEV 100% EHGVRLHPLARTAK 100% ILYYHM-
MKEEPIIF

LLOVIU 100% EAGVQLHPLART​SK LYPQLSAIALG-
VATAHGS

aMARBURG​ FLSFCS-
LFLPKL

DSGVTLHPLVRTSK/ 
DSGVALHPLVRTSK

LYPQLSAIALG-
VATAHGS
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variable sequence was observed but P2 (Sudan ebolavirus) 
and P4 (Marburgvirus) were found to be with two variable 
sequences (Table 3). P1, P2 and P6 could not be located in 
NP sequence of Lloviu and Marburg viruses.

Peptide–HLA interactions

Peptides are presented by HLA molecules to induce immune 
response and HLA polymorphism is well known [37, 38]. 
Therefore, it is desirable for potent peptide vaccine candi-
dates to exhibit interaction with a wide range of HLA mol-
ecules. During epitope prediction, all HLA alleles/super-
types available in various tools (Table 4) were considered. 
All selected peptides were found to bind with diverse and 
large number of HLA alleles which are of HLA-A, HLA-B, 
HLA-DP, HLA-DQ and HLA-DR types (Table 4) and the 
complete detail of HLA restrictions of all peptides has been 
mentioned (Online Resource 4). P2, P3 and P5 peptides were 
found to be predicted for most HLA types (Table 4) as well 
as maximum number of HLA alleles (Online Resource 4).

Docking study gives a wider prospective to understand 
the actual binding interaction of peptides with HLA mol-
ecules. Eighteen HLA alleles belonging to different HLA 
categories were chosen for docking with CABS-dock. Crys-
tal structures for eighteen HLA alleles were obtained from 
PDB and native peptides, ranging from 8 to 11 residues 
in length for HLA class I and 9–20 residues in length for 
HLA class II, were separated using Discovery studio Visu-
alizer 4.1. Nonamer CD8+ T cell epitopes which are part of 
selected six peptides (Table 2) were docked with HLA class 

I molecules as the binding groove of HLA class I is closed 
and can accommodate 8–10 residue peptides. HLA class II 
has open grooves and is capable of presenting 13–25 residue 
peptides; thus, six peptides as such were docked with class 
II molecules [39]. RMSD values (CABS-dock) obtained by 
docking native peptides to their respective HLA molecules 
were used as test control.

The average of RMSD values of CD8+ T cell epitopes 
(HLA class I) which are associated with respective pep-
tide is plotted in Fig. 1. The models with RMSD value < 3 
are considered high-quality predictions while those with 
3 ≤ RMSD ≥ 5.5 as moderate quality predictions [40]. In 
some HLA–peptide interactions such as P1 (B*1801 and 
DRB*0101), P4-DQ8 and P6-DQ8, the RMSD value was 
> 5 showing poor quality prediction and, hence, these values 
were not plotted. In majority of the cases, the RMSD value 
was less than 3 for peptide-HLA (class I and II) (Fig. 1). 
The mean and median RMSD value of each peptide was also 
found to be less than 3 which confirmed the strong binding 
interaction of predicted peptide with eighteen HLA mol-
ecules (Table 5). It was observed that RMSD values of all 
peptides were not significantly different from native peptides 
and also within the range of native peptides with few vari-
ations. The majority of RMSD data display either positive 
skewness or a skewness value close to zero (normal dis-
tribution) indicating stable interactions between a greater 
number of HLA alleles and identified peptides. P2, P4 and 
P6 displayed negative skewness for HLA class I indicating a 
highly stable interaction between them and only a few HLA 
class I alleles while these peptides displayed positive skew-
ness for HLA class II alleles. Based on mean binding energy, 

Table 4   Peptides containing multiple epitopes binding to diverse HLA alleles

**Both alleles and supertypes (a supertype is a group consisting of similar alleles) have been mentioned in this table. A complete list of alleles 
predicted by various computational tools for all the identified peptides has been provided (Online Resource 4)
a Total number of HLA alleles/supertypes in each tool

Tools Class I Class II

SYFPEITHI NetCTL 1.2 IEDB ProPred MHC2Pred IEDB

HLA type A B A B A B DR DQ DR DP DQ DR
Numbera 7 26 5 7 18 32 51 11 27 5 6 14
MDYHKILTAGL 

(P1)
– 4 – 2 – 1 22 5 5 – 1 10

IVRQRVIPVY-
QVNNLEEI (P2)

1 5 1 5 5 6 51 9 18 3 2 14

FLSFASLFLPKL 
(P3)

3 2 3 1 9 – 18 2 4 5 1 7

ERGVRLH-
PLARTAK (P4)

3 5 1 1 2 3 24 – 7 – 1 7

LFPQLSAIALGVA-
TAHGS (P5)

2 4 1 3 3 6 15 3 6 1 2 10

VLYYHMMK-
DEPVVF (P6)

1 – 1 – 2 – 18 4 7 4 2 13
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P5 displayed best interaction with HLA class I molecules 
amongst the identified peptides while P2 and P3 displayed 
better interaction ability with HLA class II molecules as 
compared to native peptides (Table 5).

In addition to docking and HLA coverage in tools, popu-
lation coverage analysis was carried out which provides the 
expected response of the peptides to various HLA molecules 
in different geographic regions. Encouraging results were 
observed as the all peptides exhibited more than 95% cover-
age for American, Asian and European populations (Fig. 2) 
and the expected response was found to be 90–100% when 
the analysis was done by taking whole world. The average of 
response for each peptide to four continents (Africa, Amer-
ica, Asia and Europe) comprising 14 total geographical areas 
was P1 (94.7%), P2 (96%), P3 (95.4%), P4 (85%), P5 (95%) 
and P6 (94.3%).

Mapping of peptide fragments

P2–P5 were found to be located in the core domain of NP 
protein. P1 was found to be near the N tail of the protein 
while P6 was found to be a part of C tail (Fig. 3).

Peptide‑induced IFN‑γ secretion

Three peptides (P2, P3 and P5) performed better during 
docking analysis as well as exhibited greater HLA allele cov-
erage. Hence, these peptides were tested in vitro to validate 
their immunogenic potential. PBMC isolated from healthy 
blood samples were incubated as such (unstimulated cells), 
with peptides (peptide-stimulated cells) and ConA (posi-
tive control). 9 out of 10 samples showed enhanced IFN-γ 
secretion (fold change > = 1.0) for peptide-stimulated cells 
in case of P2 and P3. P5 was less responsive as only 2 out 
of 10 samples clearly showed enhanced IFN-γ secretions as 

Fig. 1   RMSD of the native peptide (NP) and identified Ebola nucleo-
protein peptides obtained by CABS-dock analysis. For HLA class I, 
RMSD of a Native peptide, P1 P2 and P3 peptides and b Native pep-
tide, P4, P5 and P6 peptides. For HLA class II, RMSD of c Native 
peptide, P1, P2 and P3 peptides and d Native peptide, P4, P5 and P6 
peptides. For a and b, the mean RMSD of epitopes belonging to the 
respective peptide was considered except for peptides consisting of a 

single CD8+ T cell specific epitope (P1 and P6). For c and d, RMSD 
value obtained after docking-identified peptides with various HLA 
alleles was considered. Native peptides represent the peptide that 
already existed in the crystallographic structures of the HLA mol-
ecules. They were separated and docked with their respective HLA 
molecule. RMSD values found to be > 5 represent poor quality pre-
dictions and, hence, they were not plotted
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compared to unstimulated cells (Fig. 4). ConA-treated cells 
showed more IFN-γ production for all the samples.

Discussion

Peptides as a choice for vaccine formulation is one of the 
recent developments and many peptide-based vaccines are 
in different stages of clinical trials. More than ten anti-cancer 
peptide vaccine candidates have made it to phase III trials 
[41]. Phase II trials are being conducted for peptide vaccines 
against influenza [42] and HPV-induced cancer [43]. Rely-
ing solely on in vitro or in vivo analysis for immunogenic 
peptide identification is cumbersome and not feasible in all 
facilities around the world. Computational immunology 
offers advantages in downsizing the number of peptide can-
didate to be validated in vitro or in vivo. In the current study, 
six EBOV NP peptides containing multiple epitopes having 
potential to interact with an array of HLA molecules were 
identified. Numerous computational works have been done 
in identifying epitopes against different infectious organisms 

Table 5   Comparative analysis of RMSD value (CABS-Dock) of selected peptides with native peptides

NP native peptide (Peptides which were bound to the PDB HLA structure)

Minimum 25% percentile Median 75% percentile Maximum Mean SD Skewness Sig-
nificant? 
P < 0.05?

Class I
NP 0.60 1.15 1.80 2.85 3.70 1.94 1.03 0.62
P1 0.60 1.02 1.20 4.07 4.90 2.08 1.74 1.27 ns
P2 0.90 1.45 2.50 2.75 2.90 2.16 0.75 − 1.01 ns
P3 1.0 1.30 2.20 2.85 3.10 2.06 0.79 − 0.01 ns
P4 0.20 1.40 1.90 2.90 3.50 2.06 1.02 − 0.52 ns
P5 1.0 1.25 1.90 2.70 2.80 1.95 0.76 − 0.02 ns
P6 0.20 1.87 2.10 2.67 3.70 2.16 0.98 − 0.73 ns
Class II
NP 1.40 1.65 2.40 3.10 3.40 2.36 0.72 0.08
P1 0.60 1.82 2.60 3.82 4.90 2.73 1.36 0.08 ns
P2 1.20 1.37 1.95 2.47 3.10 2.00 0.64 0.42 ns
P3 1.10 1.47 2.05 2.42 3.00 2.00 0.60 0.13 ns
P4 0.70 1.52 2.00 3.00 4.50 2.28 1.17 0.78 ns
P5 0.90 1.75 2.50 3.75 4.70 2.67 1.25 0.34 ns
P6 1.10 2.00 2.80 4.70 4.90 3.10 1.45 0.04 ns

Fig. 2   Population coverage of the identified peptides in four differ-
ent continents and whole world. The mean population coverage for 
three different geographical continents (America, Africa and Asia) 
has been plotted

Fig. 3   Schematic presentation 
of identified peptides in differ-
ent regions of Ebola nucleo-
protein
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such as Leishmania [44], Mycobacterium tuberculosis [45] 
and influenza virus [46]. Immunoinformatically identified 
peptides have shown enhanced proliferation and IFN-γ pro-
duction in peptide-induced peripheral blood mononuclear 
cells [22]. Also, in vivo validation of computationally gen-
erated peptide vaccine candidates with mice as subject for 
Leishmania donovani [47], Moraxella catarrhalis [48] and 
Brucella abortus [23] showed promising results. Hence, 
computational identification of potential peptide vaccine 
candidates against different infections has picked pace in 
recent years. EBOV represents a serious concern for human 
health and, thus, with the application of various computa-
tional tools, six EBOV NP peptides containing multiple T 
and B cell epitopes were designed. Owing to the presence of 
different epitopes, these peptides may be capable of generat-
ing both humoral and cell-mediated immunity.

One of the interesting aspects of this study is the usage 
of consensus approach in which six prediction tools (three 
each for CD8+ and CD4+ T cell epitopes) were employed. 
The advantage of consensus approach is consideration of 
multiple prediction algorithms, immunological factors 
and databases in predicting the epitopes. In contrast to the 
present study, Sundar et al. used one prediction tool [49] 
while two prediction tools were used by Dutta et al. [50]. 
An approach similar to the current study was employed by 
Dikhit et al. where three different prediction algorithms were 
used to define only CD8+ T cell epitopes but not CD4+ T 
cell epitopes [51]. In all these studies [49–51], the work 
was carried out only for identifying CD8+ T cell epitopes. 
The present study focuses on the identification of peptides 
containing both CD8+ and CD4+ T cell epitopes. Further, in 
contrast to previous studies [49–51] where protein sequences 
were taken from single EBOV strain, the present study has 
considered the sequences from 1976 to May 2018 of all 
EBOV strains infecting humans. The conserved sequences 

obtained from 195 unique Ebola nucleoprotein sequences 
were taken for predicting the epitopes.

As per the comparative analysis performed with the help 
of IEDB, none of the six peptide fragments were found to 
be reported exactly in any of the previous studies. YQVNN-
LEEI, FLSFASLFL and FPQLSAIAL are the partial frag-
ments of P2, P3 and P5 peptides, respectively (Table 2), that 
have been reported to induce CD8+ T cell response in earlier 
studies [49, 52–55]. In another study, mice injected with 
EBOV NP vaccine responded by producing protective CTLs 
against VYQVNNLEEIC (consisting of a part of P2) [56]. 
A large peptide sequence, HILRSQGPFDAVLYYHMMK-
DEPVVFSTSDGKEYTYP (consisting of P6), was reported 
to induce CD8+ T cell response in human survivors [14].

Any component of a vaccine may contribute to adverse 
effects after vaccine administration [57]. There is a chance 
of autoimmune reactions after vaccination [58]. Associa-
tion of polyarthritis and thrombocytopenia with hepatitis B 
vaccine administration has been reported [59]. Also, neu-
ral complications on administering anti-rabies and tetanus 
vaccinations have been presented in previous studies [60]. 
Hence, BLAST analysis was applied in the current study to 
remove potential autoimmune response elucidators. VGH-
MMVIFRLMRTNFLIKFLLIHQGMHMV was eliminated 
owing to its similarity to human Anaphase-promoting com-
plex/cyclosome and YAPFARLLNLSGV was eliminated as 
it showed similarity to homeobox protein, Hox-B9. Angi-
oedema, bronchospasm, shock and a drop in blood pressure 
are some of the allergic responses to vaccines [57]. Mea-
sles–Mumps–Rubella (MMR) vaccination has been reported 
to induce anaphylactic reactions in some individuals and 
has been a subject of great debate for administration to egg 
allergic children [61, 62]. Current in silico analysis estab-
lished that all peptides under consideration were incapable 
of inducing any allergic responses.

Fig. 4   IFN-γ secretion by peripheral blood mononuclear cells of 
10 healthy blood samples has been presented and expressed as fold 
change for a P2, b P3 and c P5. Fold change is the ratio of absorbance 

of peptide-stimulated cells and unstimulated cells. S1–S10 represent 
the 10 healthy blood samples. ConA:Concanavalin A
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To validate the in silico selected peptides in the in vitro 
system, three peptides were checked for IFN-γ secretion in 
peptide-stimulated PBMC. In previous studies also, extra-
cellular release of IFN-γ to represent antigen-induced pro-
liferation of T cells has been measured by ELISA [22, 63, 
64]. Interestingly, nine out of ten samples responded with 
enhanced IFN-γ production for two peptides (P2 and P3), 
thus validating the immunogenic potential of these compu-
tationally identified peptides.

Conservation analysis presented a wider prospective to 
identify peptide candidates which may have the potential to 
provide immunity against existing and future viral strains as 
well as cross protective immunity. As per various previous 
studies, 36–351 residues (P2-P5 lie in this polypeptide) are 
highly conserved amongst all EBOV strains, Marburgvirus 
as well as Lloviuvirus [11] belonging to the same family 
(Filoviridae) and other Mononegavirales members such 
as respiratory syncytial virus [65], Nipah virus [66] and 
Parainfluenza virus 5 [67] have shown structural similarity 
to EBOV. The identified peptides have shown conservation 
and similarity with EBOV species and other filovirus (Mar-
burgvirus and Lloviuvirus) but not with other Mononega-
virales members. Interestingly, all selected peptides were 
100% conserved amongst Zaire ebolavirus strains. Further, 
P3 and P5 were conserved (100%) in most human infecting 
Ebola species and considered filoviridae members barring 
a single amino acid variation in a few species. These results 
supported the idea of development of cross-protective pep-
tide vaccine.

One of the challenges in the development of peptide-
based vaccine is to identify peptide candidates which pro-
vide immunity to different populations across the world. 
Adaptive immune response is directly associated with pep-
tides presented by HLA molecules which are highly poly-
morphic. 13,680 HLA I and 5091 HLA II alleles belonging 
to different populations of the world have been reported in 
IPD-IMGT/HLA Database (release version 3.33, July 2018) 
[68, 69]. Peptide selection in the current study was done 
by accounting for multiple epitopes which provide oppor-
tunity to include large number of HLA alleles belonging to 
HLA-A, HLA-B, HLA-DP, HLA-DQ and HLA-DR. Further, 
docking studies have been carried out previously to ascertain 
the same in case of influenza virus and human baculo virus 
[18, 70]. Docking analysis was also carried out for EBOV 
epitopes with only HLA A0201 allele earlier [51]. In the cur-
rent study, high-resolution nine PDB protein structures, each 
of HLA class I and II belonging to different HLA alleles, 
were considered. Statistical analysis indicated that the aver-
age RMSD value of selected peptides was not significantly 
different from that of native peptides indicating their similar 
binding potential. Moreover, RMSD value is less than 3 in 
most of the cases indicating highly favorable binding inter-
actions with selected HLA molecules. Population coverage 

analysis was employed as an additional computational tool 
to judge the expected immune response of peptides in differ-
ent geographical populations. Average population coverage 
lied in the range 90–100% for America, Asia, Europe and 
whole world which further confirmed the potential of the 
selected peptides as global vaccine candidates.

Further, these peptides were found to be parts of crucial 
nucleoprotein domains. P1–P5 are a part of N terminal 1-450 
residues, a polypeptide which in itself is sufficient for viral 
genome replication [71]. P2–P5 are a part of N-terminal 
36–351 residues which are needed for NP oligomerization and 
RNA binding [12]. Most of P1 form an oligomerization arm of 
NP [11]. A part of P1 lies in N-terminal 1–24 residues which 
enhance ssRNA binding as well as control NP intermolecular 
interactions [10, 12]. One residue of P3 (160th) is amongst 
the four important nucleoprotein residues (160, 171, 174 and 
248) responsible for RNA encapsidation [72] and their dele-
tion impairs EBOV replication [73]. Residues of P4 and P5 
(264, 268 and 316) are involved in the formation of a highly 
conserved hydrophobic pocket significant for RNA formation 
[12].

Vaccine development against EBOV is in progress and 
nearly eight ebola vaccines candidates have made it to clini-
cal trials [74]. A replication competent vesicular stomatitis 
virus vector-based vaccine named rVSVΔG-ZEBOV-GP has 
shown encouraging results in random and non-random tri-
als conducted in Guinea, West Africa [75] and was proven 
to be effective with tolerable side effects [76]. Another vac-
cine named ChAd3-EBO is a non-replicating chimpanzee 
adenovirus vector-based vaccine which has exhibited efficacy 
in non-human primates [77] and an increased response with 
a modified vaccinia Ankara (MVA) booster [78]. Although 
some EBOV vaccines are in clinical trials, there is still a long 
way to reach the market. Peptides identified in this study offer 
advantages of being small molecules with a potential to pro-
vide immunity against all EBOV strains and other filoviruses 
and, hence, might be considered for designing a globally pro-
tective vaccine.

Conclusion

Six non-self and non-allergic peptides having multiple T and 
B cell epitopes were obtained and found to be 100% conserved 
in Zaire EBOV species. These peptides were predicted for 
diverse HLA alleles and found to have strong binding affin-
ity with eighteen different HLA molecules. Also, the peptides 
exhibited strong population coverage among the different geo-
graphical regions across the globe. Two out of three potential 
peptides tested for in vitro immune response showed enhanced 
IFN-γ production for peptide-stimulated PBMC. Thus, these 
peptides are proposed to be validated further to inculcate 
these peptides in design of a synthetic peptide vaccine against 
EBOV and related species.
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