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Preface

Infectious diseases are some of the most common causes of morbidity and mortal-
ity. Vaccination is the most effective and scientifically based means of protection 
against preventable infections. This has been proven by more than 200 years of 
experience in vaccination, starting from the time of Edward Jenner (1749–1823), 
who developed the smallpox vaccine, which was the world’s first ever vaccine. The 
use of vaccines has made it possible to defeat several dangerous viral infections such 
as polio and rabies.

This book includes a series of chapters that  highlight some issues of human and ani-
mal vaccine development against several bacterial, viral, and parasitic infections.

Currently, a global problem is the widespread coronavirus infection caused by 
SARS-CоV-2, which is actively mutating. The usual path of vaccine development 
from antigen selection through preclinical studies and clinical trials to production 
can take more than ten years. To develop a vaccine against COVID-19 as quickly 
as possible, scientists and developers have worked in parallel at several different 
stages. This confirms that vaccine research is always relevant and must continue.

The authors hope that this book will be interesting for a wide range of readers 
interested in the theory and practice of developing vaccines and vaccine prevention.

I would like to thank all the authors for their excellent contributions. I dedicate this 
book to my parents who provided invaluable support during the process of prepar-
ing this volume for publication. I am also grateful to the staff at IntechOpen for 
their prompt assistance at all stages of this work.

Yulia Desheva
Head of Department of Translation Medicine,

FSBSI ‘Institute of Experimental Medicine’,
Saint Petersburg, Russian Federation

Professor,
Saint Petersburg State University,

Saint Petersburg, Russian Federation
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Chapter 1

Introductory Chapter: Current 
Trends in Vaccine Development
Yulia Desheva

1. Introduction

Ever since Edward Jenner proposed in 1796 a prophylactic inoculation of  
cowpox using the lymph of a diseased animal as a vaccine [1], vaccination of 
humans has become widespread. Currently, millions of people around the world 
receive vaccines against viral and bacterial infections. The first generation of 
vaccines were whole particles of pathogens, attenuated and inactivated in various 
ways. The whole virion lives attenuated and inactivated vaccines have the longest 
history of use. Inactivated vaccines contain non-viable viruses, and repeated injec-
tions are often required to form an immune response. Although, the experience of 
eliminating dangerous viral infections, such as smallpox, measles, and poliomyelitis 
suggests that the use of live vaccines provides the necessary epidemic efficiency and 
effectiveness of anti-epidemic measures.

Live attenuated influenza vaccines (LAIVs) have been used in Russia since the 
1960s. In the early days of LAIV production, the serial passage in chick embryos 
(CE) produced attenuated viruses, which were host-range (hr-) mutants. Serial 
passages in CE at a temperature lowered to 25–28°C made it possible to regularly 
obtain cold-adapted (ca-) vaccine strains from all varieties of influenza A and B 
viruses which were safe for children [2]. Based on data on the segmented genome 
of the influenza virus, it became possible to develop vaccine strains production 
using genetic reassortment of epidemic influenza viruses and an attenuated master 
donor strain (MDS) [3]. The main features of reassortant vaccine strains—safety 
for susceptible people and genetic stability—are determined by the properties of 
MDS. A cold-adapted MDS A/Leningrad/134/57 (H2N2) is currently used in Russia 
to prepare the reassortant A/H1N1 and A/H3N2 LAIV vaccine strains [4]. The MDS 
B/USSR/60/69 was developed for the production of vaccine strains of type B influ-
enza viruses [5]. In 2003, the American LAIV was manufactured by MedImmune. 
Inc. was licensed for use in North America and Europe [6]. LAIV has been shown 
to be particularly effective in preventing influenza among young children [7]. 
Differences between Russian and American MDSs are both in the total number of 
passages and in the cell model.

Until recently, influenza viruses were considered the main causative agents 
of pandemics and annual epidemics in the modern world. Influenza epidemics 
have resulted in approximately 3–5 million cases of severe infection and between 
290,000 and 650,000 deaths worldwide annually [8]. New coronavirus infection 
disease (COVID-19), which was first reported on December 31, 2019, in Wuhan, 
China, caused more than 378 million cases and more than 5.6 million deaths world-
wide [https://github.com/CSSEGISandData/COVID-19] as have been reported on 
February 1st, 2022.

Back in 2015, a chimeric virus expressing the spike of bat coronavirus SHC014 
based on a mouse-adapted severe acute respiratory syndrome coronavirus 
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(SARS-CoV) backbone was reported to have been able efficiently bind to human 
ACE2 receptor and replicate efficiently in primary human airway cells. In mice, the 
double-inactivated whole SARS-CoV vaccine failed to neutralize and protect from 
infection with CoVs with the novel spike protein [9]. However, the use of modern 
technologies has made it possible to prepare and apply a number of vaccines against 
this infection in the shortest possible time.

A large part of the development of prototypes of COVID-19 vaccines is based on 
the use of viral vectors. The technology for this approach is based on the insertion of 
a gene encoding the target viral protein into the genome of a viral vector. A vector is 
another virus that does not cause disease in humans. For example, to create a vaccine 
against COVID-19, a gene encoding a coronavirus protein is inserted into an adeno-
virus [10]. An obstacle to the use of such vaccines is the presence of antibodies to the 
viral vector in humans. In this case, to obtain a full-fledged immune response is to 
adjust vaccination regimens, such as priming boosting is applied.

The production of vaccines based on both non-replicating mRNA and self-
amplifying mRNA is a promising new direction in vaccinology. DNA and RNA 
vaccines are preparations based on the nucleic acid to deliver viral genetic material 
into the cells of the body. This was limited the use of DNA and RNA vaccine as and 
for a long time no nucleic acid-based preparation has been used in clinical practice 
in humans. The emergence of the COVID-19 pandemic has dramatically accelerated 
this research and RNA vaccines are now widely used.

There are several advantages of mRNA vaccines over conventional methods, 
namely: minimization of the potential risk of infection and mutagenesis due to the 
natural degradation of mRNA in the cellular microenvironment; high efficiency of 
the immunogen due to structural modifications of mRNA increases its stability and 
translation efficiency; highly effective mRNA-based vaccines able to generate anti-
viral neutralizing antibodies; recombinant mRNA facilitates large-scale production 
of sufficient doses vaccines needed to treat large population groups. These factors 
make an mRNA vaccine more suitable for rapid pandemic response [11].

The SARS-Cov-2 mutates rapidly, with the formation of new variants with 
increased transmissibility such as Delta (B.1.617.2 and AY lineages) and Omicron 
(B.1.1.529 and BA lineage [https://www.cdc.gov/coronavirus/2019-ncov/variants/
variant-classifications.html#anchor_1632158924994]. Therefore, the development of 
universal or polyepitope vaccines is relevant. Antigen selection is a key aspect of any 
vaccine design. Developing computer and bioinformatic technologies and applied 
mathematical analysis help to predict antigenic determinants SARS-CoV-2 and 
immune responses to them. The concept of a multi-epitope vaccine against SARS-
CoV-2 is in the identification and assembly of epitopes for B cells, CTL CD8+ and 
T-helpers CD4 + .B- and T-cell epitopes into a single immunogen, which can induce a 
more effective response of both parts of immunity—humoral and cellular [12].

Another concern with the high variability of SARS-Cov-2 is the possible need for 
frequent and repeated vaccinations. This raises the question of which vaccines will be 
safe and effective for these purposes. In general, the information accumulated to date 
on the pathogenesis of COVID-19 infection indicates the central role of the mucous 
membranes and mucosa-associated lymphoid tissues in the initiation, clinical devel-
opment, and spread of the [13]. As evidenced by studies of taxonomically and struc-
turally similar coronaviruses (SARS-CoV and MERS-CoV), mucosal vaccination 
may provide a safe and effective way to induce not only long-term mucosal immunity 
but also systemic immune protection against SARS-CoV-2 [14, 15]. It is considered 
that genetically modified microorganisms, including probiotic strains, are attrac-
tive agents for oral administration or mucosal delivery of vaccine antigens. Several 
studies have shown that mucosal administration of antigens is capable of eliciting 
an immune response mediated by mucosal-specific serum IgG and IgA along with 
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mucosal cell-mediated immune responses that effectively neutralize and eradicate 
infections [16–18]. Thus, advances in modulating mucosal immune responses, and 
in particular the use of probiotics as live delivery vectors, may encourage prospective 
studies to evaluate the efficacy of genetically engineered probiotics in SARS-CoV-2 
infection [19, 20]. Controversial aspects of the use of genetically modified probiotics 
lie in overcoming interference between mucosal delivery of therapeutic agents and 
the immune system.

Along with this, it is worth mentioning the development of vaccines against 
bacterial infections. The number of bacterial vaccines against common pathogens 
such as whooping cough, Streptococcus pneumoniae, and Haemophilus influenzae are 
also widely used and updated. Pneumococcal polysaccharide or conjugate vaccines 
are currently used, which are based on a limited set of polysaccharide antigens of 
the bacterial capsule. Although, polysaccharide vaccines require a constant change 
in composition in view of the fact that when vaccinating the population, bacterial 
serotypes that are not included in the vaccine begin to dominate and cause disease 
[21, 22]. Therefore, pneumococcal vaccines include more and more components, for 
example, pneumococcal conjugate vaccine Prevnar was first prepared as a 7-compo-
nent preparation, then as a 13-component preparation, and now it is being prepared 
as a 20-component preparation [23]. The inclusion of a large number of components 
and their modification with a protein adjuvant makes the vaccine difficult to control 
in terms of quality and safety, and also expensive. In addition, the polysaccharide 
components of the vaccine do not provide a long immunological memory, which 
requires their modification with adjuvants or repetitive revaccination [23]. Current 
trends in the development of vaccines against pneumococcal infection include the use 
of protein factors of bacterial pathogenicity, such as highly conservative lipoprotein or 
enzymes (nucleases, proteases, hemolysin, peptidase) which are preferable over poly-
saccharide vaccines due to the lower variability and higher immunogenicity [24, 25].

Finally, a number of areas include the development of vaccines against a num-
ber of somatic diseases, which, as it turned out, are closely related to a number of 
pathogens. For example, even 50 years ago, no one could have imagined that such 
diseases as stomach and duodenal ulcers are of infectious origin and are related to 
Helicobacter pylori. The development of an anti-Helicobacter pylori vaccine turned 
out to be a rather complicated project due to the number of pathophysiological, 
immunological, and technological difficulties. Nevertheless, a promising direction 
in improving H. pylori vaccines is the search for effective mucosal adjuvants and 
the use of immunostimulatory probiotics during the administration of a vaccine. 
Perhaps in the future, it will be possible to prevent somatic diseases by vaccinating 
against the corresponding infections.

In conclusion, it should be noted that vaccination is the most effective and cost-
effective means of protection against infectious diseases known to modern medi-
cine. The use of vaccines has reduced, and in some cases completely eliminated, a 
number of diseases from which tens of thousands of children and adults previously 
suffered and died. Vaccines represent the most powerful defense tool in reducing 
the risk of a pandemic outbreak and will play a critical role in response to any future 
pandemic. The development and testing of new vaccine platforms contribute to the 
rapid release of vaccines against new pathogens that continually arise and regener-
ate. To fight new emerging infections, the creation and deposit of prototype vaccine 
candidates can also help. When developing new vaccines, the future of the drug 
is determined by such factors as the possibility of reducing the incidence and the 
benefits of using the vaccine, the risk of complications and possible damage from 
vaccination, the cost of the vaccine, and economic benefits. The cost of vaccination 
for any vaccine with proven efficacy is about 10 times less than the cost of treating 
infectious diseases.
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Chapter 2

In Silico Vaccine Design Tools
Shilpa Shiragannavar and Shivakumar Madagi

Abstract

Vaccines are a boon that saves millions of lives every year. They train our immune 
system to fight infectious pathogens. According to the World Health Organization, 
vaccines save 2.5 million people every year and protect them from illness by decreasing 
the rate of infections. Computational approach in drug discovery helps in identifying 
safe and novel vaccines. In silico analysis saves time, cost, and labor for developing the 
vaccine and drugs. Today's computational tools are so accurate and robust that many 
have entered clinical trials directly. The chapter gives insights into the various tools 
and databases available for computational designing of novel vaccines.

Keywords: tools, databases, computational approach, reverse vaccinology

1. Introduction

The vast genome information obtained after the sequencing projects has paved 
the way to several in silico screening and computational analysis [1]. Nowadays, the 
vaccine design approaches are based on computational analysis as the methods are 
time and cost-effective [2].

Bioinformatics is a field that uses information technology and mathematical 
elements to manage, analyze, and use biological data It is a field that is constantly 
evolving and producing useful tools for biological sciences [3]. The development 
and implementation of computational algorithms and software tools aid in the 
understanding of biological processes, with the primary goal of serving the agricul-
ture and pharmaceutical industries, health care, forensic analysis, crop improve-
ment, food analysis, drug discovery, and biodiversity management [4].

There are various in silico methods for studying linear B-cell epitopes, 
helper T lymphocytes (HTL), and cytotoxic T lymphocytes (CTL) epitopes [5]. 
Antigenicity, human population coverage, physicochemical properties, toxicity, 
allergenicity, and secondary structure of the designed vaccine are all evaluated 
using cutting edge bioinformatic approaches, to ensure that the designed vaccine 
is of high quality [6]. In silico tools are also available for prediction, refinement, 
and validation of the three-dimensional (3D) structures of the designed vaccine 
candidates [7].

2. In silico vaccine tools

VaxiJen is the first server to predict protective antigens without using alignment. 
It was created to allow antigen classification based solely on the physicochemi-
cal properties of proteins, rather than sequence alignment [8]. Vaxijen is a new 
alignment-free antigen prediction method based on auto-cross covariance (ACC) 
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transformation of protein sequences into uniform vectors of major amino acid 
properties. Datasets were generated for viral, bacterial, and tumor proteins. There 
are validation models to evaluate the results [9].

The server can be used alone or in tandem with alignment-based prediction 
methods. It is freely available online at the following address: http://www.jenner.
ac.uk/vaxijen.

VaxiJen is currently the only tool that can classify protein sequences exclu-
sively based on their physicochemical properties, without any functional or 
biological information. It is a very fast and easy-to-use tool. The user’s unable to 
alter the training dataset from which the prediction model is created remains the 
disadvantage of the tool [10].

2.1 ANTIGENpro

It uses two-stage architecture, multiple representations of the primary sequence, 
and five machine learning algorithms to predict the antigenicity of proteins [11]. 
ANTIGENpro is a sequence-based, alignment-free, and pathogen-independent 
predictor. An Support Vector Machine (SVM) classifier summarizes the results of 
the analysis and predicts if a protein is antigenic or not, as well as the correspond-
ing probability [12]. The protein antigenicity predictor ANTIGENpro is the first to 
use reactivity data obtained via protein microarray analysis for five pathogens to 
determine whole protein antigenicity [11].

2.2 AllergenFP

The AllergenFP is developed based on the dataset that is described by five 
E-descriptors and the strings that were turned into uniform vectors through auto-
cross covariance transformation [12].

Based on the statical analysis of sensitivity and specificity, the overall accuracy 
confirms that AllergenFP and AllerTOP are the best allergen prediction tools for 
sequencing compared to the other analysis tools and servers [13].

2.3 AllerTOP

A protein sequence is transformed by auto cross covariance (ACC) into 
uniform equal length vectors, a protein sequence mining technique developed by 
Wold et al., 1993.

This technique was used to study quantitative structure–activity relationships 
(QSARs) of peptides of different lengths. The main characteristics of amino acids 
were expressed as five E descriptors. The data reveal the hydrophobicity of amino 
acids, molecular size, helix-forming tendency, the relative abundance of amino 
acids, and ability to form β-strands. A k-nearest neighbor algorithm (kNN, k = 1) 
is used to classify proteins based on a training set containing 2427 allergens from 
different species and 2427 non-allergens [14].

AllerTOP v.2 is a handy, robust, and highly complementary allergen prediction 
tool with the highest level of precision.

2.4 T- and B-cell epitope identification

The essential for epitope-based antibodies is the accessibility of epitopes. The 
idea of epitopes present in an antigen should be perceived for such immunization 
plan. There is a contrast between the acknowledgment of epitopes by B and T cells 
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[15]. B-cell receptors can tie to epitopes in antigen present either in dissolvable 
structure or on the outside of microbe, and there is no necessity of intercession by 
some other particle for this limiting [16]. Notwithstanding, the limiting instrument 
for T-cell epitopes is extraordinary, as they require an epitope to be introduced by 
MHC particles for restricting to the T-cell receptor [17].

B-cell epitopes are situated on the local protein and are both consistent and con-
formational. The consistent epitopes are otherwise called straight, or consecutive 
epitopes involve amino acids present successively in the protein [18]. B-cell epitopes 
are for the most part surface available, hydrophilic, polar locales of the antigens that 
can promptly tie to the individual counteracting agent particle [19].

Dissimilar to B-cell epitopes that can be perceived directly, T-cell epitopes 
require a show of epitope with MHC atoms. Lymphocyte epitopes are just direct or 
consecutive and the antigens need to go through handling prior to being perceived 
by their receptors [20]. The protein is the first to cut into little peptides; these pep-
tides tie to MHC particles and hence structure a trimolecular complex with T-cell 
receptors. There are two kinds Tc cells or cytotoxic T cells that show CD8 protein 
particles on their surface and Th cells and T-helper cells showing CD4 surface 
protein. The epitopes that are introduced to Tc cells are shown by Class I MHC 
particles, while Th-cell epitopes are shown by Class II MHC atoms. The pathways 
of preparing and introducing epitopes to the two sorts of T cells are unique [21].

2.5 IEDB

The Immune Epitope Database and Analysis Resource (IEDB) is an unreserv-
edly accessible asset that contains a broad assortment of tentatively estimated 
invulnerable epitopes and a setup of apparatuses for anticipating and dissecting 
epitopes [22]. The IEDB incorporates counteracting agent and T-cell epitopes for 
irresistible sicknesses, allergens, and immune system illnesses, and relocate to 
alloantigen concentrated in people, nonhuman primates, mice, and other species. 
Life science specialists can utilize the IEDB to foster new antibodies, diagnostics, 
and therapeutics. The dataset is populated utilizing data caught or curated from 
peer-reviewed and from information put together by scientists. As of December 
2016, more than 18,000 references have been curated, and the dataset contains 
more than 260,000 epitopes and more than 1,200,000 B cell, T cell, MHC 
restricting, and MHC ligand elution tests [23].

A comprehensive list of freely available tools for determining the binding affinity 
of peptides in a protein to different MHC molecules is given in the following Table 1. 
These tools use machine learning methods such as hidden Markov models (HMMs), 
support vector machines (SVMs), position-specific scoring matrices (PSSMs), and 
artificial neural networks (ANNs).

2.6 BCPred

A continuous B-cell epitope prediction method uses support vector machine 
(SVM) classifiers that were trained on a homology-reduced dataset of 701 linear 
B-cell epitopes recovered from the Bcipep database and 701 non-epitopes randomly 
retrieved from Swiss-Prot sequences using five different kernel approaches and 
fivefold cross-validation [41].

The advantages of the tool include the samples taken in both the training and 
test datasets that were experimentally determined. Deep learning methods were 
implemented for making predictions and allowing the large number of datasets that 
can improve statistical analysis and features of B-cell epitopes [42].
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Name of the tool Description of tool

NetMHC for 
MHC-I

Prediction of peptide–MHC class I binding using artificial neural networks (ANNs). 
ANNs have been trained to recognize 81 different Human MHC alleles, including 
HLA-A, B, C, and E. Predictions for 41 animal alleles (Monkey, Cattle, Pig, and 
Mouse) are also available [24].

NetMHCPan for 
MHC-I

NetMHCpan 4.1 is the latest version of NetMHCpan. Using artificial neural 
networks, the NetMHCpan-4.1 server predicts peptide binding to any MHC 
molecule of known sequence based on ANNs. The method is trained on over 850,000 
quantitative Binding Affinity (BA) and Mass-Spectrometry Eluted Ligands (EL) 
peptides. BA data includes 201 MHC molecules from humans (HLA-A, B, C, and 
E), mice (H-2), cattle (BoLA), and primates (P). By uploading a full-length MHC 
protein sequence, the user can obtain predictions for any custom MHC class I 
molecule. For peptides of any length, predictions can be made [25].

SYFPEITHI for 
both MHC I & II

It is constantly updated and comprises a library of MHC class I and class II ligands 
and peptide motifs from humans and other animals, such as apes, cattle, chicken, 
and mice. Individual entries are available for all of the motifs that are currently 
available. MHC alleles, MHC motifs, natural ligands, T-cell epitopes, source proteins/
organisms, and references can all be found using this method [26].

ProPred for 
MHC-II

ProPred is a web-based graphical tool that predicts MHC class II binding regions 
in antigenic protein sequences. The server uses an amino-acid position coefficient 
database derived from literature to create a matrix-based prediction algorithm. 
Predicted binders can be viewed as peaks in the graphical interface or as colored 
residues in the HTML interface [27].

RANKPEP for 
MHC-I & II

RANKPEP is an online resource that predicts peptide–MHC class I binding using 
position specific scoring matrices (PSSMs) or profiles as a basis for CD8 T-cell 
epitope identification. RANKPEP has been extended to predict peptide-MHCII 
binding and anticipate CD4 T-cell egress using PSSMs that are structurally consistent 
with the binding mode of MHC class II ligands [28].

EpiJen for MHC-I EpiJen is a reliable and consistent multi-step algorithm for T-cell epitope prediction 
that belongs to the next generation in silico T-cell epitope identification methods. 
These methods aim to reduce subsequent experimental work by increasing the 
success rate of epitope prediction [29].

MHCPred for 
MHC-I & II

A quantitative T-cell epitope prediction server. MHCPred includs alleles from the 
human leukocyte antigen A (HLA-A) locus. The server currently contains 11 human 
HLA class I, three human HLA class II, and three mouse class I models. In addition, 
the new MHCPred includes a binding model for the human transporter associated 
with antigen processing (TAP). The server also includes a tool for designing 
heteroclitic peptides. A confidence p value is used to improve the predictability of 
binding affinities [30].

MULTIPRED2 for 
MHC-I & II

MULTIPRED2 is a computer programme that predicts peptide binding to numerous 
alleles of the human leukocyte antigen class I and class II DR molecules with ease. 
Peptide binding to products of individual HLA alleles, combinations of alleles, 
or HLA supertypes can be predicted. As prediction engines, NetMHCpan and 
NetMHCIIpan are used. A1, A2, A3, A24, B7, B8, B27, B44, B58, B62, C1, and C4 are 
the 13 HLA Class I supertypes. DR1, DR3, DR4, DR6, DR7, DR8, DR9, DR11, DR12, 
DR13, DR14, DR15, and DR16 are the 13 HLA Class II DR supertypes. MULTIPRED2 
predicts peptide binding to 1077 variations representing 26 HLA supertypes in total. 
It currently calculates population coverage in North America’s five major groups. For 
the identification of T-cell epitopes, MULTIPRED2 is a useful tool to complement 
wet-lab experimental approaches [31].

NetMHCII for 
MHC-II

NetMHCII is an allele-specific approach that uses information from all MHC 
molecules in the data set. Using artificial neuron networks, the NetMHCII predicts 
peptide binding to HLA-DR, HLA-DQ, HLA-DP, and mouse MHC class II alleles. 
For 25 HLA-DR alleles, 20 HLA-DQ, 9 HLA-DP, and 7 mouse H2 class II alleles, 
predictions can be made. The prediction values are given as a percent -Rank to a set 
of 1,000,000 random natural peptides in nM IC50 values. The presence of strong 
and weak binding peptides is indicated [32].
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2.7 ABCpred

The ABCpred server uses an artificial neural network to anticipate linear B-cell 
epitope areas in an antigen sequence. This server will aid in the identification of 
epitope regions that can be used to choose synthetic vaccine candidates, diagnose 
diseases, and conduct allergy research. It is the first server developed based on a 
recurrent neural network with the fixed length patterns. The training and test-
ing dataset has 700 B-cell and 700 non-B-cell epitopes or random peptides with a 
maximum length of 20 amino acids. About 65.93% accuracy was achieved using a 
recurrent neural network [43].

Name of the tool Description of tool

NetMHCIIPan for 
MHC-II

NetMHCIIpan is a pan-specific method that uses information from all MHC 
molecules in the data set. Using Artificial Neural Networks (ANN), the 
NetMHCIIpan-4.0 server predicts peptide binding to any MHC II molecule with 
a specified sequence (ANNs). It was trained on a large dataset of over 500,000 
Binding Affinity (BA) and Eluted Ligand mass spectrometry (EL) measurements, 
which included the three human MHC class II isotypes HLA-DR, HLA-DQ, 
and HLA-DP, as well as mouse molecules (H-2). Peptides of any length can be 
predicted by the network. The model generates a prediction score for the chance 
of a peptide being delivered naturally by an MHC II receptor of choice. Percent 
rank score is also included in the output, which normalizes prediction score by 
comparing it to the prediction of a group of random peptides [33].

MHC2Pred for 
MHC-II

Promiscuous MHC class II binding peptides are predicted using an SVM-based 
technique. For 42 alleles, the average accuracy of the SVM-based technique is 
80%. Because the dataset was smaller, the method’s performance was lower for a 
few alleles. The method’s performance was evaluated using 5-fold cross-validation 
[34].

ClustiMer Instead of being distributed randomly throughout protein sequences, potential 
T-cell epitopes typically aggregate in specific immunogenic consensus sequence 
(ICS) regions as clusters of 9–25 amino acids with 4–40 binding motifs. The 
ClustiMer algorithm, in conjunction with EpiMatrix, can be used to identify 
peptides with EpiMatrix immunogenicity cluster scores of +10. These peptides are 
typically immunogenic [35].

NERVE Predicts the best vaccine candidates based on a prokaryotic pathogen’s flat file 
proteome. It is a fully automated reverse vaccinology system designed to predict 
best vaccine candidates from bacteria proteomes as well as manage and display 
data through user-friendly output [36].

BlastiMer One can also use the BlastiMer programme to automatically BLAST “potential 
epitopes against the human sequence database at GenBank”. BLASTing excludes 
epitopes with potential autoimmunity and cross-reactivity questions and locates 
the epitopes that can be used safely in the development of human or animal 
vaccines BlastiMer can also perform BLAST searches against the PDB, SwissProt, 
PIR, PRF, and non-redundant GenBank CDS translations [37, 38].

EpiMatrix EpiVax, an in-silico tool designed to predict and identify the immunogenicity of 
therapeutic proteins and epitopes. It is also used to redesign proteins and create 
T-cell vaccines [39].

IEDB Population 
Coverage analysis

It determines the percentage of people in that location who have shown possible 
responses to the query epitopes. The Population Coverage Calculation programme 
is simple and flexible to use. Using MHC binding or T cell restriction data and 
HLA gene frequencies, a method for calculating anticipated population coverage 
of a T-cell epitope-based diagnostics are implemented [40].

Table 1. 
List of various insilico vaccine design tools.
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2.8 BepiPred

BepiPred is based on a random forest algorithm that is trained using epitopes from 
antibody–antigen protein structures. It is a new method based on known 3D struc-
tures and the large number of linear epitopes available from the IEDB database hence 
remains to outperform compared to the other tools. It presents results in a style that is 
both user friendly and useful for both computer experts and non-experts [44].

2.9 LBtope

It is developed based on the experimentally validated B-cell epitopes and 
non-B cell epitopes from IEDB. Two types of datasets were derived as LBtope 
variable with 14,876 and 23,321 B-cell epitopes and non-epitopes of variable 
lengths, whereas LBtope fixed length has datasets with 12,063 B-cell epitopes 
and 20,589 non-epitopes of fixed lengths. Further, the very identical epitopes 
were removed to improve the performance. The tool has accuracy approximately 
from 54–86% using various features such as dipeptide composition, binary 
profile, amino acid pair profile [45].

2.10 DiscoTope

The DiscoTope server uses three-dimensional protein structures to anticipate 
discontinuous B-cell epitopes. Surface accessibility (measured in terms of contact 
counts) and a unique epitope propensity amino acid score are used in the method. 
The final scores are computed by adding the propensity scores of nearby residues 
and the contact numbers [46].

DiscoTope detects 15.5 percent of residues in discontinuous epitopes with a 95 
percent specificity. The predictions can guide experimental epitope mapping in 
both rational vaccine design and the development of diagnostic tools, potentially 
leading to more efficient epitope identification [47].

2.11 ElliPro

ElliPro predicts linear and discontinuous antibody epitopes based on the 3D 
structure of a protein antigen. ElliPro accepts protein structures in PDB format as 
input. If the input is a protein sequence, please go to methods for modeling and 
docking of antibody and protein 3D structures for more information on these meth-
ods. Thornton’s method is implemented as a web platform that allows the prediction 
and visualization of antibody epitopes in a protein sequence or structure using a 
residue clustering algorithm, the MODELER program, and the Jmol viewer. ElliPro 
is based on the geometrical features of protein structure and requires no training. It 
could be used to predict many forms of protein–protein interactions.

When compared to DiscoTope, which is based on training datasets, ElliPro 
uses epitope features like residue solvent accessibility, amino acid propensities, 
inter-molecular contacts and spatial distribution of epitopes, thus improving the 
prediction ability [48].

2.12 EpiPred

EpiPred is a program that predicts structural epitopes unique to a given 
antibody. Epitope predictions from EpiPred can be utilized to increase antibody–
antigen docking performance. The approach can be utilized using an antibody 
homology model as input.
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Patches on the antigen structure are prioritized based on their likelihood of 
being the epitope. The program rescores the global docking findings of two rigid-
body docking algorithms: ZDOCK and ClusPro, using epitope predictions.

Other approaches, such as DiscoTope or PEPITO annotate broad immunogenic/
epitope like regions on the antigen without requiring any antibody information on 
input unlike epiPred [49].

The use of in silico models can significantly reduce the time and effort required to 
carry out an epitope discovery experiment. These methods include semi-automatic 
approaches for epitope discovery and incorporate high-throughput experimental 
tests for detecting MHC–peptide binding affinities. The in silico methods save a sig-
nificant amount of resources in terms of both peptide binding classification accuracy 
and detecting immunogenic peptides. A competent immunologists’ interpretation is 
required to appropriately confirm the outcome of such a prediction system [50].

3. Future scope

The discovery of vaccines is one of the most important aspects of world public 
health. Traditional vaccine design procedures have significant shortcomings, but 
the use of computational tools will overcome these limits. Because immunoinfor-
matics approaches are more useful, modern technologies such as reverse vaccinol-
ogy, epitope prediction, and structural vaccinology, as well as rational approaches, 
are in higher demand to produce new vaccine candidates.

The chapter describes the various bioinformatic tools that are available for 
determining immunogenic characteristics, locating T- and B-cell epitopes, and in 
silico technologies that are utilized in vaccine development.

4. Conclusion

The application of bioinformatic techniques has greatly accelerated the discov-
ery of new medicinal targets in the post-genomic age. The availability of pathogenic 
microbe genome sequences has resulted in an increase in the discovery of genes and 
proteins that could be used to develop drugs or vaccines. Bioinformatic methods 
have been critical in the analysis of genome and protein sequences to uncover 
immunogenic proteins among organism’s repertoires. Immunogenicity prediction 
methods are automated, and the entire proteome may be evaluated to identify top 
candidates with immunity-inducing features. Not only immunogenic proteins are 
been identified, but individual epitope mapping has also been completed. Methods 
for locating T- and B-cell epitopes are now available, which could lead to the devel-
opment of epitope-based vaccinations.
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Abstract

Recently, nucleic acid-based RNA and DNA vaccines have represented a better solu-
tion to avoid infectious diseases than “traditional” live and non-live vaccines. Synthetic 
RNA and DNA molecules allow scalable, rapid, and cell-free production of vaccines in 
response to an emerging disease such as the current COVID-19 pandemic. The develop-
ment process begins with laboratory transcription of sequences encoding antigens, 
which are then formulated for delivery. The various potent of RNA over live and inacti-
vated viruses are proven by advances in delivery approaches. These vaccines contain no 
infectious elements nor the risk of stable integration with the host cell genome com-
pared to conventional vaccines. Conventional mRNA-based vaccines transfer genes of 
interest (GOI) of attenuated mRNA viruses to individual host cells. Synthetic mRNA in 
liposomes forms a modern, refined sample, resulting in a safer version of live attenuated 
RNA viruses. Self-amplifying RNA (saRNA) is a replicating version of mRNA-based 
vaccines that encode both (GOI) and viral replication machinery. saRNA is required 
at lower doses than conventional mRNA, which may improve immunization. Here we 
provide an overview of current mRNA vaccine approaches, summarize highlight chal-
lenges and recent successes, and offer perspectives on the future of mRNA vaccines.

Keywords: vaccine (s), self-amplifying RNA (saRNA), in vitro transcription (IVT), 
design of experiments, nucleic acid, messenger RNA (mRNA), innate immune 
stimulation

1. Introduction

Vaccines have been the most successful biomedical invention to prevent the mor-
bidity and mortality caused by infectious diseases [1]. A vaccine stimulates the immune 
system to produce antibodies against target antigens, preventing infection, reduc-
ing disease severity, and decreasing the rate of hospitalization. Early vaccines were 
based on live, non-live (inactivated), or attenuated replicating strains of the relevant 
pathogenic organism from those that had only segments of a pathogen or killed whole 
organisms. In the second half of the last century, the development of the industrial pro-
duction of a new series of vaccines was known as the advancing years of vaccinology. 
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It started by generating vaccines against Rubella, Mumps, and Measles in the 1960s, 
which was extended with the production of the Chickenpox vaccine, and deactivating 
Japanese encephalitis. The induction of a protective immune response could be a target 
for new advanced vaccines. Cultivation techniques under dominated conditions have 
been used to process mass vaccine production. In the 1980s, “conjugate vaccines” were 
used to stimulate immune responses against capsular polysaccharides and proteins of 
pathogens. Polysaccharide antigens can also cause protective immune responses and are 
the basis of vaccines that have been evolved to prevent several bacterial infections, such 
as pneumonia and meningitis caused by Streptococcus pneumonia, since the late 1980s. 
Conjugate vaccines were presented either in the form of whole or inactivated pathogens 
or as structural parts. To gain complete prevent, the vaccine must contain antigens that 
are either led by the pathogen or produced synthetically to represent the segment of the 
pathogen. The main component of most vaccines is one or more protein antigens that 
breed immune responses that create protection. Therefore, “recombinant vaccines” 
were advanced using genetic engineering to produce multivalent vaccines and balance 
the efficiency of the immune response and the safety of antigens for immunogenicity.

2. Nucleic acid-based vaccines

In 1990, vaccine development came into its golden age with the introduction of 
nucleic acid-based vaccines, including viral vectors, plasmid DNA (pDNA), and 

Figure 1. 
Molecular basis for the immunostimulatory activity of next-generation nucleic acid vaccines. A) In the DNA 
vaccine, the target antigen is inserted into a vector. After DNA vaccine injection, the inserted antigen must cross 
the cell and nuclear membranes to use cellular enzymes which allows the antigen transcripts into mRNAs in the 
nuclear and then translates into immunogen proteins in the cytoplasm. B) In RNA vaccines the RNA encoding 
the immunogen protein is formulated into nanoparticles to be delivered into the cell, then its endocytosis and 
mRNA are releases into the cytoplasm. By entering mRNA into the cytoplasm, the RNA translates to immunogenic 
proteins. C) the produced protein will be presented upon the surface of the cell to trigger an immune response 
through antigen-presenting cells (APCs), such as macrophages and dendritic cells. APCs process proteins, break 
them into peptides and present them in conjunction with MHC molecules on the cell surface where they may 
interact with appropriate T cell receptors. This figure was created using BioRender (http://www.biorender.com).
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mRNA as safer alternatives. They consist of one or more genes of interest (GOI) 
encoding practically active antigens from an addressed pathogen. After intramus-
cular injection of RNA or DNA vectors, they are up-taken by immune effector cells 
and host-arbitrated expressed, resulting in induction of both cellular and humoral 
immunity (Figure 1) [2]. It has been demonstrated that they can induce broadly 
protective immune responses with a safe approach against infectious and non-infec-
tious diseases. However, nucleic acid vaccines are basically therapeutic agents for 
cancer. The main challenge is developing ways to prevent or treat infectious diseases 
such as COVID-19 and human immunodeficiency virus (HIV). With the advent of 
nucleic acid vaccines, the time and cost of vaccine design and production have been 
considerably cut, since once the platform has been established for GOI synthesis 
and insertion into an appropriate expression vector [3]. Accordingly, it might be 
useful for the development of vaccines against emerging pandemic infectious dis-
eases [4]. Upon vaccination, they mimic a viral infection to express antigens in situ 
and lower doses are required to stimulate both humoral and cellular responses [5]. 
RNA vaccines have some advantages over DNA vaccines, such as being able to enter 
non-dividing cells to the cytosolic expression of proteins. In contrast, using DNA 
shows the perceived risk of integration into the host genome, since it uptakes into 
cells and enters into the nucleus due to the breakdown of the nuclear membrane 
during cell division. However, there are difficulties in producing the quantities of 
mRNA required to be produced in vivo [4]. A “vaccine on-demand” approach can 
provide a rapid research and development process, large-scale production, and 
distribution for nucleic acid based-vaccines [6].

3. RNA vaccines

Over the past years, mRNA has provided a promising technology in the field 
of vaccine development with several beneficial features overkilled, live attenuated 
viruses, and subunit as well as DNA vaccines [7]. First, mRNA is a safe platform 
with no potential risk of infection or genomic integration. mRNA half-life can be 
regulated in vivo using various modifications and delivery methods [8]. The mRNA 
immunogenicity can be down-modulated to further increase the safety profile [9]. 
Second, various modifications can increase efficacy, stability, and expression levels 
of mRNA [10]. In vivo delivery can be well-organized by formulating mRNA into 
carrier molecules, allowing rapid uptake and expression in the cytoplasm [11]. 
Third, mRNA vaccines can be manufactured rapidly and inexpensively on a large 
scale with a high yield of IVT reactions.

The mRNA vaccine falls into two basic types: conventional non-replicating 
mRNA and self-amplifying RNA (saRNA). Both approaches show essential 
elements of a eukaryotic mRNA: a cap structure [m7Gp3N], a 5´ UTR, an open 
reading frame (ORF) encoding the gene of interest (GOI), a 3´ UTR, and a tail 
of 40–120 adenosine residues [poly (A) tail] (Figure 2) [12]. Self-amplifying 
mRNA vaccines are derived from the engineered RNA genomes of plus-strand 
RNA viruses such as alphaviruses or flaviviruses, and picornaviruses [13, 14]. 
Therefore, it encodes not only the antigen of interest flanked by 5′ and 3´ UTRs 
but also contains an amplicon required for intracellular RNA amplification 
enhancing antigen expression levels [13, 15, 16].

Both groups can be produced in vitro transcription of mRNA (IVT mRNA), as a 
cell-free system, using an enzymatic transcription reaction from a linearized pDNA 
template [17]. The RNA manufacturing begins with the construction of the pDNA 
molecule that is used as a template for an IVT mRNA using a promoter with a high 
binding affinity for a DNA-dependent RNA polymerase, and a restriction site for 
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insertion of the specific sequence encoding the target antigen. The ORF must be 
inserted without affecting the overall physicochemical characteristics of the mRNA 
molecule. IVT mRNA occurs in three steps of transcription; initiation, elongation, 
and termination with the help of a linearized plasmid DNA that has a promoter, 
NTPs, RNA polymerase, and mg2+. The enzyme elongates the RNA transcript until 
it runs off the end of the template. Then, pDNA is degraded by incubation with 
DNase, and a cap or a synthetic cap analog is enzymatically added to the 5′ end of 
the mRNA [18–20]. A co-transcriptional capping strategy was also developed to add 
a natural 5′ cap structure to a specific start sequence during IVT [21]. This strategy 
results in innate immune activation when the IVT mRNA is prepared [22, 23]. The 
presence of a 5’cap structure protects mRNA from intracellular nuclease digestion 
and is also crucial for efficient translation in vivo [24, 25]. In the end, the mRNA is 
purified to remove reaction agents, including residual pDNA, enzymes, truncated 
or double-stranded transcripts [26, 27]. There are several factors that must be 
addressed before using mRNA, including the ability to express sufficient levels of 
antigen, immunogenicity, stability, and toxicity of formulated RNA, as well as the 
possibility of having negative consequences on unexpected and undesired tissues 
[28]. The establishment of valuable guidance for rapid, simple, and inexpensive 
mass production of mRNA is a critical requirement for the future implementation 
of mRNA vaccines [29].

Figure 2. 
Schematic of different parts of conventional mRNA, self-amplifying mRNA, and trans-amplifying mRNA 
vaccines. A) In conventional mRNA, the essential elements are presented, included: a cap structure, a 
5´ UTR, an ORF encoding immunogenic protein, a 3´ UTR, and a 3’poly (A) tail, and also the mRNA 
translates by ribosomes. B) self-amplifying mRNA contains a cap structure, a 5´ UTR, an ORF encoding 
immunogenic protein, a 3´ UTR, and a 3’poly (A) tail and extra region called replicase. Replicase is a 
replicating polyprotein complex which this constructs from capping enzyme, helicase, poly (A) polymerase, 
and an RNA-dependent RNA-polymerase (RdRP) which causes high expression of downstream antigens 
and increasing immunogenicity. First, the mRNA translates by ribosomes to assemble the RdRp complex to 
amplify the mRNA then in the next step these amplified mRNAs translate to the vaccine target protein. C) In 
trans-amplifying mRNA, the replicase and ORF encoding immunogenic protein is separated into two mRNA, 
but co-delivered to the target cells, which both have a cap structure, a 5´ UTR, a 3´ UTR, and a 3’poly (A) tail. 
First of the replicase translates to the RdRp complex then utilizes it to amplify. At the end mRNAs, containing 
ORF encoding immunogenic protein will be translated by ribosomes. This figure was created using BioRender 
(http://www.biorender.com).
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Once the purified mRNA enters the cytosol, the cellular translation and post-
translation machinery produce a properly folded, fully functional protein. IVT 
mRNA is finally degraded by normal physiological processes, thus reducing the risk 
of metabolite toxicity. In some cases, it has validated the immunogenicity of various 
mRNA vaccine platforms in recent years [30–33]. Engineering of the RNA sequence 
has increased translation and prolonged antigen expression in vivo. The first suc-
cessful vaccination by the IVT mRNA was reported around three decades ago when 
an intramuscular injection in mice resulted in the local production of an encoded 
reporter protein and generalization of immune responses against the antigen [34]. 
However, the early results led to no substantial investment in developing mRNA 
vaccines, due to concerns about mRNA instability, inefficient in vivo delivery, and 
high innate immunogenicity. Instead, the field pursued DNA-based and protein-
based therapeutic approaches [35, 36].

3.1 Conventional mRNA vaccines

A conventional mRNA vaccine only encodes the sequence of the specific 
antigen flanked by transcription regulatory regions. The major advantages of the 
conventional mRNA vaccine are the simplicity and small size of the RNA molecule. 
However, the stability and efficiency of conventional mRNA in vivo is limited and 
needs to be optimized in RNA structural elements and formulation approach [37]. 
The cap or its analogs, UTRs, and the poly (A) tail are crucial elements for stability, 
accessibility, and interaction with the translation machinery of the mRNA vaccine 
[38–41]. Codon usage is required to enhance protein expression from DNA, RNA, 
and viral vector vaccines [42, 43]. The nucleoside base of mRNA can be chemically 
modified coupled with chromatographic purification to remove dsRNA contami-
nants, which are improper immune-stimulatory [44, 45]. Although activation of 
innate immunity is required for vaccination, its excessive activation interferes with 
antigen production and adaptive immunity [46, 47]. When modified mRNA is 
highly purified, the highest levels of protein expression and immunogenicity are 
observed [48].

3.2 Self-amplifying RNA (saRNA) vaccines

Self-amplifying RNA (also called replicon RNA) is one of the most immune-
responsive types of mRNA since it activates several Toll-like receptors (TLRs) to 
generate very strong immune responses. saRNA not only has the basic parts of 
eukaryotic mRNA (a cap, an ORF, a sub-genomic promoter, a poly (A) tail, 3′ and 
5′ UTR flanks) but also encodes a replicating polyprotein complex including an 
RNA-dependent RNA-Polymerase, capping, helicase, and poly (A) polymerase 
(Figure 2). The replicative features of positive-stranded RNA viruses are mimicked 
to highly express the antigen and increase immunogenicity. The gene of interest 
is placed downstream of the replicon construct, which is under the control of the 
promoter. Entering saRNA into the cell cytoplasm immediately couples with the 
translation of a replicase complex that recognizes a subgenomic promoter and 
amplifies a smaller mRNA (subgenomic RNA). The most predominant antigens 
in saRNA are viral glycoproteins, although this has recently been expanded to 
include the proteins of bacterial infections, parasites, and cancer. A more novel 
saRNA encodes monoclonal antibodies for passive vaccination. If necessary to 
encode multiple antigens, it can be advantageous to use separate saRNA constructs 
since the pDNA construct does have size limitations [49]. saRNA vaccines against 
bacterial antigens are limited to protein targets, as opposed to polysaccharides and 
non-protein surface markers.
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The innate immune system has advanced to recognize pathogen-associated 
molecular patterns (PAMPs) via binding pattern recognition receptors (PRRs) with 
them. PRRs can be represented as cytosolic receptors including nucleotide-like 
receptors (NLRs) and RIG-I like receptors (RLRs) or as endosomal toll-like recep-
tors (TLRs) [50, 51]. Innate immune activation can recognize both conventional 
mRNA and saRNA and arrange signaling pathways to strongly battle the pathogen 
[52]. saRNA is more immunogenic than conventional mRNA. The optimization of 
both translation and purity of mRNA vaccines (conventional mRNA or saRNA) can 
be used to overcome the problems of immune-stimulating activities. Some dis-
coveries emphasize the capacity to synthesize high quality and quantity of mRNA 
through IVT [53]. The full-length mRNA molecule can be produced by IVT from a 
pDNA template and delivered as either synthetically unformulated RNA, or as for-
mulated into nanoparticles if structural genes are provided in trans. Alternatively, 
saRNA can also be produced directly in vivo, by delivering a pDNA containing the 
replicon complex and GOI into the target cells [54]. The efficacy of nanoparticles as 
a vaccine carrier must be engineered to correctly condense processed heterologous 
proteins and deliver antigen to specific cell types, such as APCs [54, 55]. Activation 
of dendritic cells by mRNA nanoparticles results in a wave of cytokine cascade and 
subsequently a vaccine-elicited adaptive immune response [56]. One of the chal-
lenges with mRNA vaccines is the determination of sufficient quantities of RNA 
sequence, integrity, and purity for use in the target population (Figure 3) [57–59].

Figure 3. 
Schematic of different protein production of conventional mRNA and self-amplifying mRNA in APCs. Both 
mRNAs (A and B) can be encapsulated in nanoparticles (NPs) to preserve them from degradation and 
facilitate cellular uptake. Membrane-derived endocytic pathways are commonly used for cellular uptake of 
mRNA with its delivery system. A) after entry of SAM into cytoplasm the translation begins to build up the 
RdRp complex and in the next step the RdRp complex amplifies the mRNAs. mRNAs translate by ribosomes 
and then some of them will be delivered directly on the surface and others will be degraded by proteasome 
which leads to MHC presentation. B) In NRM, the mRNA is just translated and does not have replication. 
Like to SAM the numbers of the target proteins are expressed on the surface directly on the rest of them through 
MHC presentation. Once the formulated mRNA enters the cytosol, it directly translates and post-translates 
into a fully functional antigen to be ready for MHC presentation on the cell surface. The presented protein 
can induce both innate and adaptive immune responses. Furthermore, self-amplifying mRNA encodes the 
replicating complex that is required for intracellular RNA amplification. This figure was created using 
BioRender. (http://www.biorender.com).
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4. Delivery systems for mRNA vaccines

Naked mRNA is quickly degraded by extracellular RNases and is not internalized 
efficiently. Anionic saRNA constructs are relatively large (9000 to 15,000 n) and 
need to be condensed by a cationic carrier into a nanoparticle of ~100 nm in size 
that encourages uptake into target cells and protects the saRNA from degradation 
[60]. A great variety of in vitro and in vivo transfection reagents can facilitate cellu-
lar uptake of mRNA and protect it from degradation. Unmodified RNA has limited 
stability in the bloodstream and passes through the cell membrane and immuno-
genicity. RNA is a single hydrophilic molecule and is likely to form a secondary or 
territory structure, leading to an unfavorable problem with delivery approaches. 
The vectors used for effective cell delivery of mRNA vaccines include viral vectors 
such as adenoviral, adeno-associated viral, retroviral, and lentiviral vectors, as well 
as nanoparticles made of lipids, polymers, and inorganic compounds. Viral vectors 
present high-efficiency transfection by design through infection gene deletion, 
viral replication, and assembly. On the other hand, nanoparticle (NPs) vectors offer 
advantages such as greater safety, flexible administration, wider adoption, and 
unlimited transgene size and may represent the future of next-generation vaccines.

The early delivery system was a combination of minor arginine-rich cationic 
proteins, protamine, and mRNA. Protamine-complexed mRNA reduced protein 
expression. That’s why a mixture of free and protamine-complexed mRNA is used 
[61]. NPs offer a variety of biomaterial alternatives to formulate mRNA, facilitate 
cell internalization, increase specific immune cell targeting through surface modi-
fications, and boost endosomal escape using pH-sensitive materials [62]. NPs, as 
a strong adjuvant, enhance protection through synergistic effects since they allow 
for the generation of cocktail vaccines in a single particle and for the delivery of 
numerous nucleic acids to the same target cell [62]. There has been new research 
into liposomal, polymeric, inorganic, lipidoid, and peptide-based nanoparticles, 
with a wide range of different 3D structures, sizes, and modifications, all aimed at 
increasing the effectiveness of nucleic acid delivery. The recent systems for mRNA 
vaccine delivery are liposome nanoparticles (LNP), which are lipid bilayer-coated 
artificial vesicles. Cationic lipids bind to negatively charged nucleic acids through 
their positive-charged hydrophilic heads, and the hydrophobic lipid tails encap-
sulate them. On the other hand, neutral lipids can be used to improve transfection 
efficiency and stability. The quantity of charged groups per molecule, geometric 
shape, and type of the lipid anchor are all important factors in transfection effi-
ciency [62]. The LNP-encapsulated saRNAs induce higher antibody titers, pathogen 
neutralization (IC50), and antigen-specific CD4+ and CD8+ T cell responses than 
electroporated pDNA [62]. Recently, the combination of LNPs with dendritic cell 
(DC) targeting, UTR optimization, lipopolymer design, and ionizable lipids has 
advanced the field of saRNA vaccination. However, there are concerns about the 
toxicity of cationic LNPs, caused by membrane disruption, as well as endosomal 
escapes that interact with LNPs.

Polymeric nanoparticles (PNPs) that are also used for mRNA vaccine delivery 
are typically made from biocompatible and biodegradable polymers. They have 
a wide range of physicochemical properties, which may be structurally modified 
for regulated release of the gene contents [62]. Cationic polymers encapsulate 
mRNA via electrostatic interactions to generate polymer-mRNA polyplexes. 
Polyamidoamine dendrimers (PAMAM) and polyethylenimine (PEI) are two 
commonly used polymers. PNPs preserve mRNAs and also facilitate their entrance 
into cells. PEI offers additional benefits, including a higher protonation ratio of 
amine groups and a high buffer capacity over a wide pH range [62]. PAMAM is a 
biocompatible and highly branched cationic polymer that enables functionalization 
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to deliver multiple antigen-expressing replicons at once. The low transfection 
effectiveness and cytotoxicity of PNPs-mRNA delivery are remaining challenges.

For nucleic acid delivery, inorganic NPs have been extensively studied. 
Inorganic NPs have a lower size than polymeric/liposomal NPs, a limited size 
distribution, and ligand conjugation-friendly surface chemistry. Gold nanopar-
ticles (AuNPs) have a wide range of electromagnetic properties required for 
mRNA delivery and their surfaces are easily modified with a variety of ligands. 
Mesoporous silica nanoparticles (MSNs) are another form of biodegradable 
inorganic NPs that have very porous nanostructures. The porosity can provide 
a large surface area for chemical modification and mRNA encapsulation in 
multiple targeting carriers. Positively charged peptides can form natural NPs for 
mRNA vaccine delivery due to the presence of lysine and arginine residues. Cell-
penetrating peptides can enhance delivery efficacy by creating complexes with 
nucleic acids. Furthermore, virus-like particles (VLPs) can be used to deliver 
nucleic acid vaccines, although they may be cleared by phagocytes. Nowadays, 
next-generation nucleic acid vaccines have been focused on developing transfec-
tion effectiveness, optimizing the safety profiles of NP formulations, inducing 
protective immune responses, and using mixtures of nucleic acid vaccines to 
target the same immune cell of interest in vivo.

5. Conclusions

Vaccinology is moving toward artificial polymer platforms that allow for  
fast, scalable, and non-cellular mass production of vaccines. Using mRNA  
vaccines, there is no chance for undesirable mutations, including insertion, 
breakage, frameshift, or rearrangements, caused by genome integration [63, 64]. 
Both conventional and self-amplifying RNA vaccines can be simply designed 
without restrictions on the size and sequence of antigens. Additionally, multiple 
antigens can be applied downstream of a robust promoter to have powerful 
transcription and translation, thus lower doses will be used. However, this 
chapter demonstrated how self-amplifying RNAs are more potent than con-
ventional types due to productive amplification of mRNA directly within the 
cytoplasm, the adaptability of applying delivery vectors, and induction of both 
humoral and cellular immunity for powerful and long-lasting prevention against 
chronic infectious diseases. Nucleic acid vaccines are safer than infective agents 
and certain preclinical safety studies may not be necessary, which would further 
shorten development time and cost. The mRNA vaccines do not require preserva-
tion in a cold chain because they are not a live infective vector. All that is needed 
for mRNA vaccines is to obtain gene sequence information to manufacture an 
optimized pDNA template using completely synthetic processes or clone it into 
appropriate expression vectors. They can be delivered for antigen expression in 
situ without the need to cross the nuclear membrane barrier for protein expres-
sion and can express complex antigens without packaging constraints. Finally, 
it is important to note that both types of nucleic acid-based vaccines have sig-
nificant advantages over conventional vaccines and thus could be ideal for rapid 
responses to newly emerging pathogens.
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Abstract

Coronavirus disease 2019 (COVID-19) is still in existence, with the capacity 
to spread even further. Vaccination could efficiently reduce the burden of the 
pandemic, but first, people must accept these vaccines. Vaccine acceptance by the 
population is crucial to control the pandemic and prevent further deaths. Herd 
Immunity, which is the indirect protection that occurs when a sufficient percent-
age of a population has become immune to an infection, offers some protection 
to unvaccinated individuals. However, herd immunity is compromised when 
widespread vaccine acceptance is not achieved. Some vaccines have been authorized 
to prevent COVID-19, such as Pfizer-BioNTech, Moderna, Johnson & Johnson's 
Janssen, and Oxford-AstraZeneca COVID-19 Vaccine. While vaccine develop-
ment has been achieved within a short time, its safety, potency, efficacy, and 
universal accessibility are of great concern and could influence vaccine acceptance. 
Conspiracy beliefs rampant in Africa may influence vaccine hesitance; exposure to 
anti-vaccine theories decreases willingness to accept vaccination. As such, there is a 
need for the availability of reliable information about vaccines, messages that high-
light the vaccines efficacy and safety could be effective for addressing the hesitancy 
to increase the acceptance level of the COVID-19 Vaccine in Africa.

Keywords: COVID-19, vaccine, pandemic, herd immunity

1. Introduction

Coronavirus disease 2019 (COVID-19) is still in existence. It is caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which started 
in Wuhan in China [1]. While the third wave of COVID-19 in Africa continues to 
wane, 108,000 new cases were reported and more than 3000 people died in the 
week leading up to September 19. The continent currently has nearly 8.2 million 
cases of COVID-19. The Delta variant has been found in 38 African countries. Alpha 
has been found in 45 countries, and beta has been found in 40 [2]. According to 
the European Centre for Disease Prevention and Control (ECDPC), all continents 
have reported confirmed cases of the virus [3]. COVID-19 is transmitted through 
respiratory droplets [4]. Transmission rates are reported to be unknown for SARS-
CoV-2; however, many authors have reported transmission by direct contact with 
an infected person. The mode of transmission of SARS-CoV-2 is as other pulmonary 
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diseases, such as influenza [5]. Persons can be infected through contact with a 
contaminated surface. The virus remains viable on surfaces for lengthy hours. Van 
Doremalen et al. in a study reported that SARS-CoV-2 remained viable on surfaces 
for up to 72 hours [6]. Studies have reported that people with COVID-19 who are 
asymptomatic are still contagious; this has brought about the question: what is the 
effectiveness of isolation? [7, 8]. Zou et al. [9] reported an increased viral load in 
symptomatic persons while an asymptomatic person was shedding the virus.

Clinical signs of an infection include fever, headache, dry cough, shortness of 
breath, and fatigue [10, 11]. Some patients also report digestive symptoms such as 
diarrhea and vomiting [12]. COVID-19 was observed to have a similar clinical mani-
festation as SARS [13]. Fever, for example, occurred in 98–100% of patients with 
SARS compared with 81.3% of patients with COVID-19 [14, 15]. In total, 18.7% of 
patients had no fever at admission; this means the absence of fever does not neces-
sarily rule out the possibility of COVID-19 [13].

Deaths and disability were directly linked with the first wave of COVID-19, 
alongside some population living with the aftermath of a severe acute respiratory 
syndrome, which could persist even after they are clinically cured of the infection 
[16]. Second-wave victims were those that suffer from the consequence of the mea-
sures taken to limit the spread of COVID-19. The victims include but not limited to 
those who did not present at the hospital due to fear of getting infected; some group 
of people with progressive disease whose appointments were rescheduled, and 
those that did not present themselves for routine screening [17]. The third wave was 
found to be more dangerous [18]. The rate of infection was 1.7 times more than that 
of second wave and 6.23 times more than the first wave. Although, the death rate 
was 1.21 times more than second wave, third wave was not as fatal as the first wave 
(at least 0.46 times less than the first wave) [19]. The third wave has been associated 
with the effect of the pandemic on the social determinants of health and its effect 
on the next generation [20]. The health inequalities have been projected to worsen 
through severe economic set back [21], and the groups at the intersection between 
poverty and poor health with most likely suffer the most [21].

Prevention of COVID-19 infection is based on adherence to social distancing, 
patient isolation, quarantine, wearing a mask, and regular washing of hands [22]. 
In addition to the health impact of COVID-19, there is an economic consequence 
of this virus as it spans through an increase in unemployment rates and healthcare 
demand [23]. These negative impacts have encouraged pharmaceutical companies 
to develop a vaccine urgently. In December 2020, several vaccines were authorized 
to prevent COVID-19 infection, and more than 50 COVID-19 vaccine candidates are 
being developed [24]. Vaccination is the most effective means of handling infec-
tious diseases, and its success is confronted by vaccine hesitance [25]. The impact of 
vaccination against diseases cannot be overemphasized; for example, smallpox was 
eradicated by vaccine administration [25].

2. COVID-19 vaccine development

Several vaccines for COVID-19 have undergone human trials and passed. Three 
vaccines have been approved for administration, and they are Pfizer-BioNTech, 
Moderna, and Johnson & Johnson’s Janssen. The Centers for Disease Control and 
Prevention (CDC) has declared that all three vaccines are safe, effective, and will 
reduce a person’s risk of severe illness [26]. The Bill and Melinda Gates Foundation 
awarded a US$15 million grant toward the experimental COVID-19 Vaccine by 
Novavax with research stationed at Witwatersrand University in Johannesburg, 
South Africa [27]. While vaccine development has been achieved within a short 
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time, its safety, potency, efficacy, and universal accessibility are of great concern 
[12]. Efficacy is not all required for vaccines to be effective, but it must be accepted 
by the people [28].

3. Mechanism of action of COVID-19 vaccines

3.1 mRNA vaccines

3.1.1 Pfizer and Moderna

Both Pfizer and Moderna are mRNA vaccines. These are cutting-edge vaccines 
made from genetically engineered RNA molecules that through their translation 
in the ribosomes produce a protein that triggers the immune system of the host to 
produce antibodies against the antigen-carrying substance or organism [29]. The 
surface of COVID 19 contains between 25 and 28 proteins, and on this surface is the 
presence of three repeating protein copies called “spike protein” of COVID 19, but 
only a copy of one of this repeating subunit is used for formulating the mRNA [30]. 
This formulated mRNA is enclosed in a lipid nanoparticle to ensure cytoplasmic 
penetration and ribosome translation leading to the synthesis of the viral spike pro-
teins [29] as well as making delivery easy and preventing the body from damaging 
it [31]. The synthesized s-proteins displayed on cell membranes activate MHC 1 and 
MHC 2 complexes and activate the B cells, macrophages, dendtritic cells and attract 
other cells of the immune system such as T helper cells [32]. Strongly activated T 
helper cells produce interleukins 2, 4, and 5 [33]. These interleukins stimulate the 
T helper cells to proliferate memory T cells for recognition of the spike protein 
and also cause the B-cells to differentiate into plasma cells that eventually produce 
antibodies against the viral spike proteins, neutralizing or destroying the virus. The 
efficacy of Pfizer and Moderna for preventing disease or severe disease results in 
95–87.5% and 94.5–100%, respectively [32].

3.2 Viral vector vaccines

3.2.1 Astra Zeneca

Astra Zeneca is a viral vector vaccine. This involved the use of a modified 
version of chimpanzee DNA adenovirus known as ChAdOx1, which no human 
population has been exposed and does not generate an immune response to the 
adenovirus but rather to the viral proteins encoded in the host DNA [34]. The 
genetically engineered DNA vector is used as a template in human cells to generate 
new chimpanzee adenovirus replicas and produce the viral proteins that is similar 
to the s-peptide and therefore elicits an immune response. The DNA vector on entry 
into the cytoplasm of host cells migrates to the cell nucleus, where it gets converted 
into mRNA using the host enzymes. The mRNA migrates back to the cytoplasm and 
interacts with the ribosome to synthesize the s-proteins. The proteins get expressed 
on the cell membranes and form MHC 1and MHC 2 complexes. This is followed by 
the activation of antibodies, B cells, T helper cells, and plasma cells against spike 
proteins of COVID 19, destroying or neutralizing the virus [35].

3.2.2 Johnson and Johnson

Johnson and Johnson vaccine, also known as Janssen COVID 19 vaccine, is also a 
viral vector vaccine made from an adenovirus type 26 and genetically engineered to 
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contain the gene for making spiked proteins of SARS-CoV-2 (glycoprotein (Ad26.
COV2-S). The mechanism of action is similar to that of Astra Zeneca. The adenovi-
rus vector is manipulated in the laboratory to delete the gene for replication to avoid 
replication in human cells [36]. When injected into human body, the DNA carrying 
the information for the SARS-CoV-2 spike protein is transferred into the nucleus 
without being incorporated into the host cell DNA. The viral DNA causes the cell to 
produce more adenovirus particles. It gets translated into mRNA and transported 
out to the cytoplasm. Ribosomes convert information in these mRNA to form spike 
proteins. These spike proteins present at the surface of cells induce production of 
T-cells (CD4 and CD8), cytotoxic cells, plasma cells, Interleukins, and B-cells that 
constitute the three primary immune responses (antibodies, killer CD8 T-cells, and 
helper CD4T-cells) to block the infection [37]. T cells destroy infected human cells 
while antibodies protect uninfected cells from circulating free viral particles.

The efficacy of Astra-Zeneca and Janssen is about 70% and 65%, respectively; in 
the case of Janssen, it depends on the geographical area ranging from 72–57% [32].

4. COVID-19 vaccine acceptance

Vaccine acceptance by the population is crucial to control the pandemic and 
prevent further deaths. Herd Immunity, also known as population immunity, offers 
some protection to unvaccinated individuals when a significant percentage of the 
population is immune to that disease. Herd immunity, however, is compromised 
when widespread vaccine acceptance is not achieved [38]. Vaccination could 
efficiently reduce the burden of the pandemic [39]. However, a reasonable level 
of vaccine acceptance is needed [40]. As the vaccine is now available, its public 
acceptance is about 67% in the United States of America [41]. From the history 
books, Africa has always been a passive recipient of vaccines, and the reason for 
this is multifactorial [26]. Vaccines have been a successful measure of disease 
prevention for decades [42]. However, vaccine hesitancy and refusal are significant 
global concerns, prompting the World Health Organization (WHO) to declare this 
uncertainty among the top 10 health threats in 2019 [43].

5. Herd immunity and COVID-19 vaccine

Herd immunity, first published in 1923, is a concept that refers to the reduced 
risk of an individual getting an infection from an already infected individual 
because of the resistant immunity of a large proportion of the population [44]. 
With this concept, the fight against infection in a population can be achieved even 
when it is impossible to vaccinate the entire population [45]. Immunization cover-
age of about 80% of individuals against the smallpox virus reduced the transmis-
sion rate and eradicated the disease [46]. Individuals with compromised immunity 
as a result of diseases such as HIV/AIDS may not be able to be vaccinated, but they 
are still being protected from the infection through herd immunity, by staying 
among people who have been vaccinated [47]. The administration of COVID-19 
vaccines is expanding daily, and this brings us a step closer to the goal of COVID-19 
herd immunity [26, 48].

Herd immunity, also known as indirect protection, community immunity, or 
community protection, refers to the protection of susceptible individuals against 
an infection when a sufficiently large proportion of immune individuals exist in a 
population [49]. In other words, herd immunity is the inability of infected indi-
viduals to propagate an epidemic outbreak due to lack of contact with sufficient 
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numbers of susceptible individuals [49]. It was initially introduced more than a 
century ago and in the latter half of the twentieth century, the expansion of immu-
nization programs and the need for describing targets for immunization coverage, 
discussions on disease eradication, and cost-effectiveness analyses of vaccination 
programs make the term “herd immunity” more popular [50]. The disappearance 
of smallpox alongside the sustained reduction in the incidence of disease in elderly 
population who were not vaccinated following routine childhood immunization 
with conjugated Haemophilus influenzae type B and pneumococcal vaccines are 
successful examples of the effects of vaccine-induced herd immunity [50].

The herd immunity threshold is defined as the proportion of individuals in a 
population who, having acquired immunity, can no longer participate in the chain 
of transmission [51]. If the population of those with immunity falls beyond this 
threshold, current outbreaks will extinguish and endemic transmission of the 
pathogen will be interrupted [51]. The durability of immune memory is a critical 
factor in determining population-level protection and sustaining herd immunity in 
both naturally acquired and vaccine-induced immunity [52]. In the case of measles, 
varicella, and rubella, long-term immunity has been achieved with both infection 
and vaccination. But such durable immunity has not been observed in coronal 
virus [52].

Herd immunity is an important defense against outbreaks and has shown success 
in regions with satisfactory vaccination rates [49]. Notable is that even small devia-
tions from protective levels can allow for significant outbreaks due to local clusters 
of susceptible individuals, as has been seen with measles over the past few years. As 
such Saad [49] concluded that vaccines must not only be effective, but vaccination 
programs must be efficient and broadly adopted to ensure that those who cannot be 
directly protected will nonetheless derive relative protections.

6. Hesitancy toward the COVID-19 vaccine

Vaccine hesitancy is defined as a delay in the acceptance or refusal of a vaccine 
despite the availability of vaccine services [53]. Vaccine hesitancy is a public health 
threat as it serves as a barrier to immunization coverage, especially in developing 
countries [46]. Conspiracy beliefs, which are common in Africa, may influence 
vaccine hesitance as exposure to anti-vaccine theories decreases willingness to accept 
vaccination [43]. Different studies across the world have shown varying rates of 
vaccine acceptance among people [41, 54–57]. The results of these studies show that 
there is some vaccine hesitancy toward the COVID-19 vaccines among different 
demographics. In a study conducted among 672 adults in the United States, 67% 
said that they would accept a COVID-19 vaccine if it is recommended for them [41]. 
Another study conducted across 19 countries reported a 71.5% acceptance rate among 
participants [56]. In Africa, the hesitancy toward the vaccines appears to be larger.

According to the latest data from South African fintech company, Comparisure, 
only 48% of South Africans said they would take a COVID-19 vaccine if it was 
available [21]. In a study conducted among Cameroonians, the vaccine hesitancy 
rate was 84.6%, and this percentage includes participants who said they will need 
more information, do not know or will not take a COVID-19 vaccine [58].

7. Factors that cause hesitancy toward COVID-19 vaccines

The causes of vaccine hesitancy toward the COVID-19 vaccines are intersec-
tional. One of the factors that affect the vaccine-acceptance rate among people 
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is the efficacy of the vaccine. In a study conducted in South-East Asia, 93.3% of 
respondents said they would like to be vaccinated for a 95% effective vaccine, but 
the acceptance rate dropped to 67% for a vaccine with 50% effectiveness [55]. Other 
factors that influence vaccine hesitancy include a perception that vaccines are not 
beneficial, pain and needle fear, negative information about vaccination on social 
media, and a lack of knowledge about vaccines [58]. Lower educational attain-
ment and a lower household income are factors that can drive vaccine hesitancy 
[55]. The causes of vaccine hesitancy had also been reported in different studies, 
including religious reasons, personal beliefs, and safety concerns due to widespread 
myths, including the association of vaccines and autism, brain damage, and other 
 conditions [59].

8. Consequences of vaccine hesitancy toward COVID-19 vaccines

Vaccine hesitancy has many consequences. These consequences can be public-
health-related and even socioeconomic. Vaccine hesitancy will increase the inci-
dence of COVID-19 infections. Herd Immunity, which offers some protection to 
unvaccinated individuals, is compromised when widespread vaccine acceptance is 
not achieved [38]. One study found that a 5% reduction in measles, mumps, and 
rubella vaccination in the United States resulted in a threefold increase in annual 
measles cases [60].

9. Approach to maximizing COVID-19 vaccine acceptance

Community participation has been identified as a key approach to maximizing 
COVID-19 acceptance in developing countries. Mobilization of community mem-
bers can be achieved through religious leaders, chiefs, and royal heads’ involvement 
in the process [61–63]. There are two major goals of community mobilization. The 
first is to ensure proper education on the benefits of the vaccine with the assistance 
of health professionals [61–63]. Second is to maximize uptake of COVID-19 vaccine 
when it becomes available to the public. Failure of the community to accept the 
vaccine would result in adverse consequences such as resource wastage. Community 
participation will make enhance and promote the availability of the vaccine in each 
African setting through a well-structured planning process of vaccine production 
and procurement [61–63]. More so, integration of the COVID-19 vaccine into the 
existing healthcare services presents a promising strategy to overcome the prob-
lem of vaccine hesitancy to improve vaccine acceptance maximization [61–63]. 
Integration of the COVID-19 vaccine in healthcare facilities reduces the time people 
spend on vaccine collection. It is worthy of note that the integration of the COVID-
19 vaccine in health facilities (primary healthcare centers) promotes its proximity 
to residential areas, thus reducing the individual’s cost of transportation [61–63]. 
The National Primary Health Care Development Agency should be both responsive 
and responsible in this regard.

10. Conclusion

Vaccine hesitancy may hinder herd immunity, an important aspect of curtailing 
COVID-19. Efficacy of the vaccine, misinformation on the vaccine by religious lead-
ers and the masses are part of the causes of hesitancy. Acceptance of the COVID-19 
vaccine by the general population is so important for achieving a wide range of 
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immunization coverage to bring the pandemic to an end. Community mobilization 
by community elders has been suggested as a way of getting to people in the com-
munity and could improve vaccine acceptance in Africa. There is also a need for the 
availability of reliable information about vaccines, messages that highlight the vac-
cines efficacy and safety could be effective for addressing the hesitancy to increase 
the acceptance level of the COVID-19 vaccine in Africa.
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Abstract

Helicobacter pylori infect during childhood and are typically present for life, 
despite a vigorous host immune response, which includes the invading pathogen 
being coated with antibodies. This bacterial longevity indicates the development, on 
the part of the pathogen, of a range of processes for evading effective host immu-
nity. Since its discovery 25 years ago, significant progress has been made in under-
standing the virulence factors and several aspects of the pathogenesis of H. pylori 
gastric diseases. The prevalence of antimicrobial drug resistance is so high that all 
patients infected with H. pylori should be considered resistant infections. The most 
severe consequence of H. pylori infection, and the key reason a vaccine is required, 
is gastric cancer, globally the third leading cause of death due to cancer. Patients 
typically present with gastric cancer without knowing they are infected; eradica-
tion likely has little effect by this time. Vaccine against H. pylori that reduces the 
incidence of gastric cancer will probably be cost effective in developed countries. 
Several vaccines were successfully tested in different experimental animal models, 
but translation into an efficacious human vaccine has been unsuccessful.

Keywords: Helicobacter pylori, H. pylori vaccine, gastric disease, gastric cancer

1. Introduction

Helicobacter pylori (H. pylori) is a gram-negative, motile, spiral, or curved 
bacterium that colonizes the human gastric mucosa about 50% of the human 
population [1]. H. pylori induces the development of a peptic ulcer, gastric mucosa-
associated lymphoid tissue lymphoma, and gastric cancer [2]. Globally, gastric 
cancer ranks as the third leading cause of death from malignancy [3].

The prevalence of H. pylori infection in developed countries ranges from 30 to 
40%, while it can reach 80% [4–8]. Hygiene conditions and socioeconomic status 
affect the incidence of H. pylori infection [5]. H. pylori infection is thought to 
result from direct human-to-human transmission through oral, fecal, or both. The 
infection is generally acquired during childhood and then increases gradually with 
age. H. pylori is commonly transmitted from mother to child [1] This evidence is 
supported by the ability to grow H. pylori from vomit or oral area and analysis of 
bacterial strains indicating general vertical transmission between mothers and their 
offspring [1, 9, 10]. If left untreated, most H. pylori infections last a lifetime.

It is challenging to eradicate H. pylori because of its high antimicrobial resis-
tance. In addition, most of the infected people are asymptomatic. The costs for 
adequate diagnostic tests and pharmacological eradication will be enormous. 
Treatment of H. pylori requires a multidrug regimen because the organism colonizes 



Vaccine Development

50

beneath the mucous layer, which reduces the direct effect of antibiotic penetra-
tion [11]. Resistance is also a problem with some commonly used antibiotics, 
namely metronidazole, amoxicillin, erythromycin, and clarithromycin [11–15]. 
Unfortunately, increasing antibiotic resistance is beginning to affect the efficacy of 
treatment, and, despite the impact of H. pylori, preventive vaccination strategies are 
still lacking. Until now, there is no recommended H. pylori vaccine available. Here, 
we provide an overview of the constraints and challenges in the manufacture of  
vaccines against H. pylori.

2. Morphology of H. pylori

H. pylori is a gram-negative, non-spore-forming bacterium, spiral-shaped or 
rods. It will turn into a coccoid form in unfavorable conditions, a form of defense 
resistant to conditions [16]. Several studies have shown that the coccoid form of 
H. pylori decreases morphological manifestations and remains alive and metabo-
lizes actively, although it cannot be cultured [16, 17].

These bacteria have flagella that allow high motility and are microaero-
philic. H. pylori has 1–6 sheathed flagella at the terminals, which are lophotri-
cally arranged. Other Helicobacter species have flagella that are not sheathed 
[18]. The length of this bacterium is between 2.5 and 3.5 m, and the width is 
0.5–1.0 m. H. pylori can grow well at 35–37°C and produces the enzyme catalase, 
cytochrome oxidase, urease, alkaline phosphatase, and glutamyl transpeptidase. 
The proper place for bacteria to live in the human body is the antrum. The 
number of H. pylori that appears to show the ability to adapt to certain areas, for 
example, in the human stomach on the surface of epithelial cells and the mucous 
layer [16, 18].

These bacteria have the same layer composition as other gram-negative bacteria: an 
inner membrane, periplasm with peptidoglycan, and an outer membrane. The outer 
membrane is composed of phospholipids and lipopolysaccharides (LPS). H. pylori LPS 
variation plays a role in population heterogeneity and allows adaptation to changes 
in gastric mucosal conditions. Outer membrane phospholipids contain cholesterol 
glucoside, which is very rare in bacteria [18].

3. H. pylori adaptation and colonization

After entering the stomach, H. pylori performs four colonizing stages, including 
surviving against gastric acid, moving toward gastric epithelial cells, attaching to 
gastric epithelial cells, and releasing toxins, causing tissue damage [19]. The enzyme 
urease is an essential factor for H. pylori colonization of the gastric mucosa. This 
enzyme converts urea (a product secreted by gastric cells) into ammonia and carbon 
dioxide. Ammonia can increase the pH of the gastric mucosa around bacterial cells. 
Therefore, this enzyme neutralizes the acidity of the stomach and aids in coloniza-
tion. However, this enzyme can also stimulate monocytes, neutrophil chemotaxis, 
and stimulate cytokine production [20].

H. pylori uses flagella and specific chemoreceptors, TIpB, to move toward gastric 
epithelial cells near-neutral pH. The circular motion is facilitated by the helical 
shape of the bacteria, which can pass through the dense mucosal layer [20]. These 
bacteria can penetrate the mucus layer through the production of a protein called 
collagenase/mucinase. Collagenase/mucinase functions to liquefy mucin, reducing 
viscosity and allowing these bacteria to move more freely to reach epithelial cells. 
In addition, H. pylori produces alpha-carbonic anhydrase (α-CA), which helps 
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urease convert carbon dioxide into bicarbonate. Bicarbonate is a weak base that can 
neutralize stomach acidity [19].

After successfully passing gastric acid, H. pylori attaches to gastric epithelial 
cells with the help of adhesins. Adhesins bind to receptors on the gastric mucosal 
surface. The majority of adhesins are H. pylori outer membrane proteins (OMPs) 
[21]. These adhesives include BabA (Blood Group Antigen-Binding Adhesin), SabA 
(Sialic acid-binding Adhesin), AlpA/B (Adherence-associated Lipoproteins A/B), 
HopZ, OipA, and HpaA. Receptors for BabA, Sab A, and AlpA/B adhesins include 
the Lewis human blood antigen group b (Leb), sialyl Lex, and laminin. Meanwhile, 
the HopZ and OipA receptors have not been identified [21–23].

The LPS chemical structure of several H. pylori strains resembles the Lewis 
x and Lewis y blood antigen groups expressed in the gastric mucosa. It serves 
to downregulate the immune response in patients with acute and chronic infec-
tions [24]. Specific modification of the LPS molecule allows molecular mimicry 
and alteration of the structural components of lipid A, leading to low endotoxic 
activity. The H. pylori membrane is coated with the same molecules on the host 
cell as plasminogen and cholesterol that protect the bacteria from host cell 
recognition. The high genetic diversity of bacteria allows for rapid adaptation to 
environmental changes [20]. Phospholipase H. pylori produces products such as 
lysolecithin, which interfere with the protective layer of phospholipids that are 
abundant in the apical membrane of mucus cells [24].

H. pylori has a Cag Pathogenicity Island (CagPAI), which is associated with 
the development of chronic active gastritis, peptic ulcer, and atrophic gastritis 
with an increased risk of gastric cancer. CagA is a virulence factor located at 
one end of CagPAI, a 40 kb of the H. pylori genome. Cag PAI encodes 31 genes 
that make up the type IV secretory system (T4SS), which injects CagA, an 
oncoprotein, into the cytosol of gastric epithelial cells [23]. Upon entry into 
gastric epithelial cells, CagA undergoes Src-dependent tyrosine phosphoryla-
tion and activates SHP-2, which leads to dephosphorylation of host cell proteins 
and changes in cellular morphology. Translocation of CagA protein supports 
the release of essential nutrients to the apical side of epithelial cells, either by 
induction of inflammation or by host cell depolarization [24]. Apart from CagA, 
peptidoglycan is also transported into the host cell via T4SS and outer membrane 
vesicles. Peptidoglycan activates the intracellular Nod1 receptor, which activates 
NF-kB (a transcription factor associated with epithelial gene expression and 
regulates the expression of various proinflammatory cytokines). Modifications in 
these settings are important to dampen the host immune system and contribute to 
bacterial persistence [25].

The second most studied H. pylori virulence factor is VacA. VacA is a 140-kDa 
polypeptide. The gene-encoding VacA is present in all H. pylori strains and exhibits 
allelic diversity in three major regions, namely, s (signal), the i (intermediate), and 
m (middle). As a result, the cytotoxic activity of the toxin varies between strains. 
Different combinations of alleles from each region (s1, s2, i1, i2, m1, m2) that exist 
result in different abilities of VacA toxin to stimulate vacuolation in epithelial cells 
[24]. VacA can bind to several epithelial cell surface molecules, including trans-
membrane protein receptors-type tyrosine-protein phosphatase (PTPRZ1), fibro-
nectin, EGFR, CD18 on T-cells, and various lipids and sphingomyelin [24]. VacA 
can induce vacuolation and several cellular activities, including membrane channel 
formation, the release of cytochrome c from mitochondria leading to apoptosis, and 
binding to cell membrane receptors followed by initiation of the proinflammatory 
response. VacA can also inhibit the activation and proliferation of T and B cells 
[23]. VacA can also inhibit the phagosomal maturation of macrophages and induce 
macrophage apoptosis [24].
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4. Natural history of H. pylori infection

The natural history of H. pylori infection can be divided into two stages. The 
first is the acute phase, where bacteria multiply and cause gastric inflammation, 
hypochlorhydria, and some gastrointestinal symptoms such as fullness in the 
stomach, nausea, and vomiting [26]. This phase often occurs during childhood 
and is almost difficult to diagnose. After several weeks, the chronic phase begins 
with a reduced inflammatory response, and gastric pH normalizes, then becomes 
asymptomatic. Colonization of H. pylori in the gastric mucosa causes infiltration 
of neutrophils and mononuclear cells in the antrum and body, leading to chronic 
inflammation. When colonization becomes persistent, there is a close correla-
tion between the level of acid secretion and the distribution of chronic gastritis. 
The most common feature is non-atrophic gastritis with normal acid secretion in 
asymptomatic subjects. Antral-dominant gastritis is associated with hyperchlorhy-
dria and duodenal ulcers, whereas dominant corpus gastritis causes hypochlorhy-
dria, gastric atrophy, intestinal metaplasia, and an increased risk of distal gastric 
cancer [27].

H. pylori colonization causes a degree of inflammation in the gastric mucosa. 
Reactive oxygen species produced from polymorphonuclear after activation by 
H. pylori induce gastric mucosal injury. Polymorphonuclear cell infiltration of the 
gastric mucosa leads to the development of early H. pylori infection lesions called 
active chronic gastritis, the natural history of H. pylori infection [16].

Acid secretion is affected by H. pylori infection, which is also associated with 
dyspepsia. Patients with functional dyspepsia and H. pylori infection had a fourfold 
increase in acid secretion. In contrast, asymptomatic H. pylori-positive individuals 
had only a 2.5-fold increase in acid secretion. Acid secretion during H. pylori infection 
depends on the spread of gastric mucosal atrophy and the local stage of inflamma-
tion, which is determined by interactions between the host, bacteria, and environ-
mental factors. In H. pylori-infected patients with dominant antral gastritis without 
corpus atrophy, acid secretion was more elevated than in uninfected normal mucosa. 
This is a potential cause of dyspeptic symptoms, such as epigastric pain or burning. 
In contrast, when the atrophy extends to the corpus mucosa (fundic glands), reduced 
acid secretion is due to direct damage to parietal cells in the corpus, associated with 
gastric ulcers and gastric cancer [16, 28, 29].

5. Immune evasion in persistent infection with H. pylori

The primary defense barrier against H. pylori is the mucus secreted by epithelial 
cells and innate immune cells in the lamina propria [30]. H. pylori and its products 
can directly contact lamina propria immune cells, resulting in an influx of immune 
cells that include neutrophils, macrophages, dendritic cells, lymphocytes, and 
associated innate and adaptive immune responses [31]. Toll-like receptors (TLRs) 
are a major group of Pattern Recognition Receptors (PRRs) that recognize pathogen-
associated molecular patterns (PAMPs). Bacterial lipopolysaccharide (LPS), pepti-
doglycan, lipoprotein, lipoteichoic acid, and unmethylated CpG-rich regions of DNA 
are the main targets of TLRs [31]. Studies have shown that H. pylori has managed to 
escape the introduction of TLRs. For example, TLR4 runs the well-described LPS 
recognition [32].

H. pylori subverts the adaptive immune response by modulating effector T 
cells [31]. During H. pylori infection, the frequency of CD4+ T cells in the gastric 
lamina propria with a memory phenotype increases and polarizes to a Th1/Th17 
phenotype, but these T cells are hyporesponsive to this bacterium [33]. Because 



53

Helicobacter pylori Challenge Vaccine for Humans
DOI: http://dx.doi.org/10.5772/intechopen.101157

this hyporesponsiveness contributes to chronic infection, attempts have been made 
by H. pylori to downregulate the T-cell response. H. pylori also manipulate T cell 
function by eliciting regulatory T cells (Tregs), frequently found in these patients 
[34]. Unusual Tregs activation by microbial antigens may provide a mechanism for 
preventing H. pylori from the immune response. Gamma-glutamyl transpeptidase 
(GGT) and VacA from the H. pylori molecule indirectly affect T lymphocyte activ-
ity and promote the differentiation of effector CD4+ T cells into Tregs. [35].

6.  Current status and challenges of H. pylori vaccine candidate 
development

Since the early 1990s, vaccines based on various antigens, adjuvants, and 
routes of administration have been evaluated. The mucosal route of administra-
tion, especially the oral route, is the most suitable route for vaccination against 
H. pylori infection to induce an effective immune response at the site of infection. 
Until now, many vaccine candidates have been developed at the preclinical stage. 
In comparison, the most advanced candidate for the H. pylori vaccine is in phase 3 
clinical trials (Table 1).

6.1 Oral recombinant Helicobacter pylori vaccine

This vaccine (UreB/LTB fusion vaccine) is a recombinant oral H. pylori vaccine 
using a urease B subunit (gene derived from H. pylori 9803) fused with heat-labile 
enterotoxin B subunit (gene derived from E.coli H44815) developed by Third 
Military Medical University and Chongqing KangWei Biotechnology in China. A 
randomized, double-blind, placebo-controlled phase III clinical trial was conducted 
in Ganyu County, Jiangsu Province, China. Vaccination was administered orally 

Candidate vaccine Country 
of the 
laboratory

Trial 
status

Prophylactic /therapeutic References

Candidate vaccine: 
Oral Recombinant 
Helicobacter Pylori 
Vaccine

China Phase III Prophylactic [36]

Imevax/IMX101 Germany Phase I Prophylactic [37]

HelicoVax USA Preclinical Therapeutic [38]

Recombinant CTB-
UreI-UreB (BIB)

China Preclinical Prophylactic [39]

Recombinant Vibrio 
cholerae expressing H. 
pylori HpaA antigen

Sweden Preclinical Prophylactic [40]

CTB-Lpp20 China Preclinical Prophylactic /Therapeutic [41]

MCRI (Murdoch 
Children Research 
Institute /Gastric 
Cancer Vaccines)

Australia Preclinical Prophylactic [42]

H. pylori Vaccine 
(NCT00736476)

Germany I/II Prophylactic [43]

Table 1. 
Summary of H. pylori vaccine development status.
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in 3 doses on days 0, 14, and 28. In this study, oral administration of the H. pylori 
vaccine provided good protection against H. pylori infection in children aged 
6–15 years up to 1 year after vaccination. Although the estimated point of protec-
tion for the vaccine later shows a slight decrease in efficacy, overall safety can last up 
to 3 years. All side effects are mild and improve within 24 hours. The most common 
reaction is vomiting, followed by fever and headache [36].

6.2 Imevax/IMX101

Imevax has completed a phase I clinical trial with IMX101. The vaccine  
consists of the H. pylori antigen-glutamyltranspeptidase (GGT), an outer 
membrane protein, and a mucosal adjuvant. The main reason for the failure of 
previous vaccines to provide complete protection is the immune evasion strategy 
possessed by H. pylori [35].

One of the most important is GGT, which appears to have relatively immunosup-
pressive solid activity. Therefore, this vaccine aims to target and neutralize these 
defense mechanisms, potentially enabling a more effective protective immune 
response against other antigenic components of the vaccine. The phase I clinical 
trial of Imevax IMX101 was conducted in a multi-center, randomized, double-blind, 
and adjuvant-controlled study conducted on adult volunteers aged 18 to 50 years to 
evaluate safety, tolerability, and efficacy. Volunteers consisted of negative people 
for H. pylori and healthy people infected with H. pylori. IMX101 vaccine is adminis-
tered sublingually and intradermally [37].

6.3 HelicoVax

In the study by Steven F. Moss et al., they designed two DNA vaccines, namely 
HelicoVax A and HelicoVaxB, each containing a set of 25 different HLA class II 
epitopes. Steven F. Moss et al. used C57BL/6 mice. At six weeks, mice were infected 
with H. pylori strain SS1 in 0.1 ml PBS, 3 times in 1 week. DNA vaccines are admin-
istered intramuscularly and intranasally. The test results show that there is promis-
ing therapeutic efficacy for the development of an epitope-based mucosal vaccine 
against H. pylori.

6.4 Recombinant CTB-UreI-UreB (BIB)

Epitope vaccines are a promising option for protection against H. pylori infec-
tion. Research conducted by Jing Yang et al. developed a multi-epitope vaccine by 
linking the cholera toxin B (CTB) subunit, two antigenic fragments of H. pylori 
urease I subunit (UreI20–29, UreI98–107), and 4 H. pylori antigenic fragments. 
Urease B subunit, (UreB12–23,UreB229–251,UreB327–400,UreB515–561) produces 
recombinant CTB-Urel-UreB (BIB). This vaccine’s protective effect against H. pylori 
infection was evaluated in BALB/c mice. Significant protection against H. pylori 
infection was achieved in BALB/c mice immunized with BIB, rIB plus rCTB, and 
rIB. Induction of substantial protection against H. pylori was mediated by specific 
serum IgA and mucosal sIgA antibodies and a mixed response of Th1/Th2/Th17 
cells. This multi-epitope vaccine can be a promising vaccine candidate that helps 
control H. pylori infection [39].

6.5 Recombinant Vibrio cholerae expressing H. pylori HpaA antigen

The vaccine was designed by constructing and characterizing the faster-growing 
O1 Vibrio cholerae strain of H. pylori as a vector for the H. pylori antigen that might 
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be used as a vaccine strain against H. pylori. Joshua Tobias et al. developed the 
technology of over-expressing enterotoxigenic E. coli (ETEC) colonization factor 
antigens (CFs), the main virulence factor of ETEC, in heterologous bacterial strains 
including V.cholerae. Due to the extracellular nature of H. pylori, the bacteria colo-
nize the epithelial surface and coat the gastric mucosal lining and areas of gastric 
metaplasia in the duodenum. Joshua Tobias et al. constructed a V.cholerae strain 
that overexpressed HpaA, as a surface antigen and H. pylori-specific lipoprotein 
known to mediate H. pylori colonization in the rat stomach and be a protective 
antigen against H. pylori infection in animal models, singly or in animal models. 
Concurrently with different ETEC CFs can promote bacterial binding to the small 
intestinal mucosa. Specific strains were developed and characterized to the level of 
surface expression of HpaA, and the capacity to induce an immune response against 
H. pylori in mice after oral immunization [40].

6.6 Lp220 vaccine

Epitope vaccine is a potential vaccine as a prophylactic and therapeutic vaccine 
against H. pylori infection. Lpp20 is one of the main protective antigens that trigger 
immune responses after H. pylori invades the host and is considered an excel-
lent vaccine candidate for the control of H. pylori infection. This epitope vaccine 
consists of a mucosal adjuvant cholera toxin B subunit (CTB) and three Lpp20 
epitopes that have been identified (one B cell epitope and two CD4+ T cell epitopes) 
for efficacy in mice. An epitope vaccine consisting of CTB, one B cell, and 2 CD4+ 
T cell epitopes of Lpp20 was prepared and named CTB-Lpp20, which is expressed 
in Escherichia coli and used for immunization BALB/c mice via intragastric. The 
CTB-Lpp20 epitope vaccine has good immunogenicity and immunoreactivity and 
can produce high specific antibodies against Lpp20 and the cytokines IFN-c and 
IL-17. In addition, CTB-Lpp20 significantly decreased H. pylori colonization in 
mice. This protection correlates with IgG, IgA, and sIgA antibodies and Th1-type 
cytokines [41].

6.7 MCRI (Murdoch children research institute/gastric cvaccines)

MCRI (Murdoch Children Research Institute) developed a new vaccine strategy 
that prevents H. pylori-induced inflammation. The vaccine candidates are recom-
binant HtrA, a-55 kDa protein, and the only serine protease produced by H. pylori. 
HtrA is expressed and secreted on the bacterial surface, and is essential for the 
survival of H. pylori. MCRI investigators have shown that mice vaccinated with HtrA 
protected against H. pylori-induced inflammation compared with controls. H. pylori 
HtrA destroys the epithelial barrier by cleaving E-cadherin thereby opening junctions 
between gastric epithelial cells. The leaky epithelium allows a number of bacteria 
to enter the epithelial barrier to the tissue, interact with immune system cells, and 
cause gastritis. MCRI investigators found that serum from mice vaccinated with HtrA 
neutralized HtrA protease activity in vitro [42].

6.8 H. pylori vaccine (NCT00736476)

The vaccine consists of three recombinant H. pylori antigens vacuolating cyto-
toxin A (VacA), cytotoxin-associated gene A (CagA), and neutrophil-activating 
protein (NAP) that prevent infection in animal models and are well tolerated and 
highly immunogenic in adults receiving healthy. In this phase 1/2 randomized, 
single-center, unsupervised, placebo-controlled study, healthy nonpregnant 
adults aged 18–40 years who were confirmed negative for H. pylori infection were 
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randomly assigned (3:4) to three intramuscular doses placebo or vaccine at 0, 1, and 
2 months [43]. Previously, three recombinant antigen vaccines were tested relevant 
to H pylori virulence—CagA, VacA, and NAP—in phase 1 clinical study [44]. 
Compared with placebo, the vaccine did not provide additional protection against 
H. pylori infection after challenge with CagA-positive strains, despite an increased 
systemic humoral response to key H. pylori antigens. The vaccine induces high-titer 
IgG antibodies specific for CagA, VacA, and NAP and a robust antigen-specific T 
cell response, but this is not sufficient to eliminate H. pylori [43].

7. Conclusion

The best preclinical results are obtained from vaccines that often induce a T-cell-
mediated immune response rather than humoral immunity. Th1 and Th17 responses 
in the stomach are more protective. The mechanisms of H. pylori persistence 
and the utilization of multiple mechanisms to overcome adaptive immunity are 
recognized as essential barriers to vaccination. Several vaccines were successfully 
tested in different experimental animal models, but translation into an efficacious 
human vaccine was unsuccessful. A better understanding of the immune response 
generated by natural H. pylori infection and the mechanism by which the bacteria 
survives is needed for the development of human vaccines. Future vaccines for the 
prevention of H. pylori infection should be conducted in children, where infection 
occurs naturally. Therefore, prophylactic vaccines may need to be given to children 
in the first few years of life to reach the maximum number of target groups when 
uninfected, but the health benefits will emerge five decades later.
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Abstract

Hydatidosis or cystic echinococcosis (CE) is caused by the larval stage of the 
tapeworm Echinococcus granulosus. This parasite is cosmopolitan in distribution 
and causes significant economic losses to the meat industry, mainly due to condem-
nation of edible offal. Echinococcosis treatment in human is very expensive as it 
requires extensive surgery or prolonged chemotherapy or use of both. In Asia and 
Africa, the vulnerable population of developing the disease is around 50 million.  
Office International des Epizooties (OIE) has recognized CE as a multi species 
disease. The parasite has acquired the capability to survive long time within the host 
due to a specific mechanism to evade the host immune system. A specific class of 
proteins known as secreted  and membrane  bound  (S/M)  proteins play key roles 
in the evasion mechanism. A  total  of  12  S/M proteins  have  been  reported  as  
immunodiagnostic  and immunoprophylactic agents. Of these, Eg95 is a candidate 
antigen used for immunization of animals. Literature suggests that, Eg95 is a multi-
gene family (Eg95-1 to Eg95-7) and exists in seven different isoforms. This chapter 
will describe minutely efficacy of Eg95 as a vaccine candidate based on animal trial 
and potentiality of other S/M proteins as immunodiagnostic antigen and immune 
evasion.

Keywords: Echinococcus granulosus, cystic echinococcosis, secreted and  
membrane-bound (S/M) proteins, vaccine

1. Introduction

Echinococcus granulosus is the etiological agent of cystic hydatid disease (CHD) 
alias cystic echinococcosis (CE). CE is a classic example of cyclozoonosis since for 
completion of its life cycle, the parasite exploits two vertebrate hosts. The disease 
is an important cause of human morbidity and mortality specifically among 
transhumance pastoralists [1] and of worldwide distribution. In case of human, the 
disease poses a significant burden on health system due to the high cost of treatment 
including surgery and chemotherapy. Moreover, the disease has negative impact on 
productive and reproductive performances of farm animals in terms of reduction in 
production of milk, meat, and wool [2]. The global report suggests that human CE 
infection ranges from less than 1 per 100,000 to more than 200 per 100,000 in rural 
population. Prevalence of infection depends on association of man and dog. For 
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zoonotic importance of the parasite and losses in livestock sector due to this infec-
tion, Echinococcus infection has been listed in the OIE Terrestrial Animal Health 
Code and is a notifiable disease for reporting by member countries and territories 
as per OIE code. In a most cited literature [2], disability-adjusted life years (DALYs) 
have been estimated as US $193,529,740 (95% CI, $171,567,331–$217,773,513). 
An annual livestock production loss of US $141,605,195 (95% CI, $101,011,553–
$183,422,465) and possibly up to US $2,190,132,464 has been estimated as well. 
This has initiated the need to formulate control strategies. Guidelines of control 
measures include prevention of access of dogs to livestock carcasses, treatment of 
dogs with suitable anthelmintic, thorough meat inspection and disposal as well 
destruction of infected viscera and vaccination with Eg95 vaccine (http://www.oie.
int/en/disease/echinococcosis).

2.  Secreted and membrane-bound (S/M) proteins for sustenance within 
host: a weapon of parasite against host environment

We felt it judicious that, before we discuss about an Eg95 vaccine and secreted 
and membrane-bound (S/M) proteins of E. granulosus, let us brief S/M proteins 
in general since these biomolecules is the main functionaries for spicing up the 
immune system. As a general rule, helminth infection is a chronic infection because 
these harmful creatures survive in the host by its unique feeding strategies and 
evasion/muting of the host immune system. The weapon they use for winning the 
battle against the host immune system is S/M proteins (S/M) [3]. These unique 
biomolecules (S/M proteins) are associated with multitudinous activities such as 

S. No. Name of the 
parasite

Name of S/M protein Activity

1. Schistosoma 
mansoni

Chemokine binding 
Protein

Neutralization of chemokine activity (CXCL8, 
CCL3, CX3CL1, CCL2, CCL5); inhibits 
neutrophil migration [5] et al.

2. Fasciola hepatica Helminth defense 
molecule-1

Molecular mimicry of antimicrobial 
peptides, binds to LPS and reduces its 
activity; prevents acidification of the 
endolysosomal compartments and antigen 
processing; prevents NLRP3 inflammasome 
activation [6, 7].

Fatty acid binding 
protein

Suppresses LPS-induced activation via 
binding and blocking of CD14; induction of 
alternatively activated macrophages [8]

TGF-like molecule Ligates mammalian TGF-b receptor (albeit 
with a lower affinity) and induces IL-10 and 
Arginase in macrophages [9]

3. Brugia malayi Asparaginyl-tRNA 
synthetase

Structural homology to IL-8, binds IL-8 
receptors CXCR1 and CXCR2; chemotactic 
for neutrophils and eosinophils; induced 
regulatory responses and IL-10 in a T cell 
transfer model of colitis [10]

TGF-b homolog-2 Ligates mammalian TGF-b receptor and 
suppresses T cell responses [11]

Abundant larval 
transcript

Inhibitor of IFN-¥ signaling [11]
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penetration and establishment in the host; modulation of the host immune system 
and uptake of metabolites from the host [4]. Due to continuous exposure of S/M 
proteins with the host immune system, some of the candidate biomolecules exhibit 
immunodiagnostic or immunoprophylactic activities. Here we provide some of the 
examples of S/M proteins of helminths involved in survival strategies within the 
challenging host environment (Table 1).

3. Introducing S/M proteins of E. granulosus

This is better to understand about S/M proteins of E. granulosus because S/M 
proteins are used for control of the disease. We will not make the list long for the 
convenience of the readers and will zoom down to only four of them. Out of four, 
two are diagnostic antigens (Antigen B and Antigen 5) and two (Eg95 and 14-3-3 
protein) are of immunoprophylactic value. Under this subheading, “Introducing 
S/M proteins of E. granulosus,” we will brief on three S/M proteins except for Eg95, 
which we will elaborate later in this chapter.

3.1 Antigen B

Antigen B (AgB) is an oligomeric thermostable lipoprotein. The antigen was 
first described by Oriolet al. [16]. The protein was separated from the hydatid 
fluid by size-exclusion chromatography as a 160 kDa protein. This protein is 
abundantly present in E. granulosus hydatid fluid. AgB has already been char-
acterized as an immunomodulatory protein, capable of inducing a permissible 
immune response to the parasite development. This protein is an oligomeric 
lipoprotein composed of 8 kDa related subunits [17]. Molecular studies revealed 
that AgB is encoded by a gene family with five major gene clusters, namely AgB1 
[18], AgB2 [19], AgB3 [20], AgB4 [21], and AgB5 [22]. Bhattacharya et al. [23] 
carried out an exhaustive study on AgB families of Indian isolates of E. granulo-
sus. AgB1 revealed homology to Echinococcus canadensis (G8) and E. granulosus 
sensustricto (G1/G2). AgB3 was homologous to Echinococcus ortleppi (G5) alias 
cattle strain. Predicted amino acid sequence of AgB4 was homologous to bovine 
isolates identified earlier.

S. No. Name of the 
parasite

Name of S/M protein Activity

4. Necator 
americanus

Metalloproteinases Causes proteolysis of eotaxin, but not of IL-8 
or eotaxin-2 [12]

Ancylostoma secreted 
protein-2

Binding to CD79A on B cells, downregulation 
of lyn,PI3K, and BCR signaling [13]

5. Necator 
brasiliensis

Acetylcholinesterase Degrades acetylcholine, reduces neural 
signaling; induces proinflammatory 
cytokines with diminished type 2 cytokines 
in transgenic AChE-expressing trypanosome 
infection [14]

6. Echinococcus 
multilocularis

T cell 
immunomodulatory 
protein

Induces release of IFN-g from CD4+ T cells in 
vitro [15]

Table 1. 
Secreted and membrane-bound (S/M) protein of some important helminths of man.
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3.2 Antigen 5

Antigen 5 (Ag5) is a major antigen of E. granulosus. This has been identified 
to have immunodiagnostic value. This is also known as Capron’s arc 5 antigen 
because this antigen formed an arc by immunoprecipitation reaction with the 
serum samples of patients suffering from the disease [24]. Progress in the molecular 
characterization of Ag5 has been limited. Ag5 is a thermo labile protein. By size-
exclusion chromatography, this has been eluted as 60–70 kDa protein [25]. By 
discontinuous gel electrophoresis, this has been found that, in native form Ag5 has 
a major component (67 kDa) and a minor component (57 kDa). Under reducing 
condition, Ag5 dissociates in two major peptides of 38 kDa and 22 kDa [26, 27]. Ag5 
is a major component of hydatid cyst fluid, which is suggestive of its role as a key 
molecule in the biology of E. granulosus. This antigen plays an important role for 
development and sustenance of parasite within intermediate host till the transmis-
sion of the parasite to the definitive host [25].

3.3 14-3-3 Protein

14-3-3 proteins are a group of molecules that are of different isoforms. These 
molecules are distributed in a broad range of cells in all eukaryotic organisms. 
These groups of molecules are highly conserved in nature and were first reported 
from brain tissue. In recent time, they were found to play crucial roles in eukaryotic 
cell cycling. 14-3-3 Proteins bind with specific ligands containing phosphorylated 
serine/threonine residues to form homo- and heterodimer complexes, and this 
process is regulated by phosphorylation. Several mechanisms of action of 14-3-3 
proteins have been reported; such as induction of conformational change of target 
molecules, the physical occluding of specific features, the scaffolding, and the 
change of cellular localization. The 14-3-3 proteins are acidic protein with a relative 
molecular weight of 30 kDa. This group of proteins show 50% identity within and 
across species, small (30 kDa), acidic proteins that show about 50% amino acid 
identity both within and across species. In mammals, seven isoforms have been 
identified (b-beta, c-gamma, f-zeta, r-sigma, e-epsilon, g-eta, and s-tau). The 14-3-
3f isoforms also termed as E14t have been identified in E. multilocularis (Gen Bank 
accession no. U63643) and E. granulosus (Gen Bank accession no. AF20790). 14-3-3 
Proteins have been found in metacestode, oncospheres, and protoscoleces of  
E. multilocularis. In E. granulosus these proteins have been found in protoscoleces 
and have potential role in the biology of this parasite. In one of the studies from 
India by Pan et al. [28], this was found that, there was over expression of 14-3-3 
protein (zeta isoform) in drug induced protoscoleces of E. granulosus comprised 
to control group. This particular finding indicated that this protein may be used as 
biomarker in drug-induced protoscoleces.

4. Eg95: a brief introduction

Concept to develop Eg95 (16.6 kDa protein) was initiated on the basis of iden-
tification of individual oncosphere components that stimulate host-protective 
immune responses in sheep. Marathon effort was made on this aspect by Heath and 
Lawrence [29] on identification and characterization of host protective antigen 
hither-to its testing in vaccine trial. For raising the hyperimmune sera, the group of 
workers used whole E. granulosus oncospheres; non-denatured oncosphere extract 
treated by freezing, thawing and sonication; extract of immature oncospheres; 
denatured extract of oncospheres. By using an Geenzyme linked immunoblot assay 
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(EITB), a doublet immunodominant peptide of 23 kDa and 25 kDa was identified. 
The fraction that contained the 23 and 25 kDa molecules was able to stimulate 
protection in sheep. These studies suggested that one or both of the 23 and 25 kDa 
somatic oncospheral antigens of E. granulosus were host-protective components 
even after denaturation. This was the first indenture of native Eg95 vaccine 
preparation.

4.1 Isoforms of Eg95 antigen

A protein isoform is known as protein variant. They rise from a single gene or 
a gene family. Protein isoforms are formed due to alternative splicings or variable 
use of promoter or sometimes may be due to post-transcriptional modification of a 
single gene [30, 31]. Agene family of Eg95 for common sheep strain (G1) of  
E. granulosus has been described by Chow et al. [32]. They is Eg95-1 (Gen Bank ID: 
AF134378), Eg95-2 (AF 199351-52), Eg 95-3 (AF199353), Eg 95-4 (AF199349), 
Eg 95-5 (AF 199350), Eg 95-6 (AF199347), and Eg 95-7 (AF199348). Out of seven 
members of Eg95 family, Eg95-7 is pseudo gene.

Based on phylogenetic analysis (Figure 1), this was evidenced that Eg95 gene 
family is having two clusters (Eg95 1-4 and Eg 95 5-6). From India, an elaborative 
study was done to know the genetic diversity of Eg95 [33]. A total of 24 isolates 
collected from cattle, buffalo, sheep, goat, human, and dog were analyzed. 
Genotypic characterization of these isolates revealed that all isolates belonged to G1 
genotype except one buffalo isolate, which was characterized as cattle strain (G5). 
Phylogenetically, the Eg95 coding gene characterized from Indian isolates of E. 
granulosus belongs to the Eg95-1/Eg95-2/Eg95-3/Eg95-4 cluster.

4.2 Eg95 as vaccine

As a vaccine Eg95 is very effective to control E. granulosus. This is known that, 
after vaccination, there is antibody mediated and complement-mediated lysis 
of invading oncospheres. Initially let us mention a trial on vaccine, which was 
conducted in Rio Negro, Argentina. In the trial, lambs were vaccinated with Eg95 
prepared by University of Melbourne, Australia. Primary immunization was done 
at 30 days of age and booster dose was applied at the age of 60 days. Final and 
penultimate dose was provided to the sheep at the age of 1–1.5 years. Immunological 
evaluation of vaccinated animals confirmed the presence of IgG antibody response, 
which persisted for a period of 5 years [34, 35]. Like sheep, Eg95 vaccine has been 
tested in cattle and goat. In cattle, after successful immunization, immunity per-
sisted up to 12 months. This vaccine has been found safe and effective in pregnant 
sheep and cattle as well as in young small ruminants. A further elaborative study 

Figure 1. 
Phylogenetic analysis of Eg95 family based on predicted amino acid sequence (Eg 95-7 could not be included 
since it is a pseudo gene).
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indicated that, after immunization with Eg95 vaccine in pregnant animals, there 
is passive transfer of maternal antibody response, which persisted for 3 months in 
lambs and 5 months in calves [36]. In a very recent note, immunoinformatics analy-
sis and molecular docking tool have been employed to screen the antigen epitopes 
of E. granulosus with a novel purpose to design multi-epitope vaccine comprising of 
T and B cell epitopes. The multi-epitope vaccine was able to activate B lymphocytes 
to produce specific antibodies, which were predicted to confer protection in human 
being against the metacestode infection. This was further predicted that this multi-
epitope vaccine was able to activate T lymphocytes and capable of immunological 
clearance. Further, four CD8+ T cell epitopes and four B cell epitopes of E. granu-
losus tegument antigen were also predicted. Ultimately multi-epitope vaccine was 
predicted with the addition of linker protein [37].

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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