
COVID-19 Vaccines 
Current State and Perspectives

Edited by Ibrokhim Y. Abdurakhmonov

Edited by Ibrokhim Y. Abdurakhmonov

COVID-19 Vaccines - Current State and Perspectives provides the reader with the latest 
overview and opinions on the current state of the art in COVID-19 vaccines, as well as 

future prospects. The challenges covered include novel vaccine development for the 
emerging variants of concern (VOCs), vaccine side-effects with real-world examples, 
population hesitancy, and country experiences with COVID-19 vaccine development, 
clinical trialing and mass vaccination. Chapters discuss new opinions and directions 

on the repurposing of existing traditional vaccines with a wide spectrum of action and 
new platforms for fast-tracked vaccine production and approvals.

Published in London, UK 

©  2023 IntechOpen 
©  ivandan / iStock

ISBN 978-1-80355-357-3

C
O

V
ID

-19 Vaccines - Current State and Perspectives





COVID-19 Vaccines 
- Current State and 

Perspectives
Edited by Ibrokhim Y. Abdurakhmonov

Published in London, United Kingdom



COVID-19 Vaccines - Current State and Perspectives
http://dx.doi.org/10.5772/intechopen.101006
Edited by Ibrokhim Y. Abdurakhmonov

Contributors
Madhurima Roy, Charuta Shrotriya, Irina Magdalena Dumitru, Wilson Lewis Mandala, Mohamed Khalis, 
Oumnia Bouaddi, Chakib Nejjari, Harshal Ashok Pawar, Aditya Manivannan Iyer, Kasturi Mahesh Tawde, 
Jaeyoung Kim, Nikita Thapa, Shahlo Turdikulova, Dilbar Dalimova, Alisher Abdullaev, Muzaffar Muminov, 
Erkin Musabaev, Bakhodir Yusupaliev, Botir Kurbanov, Ibrokhim Y. Abdurakhmonov, Wang Ruyue, Amanda 
Izeli Portilho, Elizabeth De Gaspari, Mohan Kumar, V.L. Surya, Fangwu Chen, Gao Ya

© The Editor(s) and the Author(s) 2023
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2023 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

COVID-19 Vaccines - Current State and Perspectives
Edited by Ibrokhim Y. Abdurakhmonov
p. cm.
Print ISBN 978-1-80355-357-3
Online ISBN 978-1-80355-358-0
eBook (PDF) ISBN 978-1-80355-359-7



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

6,300+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

170,000+
International  authors and editors

185M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editor

Ibrokhim Y. Abdurakhmonov received his BS in Biotechnol-
ogy from the National University, Uzbekistan in 1997, an MS 
in Plant Breeding from Texas A&M University in 2001, and a 
Ph.D. in Molecular Genetics and DSc from the Academy of Sci-
ences of Uzbekistan in 2002 and 2009, respectively. He found-
ed the Center of Genomics and Bioinformatics of Uzbekistan 
in 2012. He received the 2010 TWAS prize and ICAC Cotton 

Researcher of the Year 2013 for his outstanding contribution to cotton genomics 
and biotechnology. Dr. Abdurakhmonov was elected as a fellow of The World 
Academy of Sciences (TWAS) in 2014 and a member of the Academy of Sciences 
of Uzbekistan in 2017. He was appointed Minister of Innovative Development of 
Uzbekistan in 2017. He was honored as the 2022 Ambassador of Silk Road Friend-
ship (Individual) by the China International Culture Exchange Center (CICEC) 
and Global People Magazine for his contribution and leadership in fighting against 
the COVID-19 pandemic.





Preface XI

Section 1
Introduction 1

Chapter 1 3
Introductory Chapter: Global Research Efforts toward the Development 
of COVID-19 Vaccines
by Ibrokhim Y. Abdurakhmonov

Section 2
COVID-19 Vaccines and Vaccination 13

Chapter 2 15
The COVID-19 Vaccines: The Current Standpoint
by Jaeyoung Kim and Nikita Thapa

Chapter 3 27
ZF2001, A Protein Subunit Vaccines against SARS-CoV-2
by Fangwu Chen and Gao Ya

Chapter 4 33
COVID-19 Response in Uzbekistan: From RT-PCR Test System  
to the Clinical Trial of Subunit Vaccine
by Shahlo Turdikulova, Dilbar Dalimova, Alisher Abdullaev,  
Muzaffar Muminov, Wang Ruyue, Liu Pengfei, Erkin Musabaev,  
Bahodir Yusupaliev, Botir Kurbanov and Ibrokhim Y. Abdurakhmonov

Chapter 5 45
COVID-19 Response and Vaccination in Morocco: Efforts, Challenges, 
and Opportunities
by Mohamed Khalis, Oumnia Bouaddi and Chakib Nejjari

Contents



II

Section 3
COVID-19 Vaccines - New Directions 55

Chapter 6 57
The Silver Lining of the COVID-19 Pandemic: Fast-Tracked Vaccine  
Production and Approval
by Wilson Lewis Mandala

Chapter 7 85
Outer Membrane Vesicles: A Challenging Yet Promising Platform  
for COVID-19 Vaccines
by Amanda Izeli Portilho and Elizabeth De Gaspari

Chapter 8 97
Repurposing BCG and MMR Vaccines for Combating COVID-19:  
A Review and Opinion Based on Clinical Evidence
by Kasturi Mahesh Tawde, Aditya Manivannan Iyer  
and Harshal Ashok Pawar

Section 4
Side Effects of COVID-19 Vaccine and Hesitancy 111

Chapter 9 113
Side Effects of the COVID-19 Vaccines
by Irina Magdalena Dumitru

Chapter 10 125
Optic Neuritis Following COVID-19 Vaccination: Real-World  
Ophthalmic Presentation
by Madhurima Roy and Charuta Shrotriya

Chapter 11 137
Hesitancy for COVID-19 Vaccines and Its Implications for Routine  
Immunisation
by Mohan Kumar and V.L. Surya

X



Preface

The severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infection, 
which causes coronavirus disease 2019 (COVID-19), became the most devastating 
viral attack on humans of the past century. It caused unprecedented challenges for 
humanity, devastating the world economy, damaging human health, and taking 
many lives.

A COVID-19 vaccine is an antigenic molecule from the virus that helps the human 
body to generate an acquired immunity against the deadly SARS-CoV-2. At the 
beginning of 2020, there were no means to fight against this deadly virus. Thanks 
to previous studies on the structure and function of related viral genotypes causing 
severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome 
(MERS), it was possible for the international research community to rapidly start 
investigations to develop COVID-19 vaccines, which were seen as the only way 
to minimize the harmful effect of this virus and reduce the death rate of infected 
people. Globally, leading pharmaceutical companies and centers of scientific 
research excellence as well as leading governments concentrated their attention 
and announced a major commitment to developing COVID-19 vaccines.

As a result of these efforts, in mid-to-late 2020, the first COVID-19 vaccine candidates 
were developed using traditionally attenuated/inactivated virus, recombinant adeno-
virus, and novel mRNA-based platforms. Vaccines were rapidly assessed, clinically 
trialed, and conditionally approved for emergency mass vaccination use. The vitality 
of these efforts reduced the spread of COVID-19 and minimized the severity of the ill-
ness and the number of deaths caused by SARS-CoV-2. Thanks to COVID-19 vaccines, 
humanity was able to prevent more than 20 million deaths per year, including those of 
3 million children. As of October 2022, 11 vaccine types have been authorized by the 
World Health Organization (WHO) for emergency use. As a result, a total of about 
13 billion doses of vaccine have been administered worldwide and more than 68% of 
the world population has received at least one dose of a COVID-19 vaccine. Although 
common side effects observed from the administration of COVID-19 vaccines such 
as soreness, redness, rash, inflammation at the injection site, fatigue, headache, and 
muscle/joint pains generally passed within a few days without medical treatment, 
some rare allergic reactions caused high public concern and vaccine hesitancy. Despite 
these reactions, even the severe ones, the benefit from COVID-19 vaccines remains 
higher than the observed risks.

At the same time, many open questions remain to be addressed. COVID-19 Vaccines - 
Current State and Perspectives has therefore brought together scientific contributions 
from the international research community covering the current status and latest 
advances in the development and application of the COVID-19 vaccine worldwide, as 
well as public perceptions, and the challenges associated with the post-immunization 
period. Chapters present a wide range of novel discussions on the current status of 
COVID-19 vaccine development, including: innovative outer membrane vesicles 



IV

for novel vaccines; fast-tracked vaccine production and approval; side effects 
of COVID-19 vaccines with real-world examples on optic neuritis; future solutions 
involving the long-term COVID-vaccination program repurposing existing BCG 
and MMR vaccines; and public perception and vaccine hesitancy with clinical trial 
experience from some countries including Morocco and Uzbekistan. The country 
cases exemplify the challenges of each country’s vaccine acquisition and application, 
which demanded a specific effort from their respective governments.

These peer-reviewed chapters will be an excellent addition to the almost 10,000 
articles published to date on COVID-19 vaccines. I am confident not only that these 
discussions will be helpful to students and researchers in life sciences generally, and 
to healthcare specialists and medical doctors in particular, but also that they will help 
to determine current and future trends in the development of an effective vaccine 
against this novel coronavirus that is ruining the economy, human health, and lives. 
I wish to thank all the chapter authors for their efforts and invaluable contributions 
to this volume. I am grateful to the IntechOpen book department and Author Service 
Manager Ms. Sara Debeuc for the opportunity to work on this book project and for 
help with my editorial duties.

Ibrokhim Y. Abdurakhmonov
Center of Genomics and Bioinformatics,

Academy of Sciences of Uzbekistan,
Tashkent, Uzbekistan
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Chapter 1

Introductory Chapter: Global 
Research Efforts toward the 
Development of COVID-19 
Vaccines
Ibrokhim Y. Abdurakhmonov

1. Introduction

The sudden global spread of a novel coronavirus strain, infecting humans late in 
2019, has created a deadly coronavirus disease 2019 (COVID-19), which has become a 
global threat to humanity [1, 2]. It started a new era of the COVID-19 pandemic with 
unprecedented socioeconomic challenges and societal crises due to long-term and 
periodic multiple lockdowns globally. The situation has been even more dangerous 
in the background of limited knowledge in understanding of the virus, its infection, 
and variability capacity as well as the lack of drugs and protocols of treatment. One 
of the most effective solutions against the COVID-19 virus in the pandemic has been 
a hope for rapid development of COVID-19 vaccines to overcome the global spread of 
virus infection via forming herd immunity. Thanks to the scientific efforts of world 
research communities, within a short time and with a fast-track project approach, 
several novel COVID-19 vaccines have been developed and made available for massive 
vaccination worldwide.

However, humanity still is in midst of this pandemic, and there is a need for 
better knowledge, understanding, technology, and innovative solutions to battle 
against this virus and its novel variants [e.g. see 1]. There were many challenges 
to rapidly developing COVID-19 vaccines against SARS-CoV-2, including design-
ing immunogenic but nonallergic antigen molecules within a short time, proving 
 experimentally in the appropriate in vitro/in vivo models, developing suitable 
protocols of vaccine administration, assessing the immune-response properties 
of candidate vaccine(s), conducting controlled and/or randomized the first to 
third phase safety and efficacy clinical trials involving regional and multicentral 
designs [1, 2].

Despite these challenges, scientific efforts have resulted in the development of sev-
eral types of COVID-19 vaccines such as live-attenuated, mRNA-based, DNA-based, 
inactivated virus-based, and viral-vector-based vaccines. Some of the candidate vac-
cines have passed a rapid experimental validation in model animals with subsequent 
clinical studies for safety and suitability, leading to fast-track emergency use approvals 
(EUA) in many countries granted by World Health Organization (WHO). In particu-
lar, as of October 14, 2022, 11 candidate vaccines have been granted for emergency 
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use by WHO [3]. Huge efforts were made toward assessment and making available of 
these vaccines for the massive population vaccination process, where one can see that 
6–97 clinical trials in 1–33 countries have been conducted, leading to approval of emer-
gency use of the particular vaccine(s) in 6–149 countries worldwide (Table 1).

The emergency use approvals of these WHO-granted vaccine candidates in each 
country have been specific, and vaccines have been administered in various combina-
tions per availability and public perception. For instance, in Uzbekistan, we have 
had a specific experience with the COVID-19 vaccine development, clinical trial(s), 
acquiring/production, and massive vaccination process [4].

In Uzbekistan, we put concentrated efforts into the genetic characterization 
of SARS-CoV-2 genotypes in different periods of infection waves [5, 6] and have 
developed Uzbekistan’s own PCR-based diagnostics tools, co-developed and jointly 
conducted third phase clinical trial for the new recombinant protein vaccine under 
China-Uzbekistan partnership program [4, 7]. We succeeded in co-localizing the 
production of recombinant vaccine jabs in the country. Further, we developed two 
new national vaccines based on pure recombinant protein injection and tomato-
based edible COVID-19 vaccines, which are in the preclinical/clinical testing stages. 
Additionally, we studied and experimentally validated the new approach of obtaining 
immune cow and goat milk against SARS-CoV-2 [7].

Because of specific efforts from the Uzbekistan government, as of September 26, 
2022, 71.9 million doses of seven types of COVID-19 vaccines have been used in the 
country. These are ZF-UZ-VAC2001 (as known Zifivax; China-Uzbekistan, pending 
WHO approval) – 48.2 million doses, Moderna (USA) – 10.7 million doses, Pfizer-
BioNTech (USA) – 6.8 million doses, AstraZeneca (Great Britain) – 2.6 million doses, 
Sinovac (China) – 2.0 million doses, Sputnik V (Russia) – 1.3 million doses, and 
Sputnik light (Russia) – 345,000 doses.

# Vaccine name Company developed No. trials/
countries

No. countries 
approved

1. COVOVAX (Novavax 
formulation)

Serum Institute of India 7/3 6

2. Nuvaxovid Novavax 22/14 40

3. Spikevax Moderna 70/24 88

4. Comirnaty Pfizer/BioNTech 97/31 149

5. Convidecia CanSino 14/6 10

6. Jcovden Janssen (Johnson & 
Johnson)

26/25 113

7. Vaxzevria Oxford/AstraZeneca 71/33 149

8. Covishield (Oxford/ 
AstraZeneca 
formulation)

Serum Institute of India 6/1 49

9. Covaxin Bharat Biotech 16/2 14

10. Covilo Sinopharm (Beijing) 38/17 93

11. CoronaVac Sinovac 40/10 56

Approval Source: extranet.who.int [3].

Table 1. 
WHO-granted COVID-19 vaccines.
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 According to the recommendation of the World Health Organization, the popula-
tion over the age of 18 has mainly been vaccinated. The population of this age group 
in Uzbekistan was 21.5 million people, of which 98.5% are fully vaccinated and 76.6% 
(16.4 million people) received a booster dose. The distribution of administered vaccines 
was as follows: ZF-UZ-VAC2001 – 66.6%, Moderna – 15.5%, Pfizer-BioNTec – 8.9%, 
AstraZeneca – 3.8%, Sinovac – 2.7%, Sputnik V – 2.0%, and Sputnik light – 0.5%. 

 Today, “ 68.3% of the world population has received at least one dose of a COVID-19 
vaccine. A total of 12.83 billion doses have been administered globally, and 3.58 million are 
now administered each day. 23.3% of people in low-income countries have received at least 
one dose ” [ 8 ]. All these demonstrated the power and feasibility of scientific efforts and 
multinational collaborations in the timely development of effective vaccines against 
this most deadly infection of the past 100 years if concentrated attention is given and 
needed resources are provided [ 2 ]. There were common, fast-passing side effects 
with rare risky allergic reactions from the COVID-19 vaccination, but the benefits of 
COVID-19 vaccine administrations outweigh those risks. 

 However, there are more challenges ahead to address, including but not limited to 
the need for rapid development of novel vaccine types against emerging variants of 
concerns (VOCs), and the development of safe vaccination protocols for children and 
people with accompanying diseases. There is a need for addressing post-vaccination 
health issues, vaccine inequity, vaccine hesitancy, and vaccination ethics [ 9 ,  10 ] as 
well as for the establishment of large-scale production of high-quality and stable 
vaccines to make available needed jab volumes for all countries.  

  2. COVID-19 vaccine research focus during the pandemic 

 The scientific research articles devoted to the development and application of 
COVID-19 vaccines, retrieved from the  PubMed  database [ 11 ] using the keyword 
search of “ COVID-19 vaccine ,” revealed a total of 9468 scientific publications as of 
October 2022 (  Figure 1    ). Using Pubmed graphics and filtration tools, we observed 
that scientific results started to be published in 2020 (415 publications) and the 

  Figure 1  .   
   PubMed  [ 6 ] indexed scientific publications, retrieved using the “ COVID-19 vaccine ” keyword on October 12, 2022.          
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number of publications has increased by over 10-fold in 2021 and 2022. This showed 
the international community’s very extensive and focused research efforts toward 
developing vaccines against this deadly pandemic SARS-CoV-2 virus. 

  Figure 2.
  Research article types on the COVID-19 vaccine development.          

  Figure 3.
  Research articles on the clinical trials of the COVID-19 vaccine.          
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The literature analysis and research publications on PubMed-indexed journals 
from 2019 to 2022 (Figure 2) toward the development of COVID-19 vaccines for the 
past 3 years of the SARS-CoV-2 pandemic revealed that the majority of publications 
were Reviews (835 publications) [e.g., see 1, 2, 9, 10], Letters (736 publications) [e.g., 
see 12–16], Clinical trial-related (401 publications) [e.g., see 4, 17–25], following 
Systematic reviews (219 publications) [e.g., see 26–30], Editorials (91 publications) 
[e.g., see 31–35], and Meta-analyses (70 publications) [e.g., see 36–38]. Almost 1200 
articles published have associated data. Two books covering COVID-19 vaccines have 
been published in 2020 [39] and 2022 [40].

Based on the filtration for the clinical trial article category (Figure 3), one can see 
that there are more articles on clinical trials in 2021 than in 2020 and increased by 
almost 11 times in 2022 compared with 2020. We observed research result publication 
of clinical trials of phases 1–3 from 2020 to 2022 [4, 17–25] while phase 4 trial results 
were available in 2021 [41] and 2022 [42, 43].

3. Conclusion

Thus, global research efforts toward the development of COVID-19 vaccines 
provided state-of-the-art vaccines against the infectious SARS-CoV-2 virus saving 
millions of lives to date, demonstrating the importance of “deep science” for securing 
the economy, human health, and life. The current and future development trends 
dedicated to the development of novel vaccines will require more concentration and 
multi-institutional collaborative efforts.

© 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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Abstract

Coronavirus disease 2019 (COVID-19) is a global pandemic that has affected 
 millions of people worldwide. Vaccination seems to be the potent solution to achieve 
herd immunity and limit viral spread. Various platforms have been utilized to manu-
facture COVID-19 vaccines such as adenovirus-based vaccines, inactivated virus, 
DNA-based vaccines, recombinant protein, or mRNA-based vaccines. This chapter 
covers different viewpoints and the present status of in-use vaccine including the 
advantages and disadvantages.

Keywords: SARS-CoV-2, vaccine, variant of concerns (VOCs)

1. Introduction

Coronavirus disease 2019 (COVID-19), first reported in Wuhan, China, was 
declared a pandemic by the World Health Organization (WHO) in March 2020. The 
WHO confirmed 364,191,494 cases of COVID-19, including 5,631,457 deaths as of 
January 2022.

Severe acute respiratory syndrome coronavirus 2 (SARS CoV 2), a single-
stranded RNA virus, is the causative agent of COVID-19. This virus belongs to the 
coronavirus family, a group of enveloped viruses that primarily cause respiratory 
illness. The SARS CoV 2 genome is composed of a 30 kb RNA, five main open 
reading frames, four primary structural proteins—spikes (S), envelopes (E), 
membranes (M), and nucleocapsids (N), all of which trigger immunological 
responses (Figure 1). The entry of virus into host is via angiotensin-converting 
enzyme 2 (ACE2) receptor-mediated attachment of the S protein to the host cell. 
The internalization of viral S protein and subsequent integration into the host 
cell are mediated by the serine protease of the host cell, transmembrane serine 
protease 2 [1].

With the increasing global prevalence of COVID-19 cases, the development of 
an effective vaccine is imperative to contain the pandemic. Vaccinations have the 
capability to generate herd immunity in societies, which can reduce disease occur-
rence, transmission, and the social and economic detrimental impact of the disease. 
No specific antiviral treatment is currently available for public use. However, since 
the SARS CoV 2 genomic sequence was identified, >100 vaccine studies have been 
performed, ~50 of which have reached human experimentation, and several vaccines 
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are currently being administered to certain sections of the population (ourworldin-
data.org/covid vaccinations). At present, only few numbers of vaccines have received 
FDA approval for public use.

2. COVID-19 vaccines: Platform

Vaccinations are the only safest and most cost-effective strategy for preventing 
COVID-19 disease transmission in public. The intent behind vaccine development is 
to induce a primary immune response by delivering altered or weakened antigens that 
normally cause disease, allowing the host to form immunological memory without 
getting infected naturally.

The most critical step in the development of vaccines is selecting the protective 
and immunogenic epitope. The primary targets to induce humoral immune response 
are S and N proteins of coronavirus. The receptor binding domain (RBD) of the S 
protein, followed by the N protein, is the primary antigenic target of SARS-CoV-2 
for neutralizing human IgM, IgG, and IgA [2]. Long-term protection depends on the 
persistence of vaccine-induced antibodies above protective thresholds and/or the 
maintenance of immunological memory cells capable of quick and effective reactiva-
tion following subsequent exposure [3].

To combat this pandemic, there are chances that the world will certainly require 
more than a single vaccine type or single antigen/epitope to induce an immunological 
response that should cater to the need for broad target population coverage, high pro-
duction volume, and storage and transportation requirements in addition to vaccine 
safety and effectiveness.

For the development of the COVID-19 vaccine, several vaccination platforms have 
been investigated, each with its own set of benefits and drawbacks (Table 1 shows 
the comparative chart of advantages and disadvantages of vaccines based on differ-
ent platforms). The ongoing vaccine development trial involves classical molecular 
strategies that are based upon inactivated, modified live or attenuated virus, single 
peptides, or viral vectors (Figure 2) [4].

Figure 1. 
Diagrammatic view of severe acute respiratory syndrome coronavirus 2. The virus is principally composed of four 
structural proteins spike, envelope, membrane, and nucleocapsid.
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2.1 Whole virus vaccines

The whole virus vaccine consists of a weakened form of SARS-CoV-2, which has 
been attenuated or inactivated so that without causing any harmful effect it can 
induce a protective immune response. Inactivated vaccines can only induce humoral 
immune responses to SARS-CoV-2, whereas live-activated vaccines can stimulate both 
cellular and humoral immune responses [5].

2.2 Nucleic-acid-based vaccine

The nucleic-acid-based vaccine uses the genetic material of the pathogen as an 
active component of the vaccine. Based on the type of genetic material, it could be 
DNA or mRNA-based vaccines where RNA vaccine could be further subdivided 

Vaccine Types Advantages Disadvantages

Adenoviral vector 
vaccines

• Direct production of antigen in the 
cell of interest

• Multiple epitopes can be included

• Scalable production globally

• Most immunogenic viral vectors

• Pre-existing anti-adenovirus immunity 
and potential adverse events

• Potentially cause dangerous blood clots

• Lack of strong, long-lasting immunity 
after single dose

DNA vaccines • Stimulation of both humoral and 
cell-mediated immunity

• Efficient large-scale, low-cost, pro-
duction and high storage Stability

• Need delivery agent to be translocated 
into the nucleus

• Low immune response

• Only been licensed for use in veterinary 
medicine

RNA vaccines • Ease and rapidity of assembling 
new mRNA sequences into existing 
vaccine formulations

• Nontoxic and non-immunogenic

• No risk of integration with the host 
cell genome

• Rare, severe anaphylactic reactions

• Long-term immunity issue

• Expensive to manufacture

Protein Subunit 
vaccines

• Easy to produce at large-scale 
(cost-efficient).

• Can be produced in different 
expression systems

• Well-defined composition

• Expression of a fragment of the protein

• Usually elicits weak immune responses

Whole Virus 
Vaccines

• Stimulation of protective immune 
response

• Induce both cellular and humoral 
immune response

• Chances of viral mutations inducing 
increases in toxicity and adverse reactions 
post vaccination

Extracellular 
vesicle (EV)- 
based vaccines

• Excellent carriers for viral antigens; 
present the antigens in their native 
state

• Can pass through the blood–brain 
barrier

• Production and scalability are difficult

• Characterization of immune responses for 
each disease needs further research

Table 1. 
Advantages and disadvantages of available vaccine approach.
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into mRNA vaccine. Both vaccination platforms can elicit primarily B- and T-cell 
responses, but with different risk profiles. In the current scenario of the COVID-19 
pandemic, genetic material of SARS-CoV-2 is used to induce immune response [4].

2.3 Viral vector vaccines

Viral vector vaccines that are designed against SARS-Cov-2 use modified viral vec-
tors that carry gene encoding of spike proteins. As a vector, these vaccines use modi-
fied versions of several viruses. Several different types of viruses have been utilized as 
vectors, the most frequently used are adenoviruses [5].

2.4 Protein subunit vaccines

Protein subunit vaccines are made of one or more purified antigens from the 
viruses or bacteria of interest that are capable of eliciting the immune response and 
imparting a protective response. In terms of SARS Cov-2, these are spike proteins (S), 
which have been produced in vitro. Two common forms of protein subunit vaccines 
are polysaccharide and conjugate vaccines against SARS-CoV-2. Polysaccharide vac-
cines comprise SARS-CoV-2 cell wall polysaccharides, whereas conjugate candidates 
are coupled to a polysaccharide chain with a carrier protein to generate a boost in the 
immune system response [4].

2.5 Virus-like particles (VLPs)

Virus-like particles (VLPs) are a type of protein vaccines that are made up of 
nanoparticles that look like viruses. VLPs are composed of some or all the proteins 
that make up the viral capsid, rather than a single protein. They resemble live 
attenuated or inactivated vaccines in that they can elicit strong cellular and humoral 

Figure 2. 
Current vaccine platform, designed to manufacture vaccine against COVID-19. Taken from https://covid19.
trackvaccines.org/vaccine-types/.
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immune responses while posing no risk of reversion since they lack the virus’s genetic 
material [6].

2.6 Exosome-based vaccines

Exosomes are lipid bilayer coated extracellular vesicles secreted by a variety of 
cells. Their key role is to function in intercellular communication, and they have 
been reported to load RNA, DNA, and proteins in between cells. The key features 
of EV-based vaccines, including their ability to induce poor immunogenicity, mean 
EVs can be safely and efficiently used in vaccine development. The ability of EVs to 
preserve naïve antigen conformation and access to all organs via bodily fluids gives an 
added advantage compared with other delivery agents, such as lipid-based nanopar-
ticles (LNPs) or viral vectors. Unlike other platforms, these vaccines are in the very 
preliminary phase of vaccine development. Although many companies including 
Capricor Therapeutics have shown positive preclinical results, none of them has still 
managed to enter phase 1 clinical trials [7].

3. COVID-19 vaccines: Current status

The US Food and Drug Administration (FDA) has approved three COVID-19  
vaccines for emergency use: two messenger RNA-based vaccines (Pfizer and Moderna) 
and one adenoviral vector vaccine (Janssen). In case of a public health emergency, unli-
censed drugs and vaccines are given emergency use authorization (EUA). Currently, 
as per the WHO data, there are 10 vaccines that have been granted for Emergency Use 
Listing (EUL) as of April 25, 2022 [8] (Table 2). Two vaccines (Moderna and Janssen) 
have completed phase 4 clinical trials successfully. At present, 153 COVID-19 candi-
dates are in clinical trials and 196 candidates are in preclinical research worldwide [9]. 
Below is a brief description of three FDA-approved vaccines for COVID-19.

3.1 Pfizer–BioNTech (BNT162b2)

BNT162b2 is a lipid nanoparticle (LNP)-formulated, nucleoside-modified RNA 
vaccine that encodes the full-length SARS-CoV-2 spike (S) protein, modified by two 
proline mutations to ensure an antigenically optimal pre-fusion conformation that 
mimics the intact virus to trigger virus-neutralizing antibodies. This vaccine showed 
good safety and efficacy, and after about 12 days of vaccination, this vaccine has 
reportedly shown a reduction in the risk of SARS-CoV-2 infection. By April 2022, 
among all available vaccines, the Pfizer vaccine has shown to exhibit the highest 
efficacy of 95% and is WHO-approved in 103 countries. The minor side effects that 
were reported for this vaccine are pain at the injection site, fatigue, headache, muscle 
and joint pain, chills, fever, and diarrhea. While rare side effects include pericarditis, 
arrhythmia, deep-vein thrombosis, pulmonary embolism, myocardial infarction, 
intracranial hemorrhage, and thrombocytopenia [10].

3.2 mRNA-1273 Moderna

Moderna’s mRNA vaccine is a lipid nanoparticle-encapsulated nucleoside-
modified messenger RNA (mRNA)-based vaccine. It encodes the SARS-CoV-2 
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full-length spike protein that has been prefusion stabilized. This spike glycoprotein 
regulates the adhesion to host cells. As a result, it is required for viral entry and 
hence serves as the primary target for the vaccine. The vaccine causes a strong bind-
ing and neutralizing response. Like the Pfizer vaccine, this is among those first vac-
cines that received EUA in December 2020. This vaccine has shown efficacy of 94% 
and is WHO-approved in 76 countries. The most common side effects are headache, 
injection site pain, fatigue, muscle pain, and chills. Rare side effects include nausea, 
vomiting, myocarditis, pericarditis, angioedema, and anaphylaxis [11].

3.3 Janssen vaccine/Ad26.COV2.S

Janssen’s Ad26.COV2 S vaccine is a recombinant human adenovirus type 26 that carries 
the full-length SARS-CoV-2 S protein and generates an antibody response against the 
SARS-CoV-2 infection. The Janssen vaccine is based on the deletion of the E1 gene and the 
replacement of it with the spike gene in inactivated adenoviruses. The adjuvant properties, 
scalability, and broad tissue tropism of adenoviral vectors are advantages. This vaccine 
shows an efficacy of 66.9%, and WHO has approved it in 75 countries. Like other vaccines, 
common localized side effects reported are pain at the inoculation site and systemic signs 
such as fever, headache, myalgia, or nausea [12]. Table 3 depicts the most used COVID-19 
vaccine worldwide with the efficacy, storage temperature, and route of administration.

As per the World database (ourworldindata.org/covid-vaccinations), COVID-19 
vaccination has been administered to 65.4% of the world’s population (April,2022). 

Vaccine Name Vaccine Type Approval Status/
Authorization

Clinical Trials

Novavax Nuvaxovid Protein Subunit Approved in 37 countries 15 trials in 12 
countries

Serum Institute of India
COVOVAX (Novavax 
formulation)

Protein Subunit Approved in 4 countries 2 trials in 1 
country

Moderna Spikevax RNA Approved in 85 countries 60 trials in 22 
countries

Pfizer/BioNTech
Comirnaty

RNA Approved in 144 
countries

73 trials in 26 
countries

Janssen (Johnson & Johnson)
Ad26.COV2.S

Non-Replicating 
Viral Vector

Approved in 111 countries 20 trials in 22 
countries

Oxford/AstraZeneca
Vaxzevria

Non-Replicating 
Viral Vector

Approved in 138 
countries

62 trials in 30 
countries

Serum Institute of India
Covishield (Oxford/ AstraZeneca)

Non-Replicating 
Viral Vector

Approved in 47 countries 2 trials in 1 
country

Bharat Biotech
Covaxin

Inactivated Approved in 14 countries 10 trials in 2 
countries

Sinopharm (Beijing)
Covilo

Inactivated Approved in 91 countries 26 trials in 12 
countries

Sinovac CoronaVac Inactivated Approved in 55 countries 37 trials in 9 
countries

Table 2. 
WHO list of vaccines approved for emergency use listing (EUL).
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Globally, 11.6 billion doses have been rolled out, with 9.82 million doses being given 
out every day. In low-income countries, just 15.7% of people have had at least one 
dose. Figure 3 shows a graphical representation of people in several nations who have 
been vaccinated against COVID-19.

4. Limitations of vaccines

Regardless of multiple attempts of developing vaccines for SARS-CoV-2, the 
chances of complete eradication of diseases still face various challenges, which may 
arise due to varied levels of efficacy or preexisting immunity or limited accessibility. 
Thus, an effective vaccine needs to overcome multiple obstacles as stated below:

S. No. Vaccine/
Manufacturer

Efficacy Storage temperature Route

1. Pfizer BioNTech 95.3% −80 degrees C to −60 degrees C Intra-muscular

2. AstraZeneca 63.09% +2 degrees C to +8 degrees C Intra-muscular

3. Sputnik-V 91.6% +2 degrees C to +8 degrees C (Dry form) 
−18.5 degree C (Liquid form)

Intra-muscular

4. Moderna 94.1% +2 degrees C to +8 degrees C (for 30 days) 
-50 degrees C to −15 degrees C

Intra-muscular

5. Janssen/Johnson 66.3% +2 degrees C to +8 degrees C Intra-muscular

6. Covaxin 78% +2 degrees C to +8 degrees C Intra-muscular

Table 3. 
List of key features of commonly used COVID-19 vaccines with efficacy.

Figure 3. 
Graphical representation of people vaccinated against COVID-19 for some countries as of Apr 27, 2022. Taken 
from https://ourworldindata.org/covid-vaccinations.



COVID-19 Vaccines - Current State and Perspectives

22

4.1 Long-term outcome

Since efficacy was determined based on short-term evidence, especially when 
other vaccines have shown efficacy declining with time. The antibody induction by 
of Moderna vaccine remained high among all age groups and lasted for 6 months 
after the second dose. After 6 months, there has been no further information [13]. 
Furthermore, current trials have revealed no long-term problems.

4.2 Preexisting immunity

Currently available SARS CoV 2 vaccines (AstraZeneca/Janssen) are based on the 
classical approach of viral vectors, particularly adenoviruses. Although adenovirus-
based vaccines are well characterized, they are limited by preexisting immunity of the 
virus vector employed in the vaccine design, which may restrict the immune response 
against COVID-19 antigens, thereby decreasing their efficacy [14].

4.3 Antibody-dependent enhancement (ADE)

Another point of concern is the risk of reinfection with emerging viruses in the 
community due to a lack of long-lasting immunity. Multiple immunizations with such 
viral vectors, if not effective, could lead to a more complicated form of the disease, 
such as antibody-dependent enhancement (ADE), increasing the disease burden in a 
vaccinated person [15].

4.4 Variant protection

New variants of SARS-CoV-2 have the potential to complicate the effectiveness of 
current vaccines. In the United Kingdom, ChAdOx1 demonstrated 75% protection 
against one variant named B.1.1.7 (including asymptomatic infection). However, 
the AstraZeneca vaccine showed only 10% protection against the B.1.351 variant in a 
young population with a median age of 30 in South Africa, hence their AstraZeneca 
roll-out was ceased [16]. Thus, an effective approach for vaccine development is 
required, which can also overcome the issue of variant of concerns (VOCs).

4.5 Age groups

Age is also one of the crucial factors to check the effectiveness of vaccination. 
In all age groups and persons with comorbidities, further evaluation of the efficacy 
of all vaccines is necessary. Individuals above the age of 16 took part in Pfizer’s 
vaccine trials. Individuals 18 years and older were included in the Moderna, Oxford/
AstraZeneca, and Janssen trials. At this time, Oxford/AstraZeneca appears to be more 
tolerated in older adults than in younger adults, and it has similar immunogenicity in 
all age groups following a booster dosage [17].

5. Future perspectives of vaccine development

Active immunization represents the most effective technique for combating the 
current COVID-19 pandemic and saving millions of lives around the world. The cur-
rently approved vaccines have been shown to reduce both mortality and the incidence 
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of severe COVID-19 infection, and they are now a critical weapon in the fight against 
SARS-CoV-2. The rising cases of variant of concerns (VOCs), on the other hand, con-
tinue to pose a threat to vaccine-induced immune protection, emphasizing the need 
for multi-coronavirus vaccine platforms capable of inducing a long-lasting protective 
immune response.

The key strategy for combating the COVID-19 pandemic is to develop vaccines 
that can induce long-lasting immunity and protect against circulating SARS-CoV-2 
variants. Ongoing trials for SARS CoV 2 vaccine construction are based on the 
principle of eliciting neutralizing antibodies (Nabs) against the S protein, thereby 
interfering with viral receptor binding. To date, research associated with COVID-19 
vaccine development has focused primarily on antibody titers and the ability of 
antibodies to neutralize viral particles [18].

But, with the accumulating evidence of potential roles of more conserved non-
spike viral antigens, such as nucleocapsid (N) proteins, which could bring a major 
victory in the battle against COVID-19 VOCs and can also overcome the existing 
issue of providing long-lasting immunity. Immunologically, a vaccine that targets the 
mutation-prone S protein, as well as the more stable and conserved N, is required to 
surmount the immune escape characteristics exhibited by SARS CoV 2 variants [19].

The rapid development of the COVID-19 vaccine within such a short life span 
represents a remarkable landmark in the history of antiviral vaccine development. 
This progress has also given hope to the development of the long-time pending dream 
of developing an HIV vaccine. Many pharmaceuticals such as Moderna and Pfizer 
are trying to develop the HIV vaccine for past decades but have been unsuccessful in 
its clinical translation. Thanks to SARS CoV-2, such rapid progression and successful 
results of the COVID-19 vaccine made decade long dream of HIV vaccine develop-
ment possible now and such vaccine candidates are currently under clinical trials.

6. Conclusion

With the purpose of making world COVID free, available vaccines possess many 
drawbacks that need to be addressed. Besides following the proper implementation 
of preventive measures, we need to focus on all the major vaccination strategies to 
achieve a successful outcome. It is imperative to consider multiple antigens/multi 
epitope vaccine to achieve long-term immunity and protection against a variant of 
concerns (VOCs). However, even though there are still numerous hurdles and unan-
swered concerns, the tremendous advances in COVID-19 vaccine research have given 
the world hope that this disease can be eradicated.
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Chapter 3

ZF2001, A Protein Subunit 
Vaccines against SARS-CoV-2
Fangwu Chen and Gao Ya

Abstract

Anhui Zhifei Longcom ‘s Zifivax, also known as ZF2001 (ZF-UZ-VAC-2001) is a 
protein subunit vaccine using a dimeric form of the receptor-binding domain (RBD) 
as the antigen, a harmless piece of the SARS-Cov-2 virus. As of June, 2022, over 300 
million doses of Zifivax have been vaccinated with localized production in China base 
and Tashkent, Uzbekistan. At present, the severe acute respiratory syndrome coro-
navirus 2 (SARS-Cov-2) is constantly mutating and evolving, and the coronavirus dis-
ease 2019 (COVID-19) epidemic is seriously threatening human health. Vaccination 
is the most effective and economical method to prevent and control the COVID-19 
pandemic. Research institutions and companies around the world are employing vari-
ous techniques to develop COVID-19 vaccines. According to the preparation technol-
ogy, COVID-19 vaccines can be classified as inactivated virus vaccines, live attenuated 
vaccines, mRNA vaccines, DNA vaccines, viral vector vaccines, virus-like particle 
vaccines and protein subunit vaccines. Among these, viral protein subunit vaccines 
based on in vitro production of key viral proteins or peptides from bacterial, yeast, 
insect or mammalian cells have been drawing attention owing to their advantages 
of high safety and effectiveness, low cost of production, storage and transportation. 
Givrn this, this study reviewed the research and development status of ZF2001, as a 
reference for the development of protein subunit vaccines against SARS-Cov-2.

Keywords: SARS-Cov-2, COVID-19, protein subunit vaccine, R and D principle, 
research progress

1. Introduction

The coronavirus disease 2019 (COVID-19) is an acute respiratory infectious 
disease caused by severe acute respiratory syndrome coronavirus 2 (SARS-Cov-2). 
As of April 8, 2022, COVID-19 has spread to 227 countries, causing 490 million 
infections and 6.17 million deaths [1]. The raging COVID-19 has seriously affected 
the global economy and public health. As the most effective and economical means 
to prevent and control COVID-19, COVID-19 vaccines have been attracting much 
attention, especially their R and D progress. According to the preparation technology, 
COVID-19 vaccines can be classified as inactivated virus vaccines, live attenuated 
vaccines, mRNA vaccines, DNA vaccines, viral vector vaccines, virus-like particle 
vaccines and protein subunit vaccines [2, 3]. Among these, protein subunit vaccines 
based on in vitro production of key viral proteins or peptides from bacterial, yeast, 
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insect or mammalian cells has been drawing attention because they: (1) contain no 
viral genetic material and are thus safer than inactivated vaccines; (2) do not feed 
viruses and can be produced in a production workshop of lower biosafety level; (3) 
use transgenic technology to achieve high yield and high purity expression of antigens 
and facilitate large-scale production; and (4) are easy to store and transport [ 4 ]. As 
of April 9, 2022, a total of 36 COVID-19 vaccines have been formally approved by the 
government’s public health department, including 14 types of protein subunit vac-
cines [ 5 ]. In view of this, this research studies the research and development status of 
some marketed SARS-CoV-2 protein subunit vaccines based on domestic and foreign 
scientific literature and clinical data, and summarizes its research and development 
principles and clinical effects, to provide a reference for the research and develop-
ment of SARS-CoV-2 protein subunit vaccine.  

  2. R and D principles of SARS-CoV-2 protein subunit vaccine 

 SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA virus that 
encodes 16 non-structural proteins, 9 accessory proteins, and 4 major structural 
proteins. Among them, the structural proteins are envelope protein (E), membrane 
protein (M), nucleocapsid protein (N) and spike protein (S) [ 6 ]. The S protein pres-
ent in the viral envelope as a homologous trimer consists of two functional subunits, 
S1 and S2 (see   Figure 1  ). The S1 subunit contains a receptor binding domain (RBD), 
which recognizes the receptor-angiotensin-converting enzyme 2 (ACE2) on host 
cells [ 7 ]. The S2 subunit contains fusion peptide (FP), junction region (CR), heptad 
repeat (HR), central helix (CH), etc., to fuse the membranes of viruses and host cells. 
When the S1 subunit binds to the ACE2 on host cells, the host protease recognizes and 
cleaves the S1/S2 cleavage site, the S1 subunit dissociates to fuse the membranes of 
FP that protrude after the conformational changes of the S2 subunit. Previous studies 

  Figure 1.
  Main targets for R and D of COVID-19 vaccine [ 6 ].          
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have shown that the RBD region of the S protein of SARS-CoV-2 is immunogenic 
and is the target of 90% neutralizing antibodies in immunosera [8]. Therefore, the S 
protein of SARS-CoV-2 has become the main target for the R and D of vaccines.

3. SARS-CoV-2 protein subunit vaccines produced based on RBD

RBD is one of the high-profile vaccine targets, while low immunogenicity limits its 
application in the vaccine. Adding antigen size, multimerization, or intensive antigen 
presentation in particles may enhance the immunogenicity of RBD subunit vaccine.

The research team of Gao Fu and Dai Lianpan from the Institute of Microbiology, 
Chinese Academy of Sciences, found in a study of RBD against MERS-coronavirus that 
disulfide-linked RBD dimers can induce higher neutralizing antibodies than tradi-
tional monomers. To further improve the stability and homogeneity of the dimeric 
antigen, the team optimized the dimeric protein structure and obtained tandem 
repeated RBD single-chain dimers. This tandem repeat single-stranded dimer has a 
single expression form, does not contain exogenous sequences, can maintain high vac-
cine potency, and is suitable for the R and D of COVID-19 and SARS-CoV-2 vaccines 
[9]. Based on this design strategy, Anhui Zhifei Longcom Biopharmaceutical Co., Ltd. 
and the Institute of Microbiology, Chinese Academy of Sciences jointly developed and 
produced the SARS-CoV-2 protein subunit vaccine ZF2001. In 2020, together with 
the Center of Advance Technology under the Ministry of Innovative Development of 
Uzbekistan, the multi-center international Phase 3 clinical trials were launched, data 
showed that the short-term and long-term protective efficacy against COVID-19 of any 
severity were 81.4% and 75.7%, respectively, that against Alpha variant was 92.7% and 
88.3%, respectively, and that against Delta variant were 81.4% and 76.1%, respectively 
after three doses of ZF2001 in people over 18 years. This protective efficacy is higher 
than the WHO-preferred SARS-CoV-2 vaccine standard (70%) [10]. The sera of sub-
jects vaccinated with three doses of inactivated vaccine or ZF2001 were tested by the 
pseudovirus cross-neutralization test, among which 62.5% sera of subjects vaccinated 
with inactivated vaccine were found to be positive for the Omicron variant neutral-
izing antibody while 100% sera of subjects vaccinated with ZF2001 (0, 1 and 5 months 
dose schedule) were found to be positive for Omicron variant neutralizing antibody 
[11]. By testing the neutralizing antibody titer, it was found that the titer of Omicron 
variant was reduced by 5.1-fold in the inactivated vaccine group and only 3-fold in the 
ZF2001 (0, 1 and 5 months dose schedule) group compared with the wild-type strain 
[11]. Sunney Xie’s team at Peking University showed that after two doses of inactivated 
vaccine, booster vaccination with ZF2001 induced a higher humoral immune response 
than with inactivated vaccine (CoronaVac) [12]. Based on the safety and efficacy of 
ZF2001, ZF2001 was approved for conditional marketing by the National Medical 
Products Administration on March 2, 2022, becoming the first domestic recombinant 
SARS-CoV-2 protein vaccine approved for conditional marketing, and will be used as a 
sequential vaccination to booster the protective effect of the existing vaccine.

4. Summary and outlook

Although it takes a long time to construct and screen engineered cell lines/strains 
with high expression of antigens in the early stage of the production of protein 
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subunit vaccines, these vaccines have the advantages of high safety and immunoge-
nicity, low production and transportation costs, which can meet the needs of low- and 
middle-income countries. In addition, COVID-19 protein subunit vaccines can be 
used as heterologous booster immunizations to trigger more ideal and long-lasting 
immune responses. Currently, multiple research teams and companies are actively 
developing COVID-19 protein subunit vaccines.

In order to develop a multivalent vaccine rapidly adapted to SARS-Cov-2 domi-
nant variants, Gao Fu’s research team designed prototype-Beta and Delta-Omicron 
chimeric protein vaccines based on the WT homologous RBD dimer protein vaccine. 
Animal experiments have shown that the two-protein chimeric vaccine can stimulate 
a broader spectrum of antibody responses and protective effects. The Delta-Omicron 
chimeric protein vaccine provided better protection during the challenge test with 
Delta and Omicron variants [13]. At present, Zhifei Longcom has completed the 
construction of a cell bank for the Delta-Omicron chimeric protein vaccine.

Currently, billions of people worldwide have not been vaccinated with COVID-19 
vaccines. Inequalities in vaccine access may lead to the emergence of more infectious 
variants. Therefore, it is necessary to continue the development of COVID-19 vac-
cines from multiple routes.

© 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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Abstract

The coronavirus pandemic showed the need for urgently improvement of different 
sectors in Uzbekistan, especially, the healthcare system and the biopharma industries. 
Uzbekistan government and private sectors have taken comprehensive measures 
to control the spread of infection in the country and tried to mitigate the impact of 
the pandemic. In this chapter, we discussed the primary measures taken to combat 
the coronavirus pandemic and the details of developing a local reverse transcription 
real-time PCR (RT-qPCR) detection kit as well as the experience of conducting the 
phase III clinical trials of the recombinant Uzbek-Chinese vaccine-ZF-UZ-Vac2001 
against coronavirus infection. Finally, information is given on the mass vaccination 
campaign in the country, the difficulties encountered and the achievements made. 
The developed RT-qPCR detection kit was successfully implemented into produc-
tion and have widely used for pathogen diagnosis. A total of 6965 volunteers over 18 
years old participated in the clinical trials of ZF2001 and the vaccine had an efficacy 
level of 84.8%. More than 67.6 million doses were administered using seven types of 
anti-COVID vaccines in the country. The pandemics urged the country to establish 
a scientific and technical base that aimed at quickly responding to potential future 
challenges and emergencies.

Keywords: COVID-19, SARS-CoV-2, clinical trials, vaccination, vaccine, Uzbekistan

1. Introduction

The beginning of 2020 was alarming: the news of the impending coronavirus 
forced all countries to start preparing for the approaching infection. The wide 
spread of the COVID-19 pandemic has harmed the entire world showing the need 
for a more developed healthcare system to prevent such large-scale pandemics. 
A current advance in molecular diagnostic technology has enabled scientists 
to rapidly  characterize the novel virus and deploy diagnostic tests [1]. The first 
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months of the pandemic resulted not only in absence of approved therapeutics 
and vaccines but also in rapid diagnostic tests, especially in developing countries. 
To fill the lack of diagnostic tests, some low- and middle-income countries includ-
ing Uzbekistan were forced to develop and launch their own diagnostic kits [2–4]. 
In addition to diagnostic kits, for early diagnosis of the disease, leading countries 
for R&D-driven biotech have developed several vaccines against COVID-19 at 
once. The rapidly growing infection rate of COVID-19 worldwide during 2020 
stimulated international alliances and government efforts to urgently organize 
resources to make multiple vaccine types and conduct clinical trials on shortened 
timelines.

One of the first vaccines to successfully pass the third phase of clinical trials was 
BNT162b2 (Pfizer-BioNTech) a nucleoside-modified RNA encoding the SARS-CoV-2 
full-length spike. A total of 43,548 participants underwent randomized controlled tri-
als resulted in 95% of efficacy in preventing Covid-19 (95% credible interval, 90.3 to 
97.6). Moreover, similar efficacy of BNT162b2 was observed across subgroups defined 
by age, sex, race, ethnicity, baseline body-mass index, and the presence of coexist-
ing conditions [5]. This vaccine was widely used later against COVID-19. Another 
vaccine type, Ad26.COV2.S (Janssen; Johnson & Johnson) comprises a recombinant, 
replication-incompetent human adenovirus type 26 vector encoding a full-length, 
membrane-bound SARS-CoV-2 spike protein that was less efficient (66.9%; 95% CI 
59.0 to 73.4) [6]. Subsequently, other vaccines successfully passed the 3-d phase of 
clinical trials worldwide, among them CoronaVac (Sinovac), an inactivated whole-
virion SARS-CoV-2 vaccine yielding efficacy of 83.5% [7], mRNA-1273 (Moderna) a 
lipid nanoparticle-encapsulated mRNA-based vaccine that encodes full-length spike 
protein yielding efficacy of 94.1% [8].

Uzbekistan, along with many other countries, has suffered in many ways due 
to the COVID-19 pandemic, but the country has used methods based on world 
experience to combat the pandemic and mitigate its consequences. At the begin-
ning of the pandemic, there was a great need for testing systems for the detection 
of coronavirus in Uzbekistan, as well as in many countries. Due to the global 
shortage of these test systems, it took a relatively long time to get test results. 
To overcome this problem, a project to develop a local qPCR diagnostic kit was 
initiated [9]. Currently, two local companies produce and offer RT-qPCR kits for 
the detection of genomic RNA [10, 11]. The scientists also determined the variants 
of the SARS-CoV-2 that are circulating in the territory of Uzbekistan using Next 
Generation Sequencing which helped to elucidate the distribution of SARS-CoV-2 
variants in the country [12, 13]. For the first time, under the China-Uzbekistan 
partnership program, large-scale phase III clinical trials of the recombinant 
protein vaccine, ZF-UZ-VAC2001 were conducted in Uzbekistan to provide the 
population with a safe, highly efficacious vaccine as it is one of the priorities to 
control the disease [14].

Despite the fact that many measures have been taken to eliminate the coro-
navirus pandemic in our country, this pandemic showed that there is an urgent 
need for the development and production of national vaccines. Thus and because 
of the success in the development of local test systems, the government provided 
funding for research proposals on vaccine development from several scientific 
research institutes. The government also has initiated the construction of pilot and 
full-scale plants for the production of vaccines, which is not only critical to control 
the COVID-19 pandemic but also to increase our preparedness for the next possible 
emergencies [15].
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2. Primary COVID-19 response in Uzbekistan

On January 29, 2020, a Special Republican Commission has formed to develop 
a program of measures to prevent the penetration and spread of coronavirus in the 
Republic of Uzbekistan [16]. In order to ensure epidemiological stability and protect 
public health, in the early stages of the pandemic, enhanced quarantine restrictions 
were imposed throughout the country. Pupils and students studied remotely. Air 
traffic and railroads were suspended. The work of sanitary and quarantine facilities 
was strengthened, and the regions’ adapted quarantine zones were created. Our 
citizens from abroad were brought home on charter flights and placed in quarantine 
zones [17]. In Uzbekistan, since March 24, 2020, the wearing of medical masks had 
been mandatory, while in many countries of the world this issue had only just been 
discussed [18]. To provide sufficient masks to the whole 34 million population, the 
government decided to mobilize the textile enterprises to produce protective masks. 
For example, as the date of May 18, 2020, 275 businesses produced over 6 million 
masks and 45 thousand pieces of protective gowns per day [19].

Quarantine facilities for 20,000 beds were built in the Tashkent region, 7085 
beds in Namangan, Samarkand, and Surkhandarya regions, and the Republic of 
Karakalpakstan, special hospitals for 4000 beds in the Zangiata district of the 
Tashkent region. Such special hospitals were also created in Nukus, Samarkand, 
Termes, and Pap districts [20, 21]. The state fully assumed the costs of fighting the 
infection, its detection, and treatment of citizens from coronavirus. A progressive 
package of economic measures was adopted to mitigate the impact of the crisis on 
relatively vulnerable sectors of the economy. An Anti-Crisis Fund had been created 
under the Ministry of Finance with an initial amount of 10 trillion UZS ($1 billion). 
Firms and entrepreneurs were provided with tax “holidays,” a number of other 
benefits, and deferrals of loan payments. Social assistance had been organized for the 
most vulnerable groups of the population [22, 23].

At the expense of the allocated funds, it was possible to significantly strengthen 
the potential of healthcare: personal protective equipment, artificial lung ventilators, 
and other medical equipment were purchased in large quantities, including 878 thou-
sand protective overalls, which allowed to maintain the health of medical personnel, 
avoiding mass infection of doctors as in some countries, the number of medical staff 
in clinics had fallen to a critically low level.

3. PCR test development

In the early beginning of 2020, there were only 15 PCR laboratories in the country 
in the Service for Sanitary and Epidemiological Welfare and Public Health, nowadays, 
there are 106 such laboratories, including 5 mobile ones [24]. In March 2020, the Special 
Commission instructed the Centre for Advanced Technologies under the Ministry 
of Innovative Development to develop and set up mass production of SARS-CoV-2 
qPCR detection kits. During that period, a widespread lockdown was announced: all 
public and private institutions were closed, the movement of any type of transport was 
prohibited, and a regime of complete isolation of citizens was imposed. The R&D staff 
of the Centre involved in the project was mobilized to work in laboratories with perma-
nent residence due to the lack of the ability to move around the city. The diagnostic kit 
“Biotest-SARS-CoV-2” for the detection of  SARS-CoV-2 RNA by the real-time reverse 
transcription polymerase chain reaction was  successfully developed in a very short time.
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The kit is designed to specifically detect RdRp and N genes of SARS-CoV-2 in 
clinical specimens in accordance with protocols developed by Universitätsmedizin 
Berlin Institute of Virology (Charité, Germany) [25] and National Institute For Viral 
Disease Control and Prevention under the Chinese Center For Disease Control and 
Prevention (CCDC) [26].

Limit of detection (LoD) studies determined the lowest detectable viral concen-
tration of SARS-CoV-2 (Genomic Copy Equivalents or GCE) that can be detected by 
the “Biotest-SARS-CoV-2” RT-PCR kit in a particular specimen type at least 95% of 
the time (95% of all true positive replicates test positive). The LoD was determined by 
serial dilution studies of the synthetic target gene of known concentration available 
from Molecular Cloud and produced by GeneScript [27]. For each concentration, 
qPCR was performed in four replicates per setup, the total number of setups was 
3. The amplification was scored by threshold cycles (Ct) on a DT Light instrument 
(DNA Technology, Moscow, Russia) and Rotor-Gene Q (Qiagen, Hilden, Germany) 
according to the instructions for the kit.

The highest and the lowest concentration that was used in the reaction was 90,000 
and 2 copies, respectively. According to experimental results, on DT Light instrument 
the detection rate of 2 copies in the reaction (or about 67 copies/ml) is 62.5%, whereas 
on the Rotor-Gene Q instrument the lowest detectable concentration is 5 copies per 
reaction. The LoD of viral RNA in a sample depends on the instrument, sampling, 
storage and extraction method, and dilution ratio. It was determined that the lowest 
concentration of viral RNA in a sample that can be detected on both Instruments (DT 
Light and Rotor-Gene) by the “Biotest-SARS-CoV-2” RT-PCR kit with the confidence 
of ≥95% is 10 copies per reaction or 330 copies per milliliter (0.33/μl). Thus, this 
concentration is the LoD that is detected in 100% of the tests.

The accuracy of coronavirus RNA detection using the “Biotest-SARS-CoV-2” 
RT-PCR kit was performed on clinical samples (37 positives and 45 negatives) in three 
independent laboratories of the Agency for Sanitary and Epidemiological Welfare 
of the Population (National analog of CDC) under the Ministry of Health of the 
Republic of Uzbekistan. The primers and probes included in the Biotest-SARS-CoV-2 
real-time PCR kit were designed to detect specifically the SARS-CoV-2 coronavirus 
RNA genes based on the publicly available nucleotide sequences of its strains on 
NCBI and GISAID databases (https://www.ncbi.nlm.nih.gov/; https://www.gisaid.
org/). Search through databases showed their 100% homology with all currently 
known strains of SARS-CoV-2. This was assessed with in silico sequence comparison 
analyses. Upon in silico analysis of the Biotest-SARS-CoV-2 real-time PCR kit, the 
assay design was found to detect all SARS-CoV-2 virus strains and it was found that 
the oligonucleotide design does not have homology and cross-activity with respect to 
other types of coronaviruses and non-SARS-CoV-2 species.

The Diagnostic kit was registered with the Agency for the Development of the 
Pharmaceutical Industry of the Ministry of Health (registration certificate No. № TB/
IVI 00395/05/2CЮ dated May 7, 2020), and on May 9, an initial batch of 50,000 tests 
was released. On April 19, 2022, the intellectual property right for the diagnostic kit 
has been obtained (Patent # FAP02010). The first wave of COVID-19 in Uzbekistan 
had been started in July 2020, and lasted 3 months, at that time the production of 
qPCR kits reached 1 million per month and covered the needs of most state laborato-
ries. In the context of a total shortage and the rising cost of diagnostic kits worldwide, 
only effective measures made possible to satisfy the need of Uzbekistan for COVID-19 
diagnostic kits and overcome challenges with no bulk import. Currently, two compa-
nies are already producing COVID-19 diagnostic kits in the country [11].
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4. Vaccine clinical trials, vaccination, and local vaccines

The next important step in the global fight against the pandemic was vaccine 
development and mass vaccination. As part of a partnership between the Ministry 
of Innovative Development and the Chinese Academy of Sciences, in July 2020, 
the question was raised about the need to create a vaccine and its further use. The 
Centre for Advanced Technologies under the Ministry of Innovative Development 
began cooperation with the Institute of Microbiology of the Chinese Academy of 
Sciences, and the pharmaceutical company Zhifei Longcom Biopharmaceutical Co. 
Ltd. on conducting phase III of clinical trials in Uzbekistan [28]. Noteworthy, none 
of the national medical institutions had previous experience in multicentre clini-
cal trials for new drugs. Discussions involving scientists and leading doctors of the 
republic showed that there were doubts about conducting clinical trials at such a scale. 
Meanwhile, conducting the clinical trials would allow for analyzing the safety and 
efficacy of vaccines prior implementing to mass vaccination.

The vaccine formulated of protein subunit consisting of antigens with two SARS-
CoV-2 spike RBD (HB-01 strain, residues 319–537, accession number: YP_009724390) 
connected in tandem (RBD-dimer), manufactured in the CHO ZN CHO K1 cell line. 
The advantages of this vaccine are included but are not limited to (1) the safety of 
this type of vaccine in comparison with other technologies and (2) storage conditions 
+4°C, which is important for Uzbekistan in terms of cold chain of storage and trans-
portation [29]. A comprehensive study of the technology for obtaining a new vaccine, 
safety, and immunogenicity reports on phase I and phase II of trials made it possible 
to decide on our country’s participation in clinical trials [30].

In October 2020, a tripartite memorandum was signed between the Ministry 
of Innovative Development, the Institute of Virology under the Ministry of Health 
of the Republic of Uzbekistan, and Zhifei Longcom Biopharmaceutical Co., Ltd. 
Thus, an agreement was reached to conduct the phase III of testing a vaccine against 
coronavirus in Uzbekistan. Prior to the start of clinical trials in Uzbekistan, the 
Pharmacological Committee of Uzbekistan conducted specification tests to analyze 
the effectiveness of antibody production and most importantly, evaluated the safety 
of the vaccine. In November, a group of Chinese researchers and specialists arrived in 
Tashkent. On our part, the Institute of Virology prepared a large group of doctors and 
nurses who were to work on the project that year, and more than 30 employees of the 
Centre for Advanced Technologies were allocated to the management and monitoring 
group. In total, more than a 100 medical workers were involved in the process, and 
later 36 more people were recruited to the Call Centre for daily monitoring of the 
health of volunteers.

At a meeting of the Ethical committee on December 10, 2020, an international, 
multicentre, double-blind, randomized, placebo-controlled III-phase clinical trial was 
approved in the Republic of Uzbekistan. The clinical trials were conducted accord-
ing to the requirements of the international GCP standards and relevant regulations. 
Four vaccination sites were opened. Each volunteer was given a written consent form 
that contained the relevant details of the vaccine, the clinical trial, and the risks, and 
benefits associated with participation in the clinical trial. All volunteers were recruited 
based on voluntary principles after only signing a consent form and could suspend 
their participation at any time according to their will. To find eligibility the main health 
indicators were determined, and blood and swab samples were taken to determine 
previous COVID-19 and/or ongoing infection. Some of the subjects were not recruited 
for medical reasons, and others either had COVID-19 or refused to participate.
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In Uzbekistan, between December 12, 2020, and Jun 30, 2021, a total of 13,855 
volunteers underwent health screening, and 6965 people enrolled in clinical trials. 
Participants were stratified on the basis of age in two groups 18 ~ 59 years (6758 
people) and ≥ 60 years (207 people) and randomly assigned into two groups to 
receive an investigational vaccine or placebo at a 1:1 ratio. A total of 6958 people 
(99.9%) were vaccinated with the first dose, 6717 people (96.4%) were vaccinated 
with the second dose, and 6395 people (91.8%) were vaccinated with the third dose. 
At least 7 days after the 3rd vaccination, a total of 53 COVID-19 cases were confirmed 
of which 46 were in the placebo group the vaccine showed an efficacy level of 84.8% 
(95% confidence interval, 66.2–94.2; Table 1).

Among the safety analysis set, 1301 (20.4%) participants reported at least one 
adverse event, with 709 (24.81%) participants in the vaccine group and 592 (23.36%) 
in the placebo group. Most of the reported adverse events 644 (20.22%) in the vaccine 
group and 517 (16.26%) in the placebo group were grade 1; 31 (0.86%) and 29 (0.83%), 
respectively, were grade 2; and 34 (1.07%) and 46 (1.44%) were grade 3 (Table 1).

During July–September, 2021 increase in COVID-19 incidence was observed in 
Tashkent with 84% of Delta strain detected by sequencing and PCR analysis. A total 
of 35 cases (1.08%) occurred among 3226 ZF-UZVAC-2001 group and 156 (4.84%) 
cases were confirmed in the 3221-placebo group. Vaccine efficacy for Uzbekistan trial 
group dropped from 84.8% to 80.2% (95% CI, 71.3–86.7). Other studies also reported 
a decrease in the effectiveness of the vaccine candidates against variants of concern 
including the Delta variant [31].

The research and organizational work of scientists from the Centre for Advanced 
Technologies and the Institute of Virology were highly appreciated by Chinese special-
ists and independent experts. The Chinese side announced the acceptance of Uzbekistan 
as a coauthor, and the vaccine was given the brand name ZF-UZ-VAC2001. Phase III of 
the research was carried out in five countries (China, Uzbekistan, Indonesia, Pakistan, 

Total cases ZF2001 Placebo Vaccine efficacy,  
% (95% CI)

Symptomatic 
COVID-19

53/6365 (0.8%) 7/3185 (0.2%) 46/3180 (1.4%) 84.8% (66.2 to 94.2)

Severe symptomatic 
COVID-19 and 
beyond

3/6365 (0.09%) 0/3185 (0%) 3/3180 (0.09%) 92.9% (52.4 to 99.8)

Death by COVID-19 0/6365 (0%) 0/3185 (0%) 0/3180 (<0.0%) 100% (−8.4 to 100)

Stratification by age

Aged 18–59 years 52/6365 (0.8%) 7/3185 (0.2%) 45/3180 (1.4%) 81.2% (72.8 to 87.3)

Aged ≥60 years 1/207 (0.5%) 87.6% (2.5 to 99.7)

Adverse effects

Total adverse effects 1301/6365 709/3185 (24.81%) 592/3180 (23.36%)

Grade 1 1161/6365 644/3185 (20.22%) 517/3180 (16.26%)

Grade 2 60/6365 31/3185 (0.86%) 29/3180 (0.83%)

Grade 3 80/6365 34/3185 (1.07%) 46/3180 (1.44%)

Table 1. 
ZF2001 vaccine efficacy against COVID-19 with onset at least 7 days post-vaccination.
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and Ecuador) with the involvement of 28,500 volunteers. The results of phase III clinical 
trial of the ZF-UZ-Vac2001 vaccine were published recently [32]. Vaccine efficacy 
after the third dose was 87.6% (95% CI, 70.6 to 95.7) in preventing moderate to severe 
forms of COVID-19. In total, out of 28,500 volunteers, 14,249 received the vaccine and 
14,251 received a placebo, 647 of the volunteers were diagnosed with coronavirus, 221 
of them—7 days after the third dose of the vaccine, 35 of those infected received the 
vaccine, and 186—placebo. These results demonstrate vaccine efficacy of 81.76% [32].

On March 1, 2021, the ZF-UZ-VAC2001 vaccine was registered with the 
Pharmaceutical Industry Development Agency of the Ministry of Health and 
approved for mass use in Uzbekistan. Thus, Uzbekistan became the first country in 
the world to approve and begin the mass use of a recombinant protein vaccine against 
coronavirus. On March 15, the vaccine was approved for use in China [33]. In April 
2021, a mass vaccination campaign for adults over 65 and people at risk began, and 
a month later, vaccination of all populations was initiated [34]. All vaccination costs 
were made free for the population. The purchase of vaccines and the costs related 
to the vaccination program was covered by the state budget [35, 36]. To increase the 
vaccination coverage of the population, extensive explanatory work was conducted 
on the importance of vaccination and how they work. In addition, the introduc-
tion of various benefits to vaccinated people significantly increased the coverage 
of vaccination [37]. As the date of September 15, 2022, seven types of 44.2 million 
doses of vaccines were imported and 27.5 million doses of vaccines were produced in 
Uzbekistan from which 26.6 million doses of ZF-UZ-VAC2001 and 881.8 thousand 
doses of two-component Sputnik V vaccine.

Up to date, 71.9 million doses of vaccines have been used of which the majority 
share (48.2 million doses) of the vaccines belonged to of ZF-UZ-VAC2001 vaccine. 
In addition to the protein vaccine, the following vaccines were used in the country: 
Astra Zeneca 2.6 M doses (4%), (2%), Moderna 10.7 M doses (16%), Pfizer-BioNTech 
6.8 M doses (9%), Sinovac 2.0 M doses (3%), and Sputnik-V and Light 1.645 M doses 
(2%) (Figure 1).

A total of 21.5 million of population was included in target group for the mass 
vaccination according to their age. No people under 18 were included for the national 
vaccination program against coronavirus infection. A total of 21.1 million people 
received the first dose, 17.8 million received the second dose, and finally, 10.6 million 

Figure 1. 
The proportion of anti-COVID-19 vaccines used in Uzbekistan.
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people received the third dose. From those 16.4 million people (76.6% of the target 
population) received a full vaccination course. Uzbekistan has become one of the 
countries where seven types of vaccines obtained using different technologies were 
simultaneously used. All vaccines showed good protection against severe forms of 
coronavirus: in persons who completed the full course of vaccination, there were 
practically no deaths, as well as no need for resuscitation [38].

In addition, scientists in Uzbekistan are conducting research on the develop-
ment of vaccines against coronavirus. There are three vaccines listed by the WHO 
that are currently undergoing preclinical studies: the Renovac recombinant protein 
vaccine (developed by the Centre for Advanced Technologies), the Genovac DNA 
vaccine, and the Tomovac edible vaccine obtained by genetically modifying tomatoes 
(developed by the Centre of Genomics and bioinformatics, Academy of Sciences of 
Uzbekistan) [39].

5. Conclusions

The establishment of a special commission to fight against the coronavirus pan-
demic in Uzbekistan and the involvement of employees of state bodies with various 
backgrounds made it possible to consistently discuss the issues and make decisions 
in a short period. Multilateral cooperation in order to cover the need for vaccines 
became an important factor in the implementation of vaccination campaigns. The 
scientific and technical base created for the detection of the coronavirus also helped 
in the identification of new variants of the coronavirus. qPCR-based kits have already 
been developed that allow the detection of variants of concern such as Alpha, Delta, 
and Omicron. From a further perspective, the production of local kits for the detec-
tion of other important diseases may be implemented. In fact, there is already ongo-
ing work to introduce new local test systems into the market. Uzbekistan’s experience 
in conducting large-scale clinical trials stimulates local companies to conduct research 
on novel drugs. In addition, research teams are working on several vaccine platforms 
that may, in turn, enhance Uzbekistan’s capacity for the development of national vac-
cines. Finally, these all initiatives including vaccine production capability can pave the 
way for increased resilience to combat infectious diseases and threats in the country.
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Abstract

The Coronavirus pandemic has disrupted global health systems and has put 
enormous strain on fragile health systems worldwide. Despite the challenges that 
the Moroccan health system faces, the country’s rapid and effective response to the 
COVID-19 pandemic has yielded positive results in terms of virus containment. 
A convergence of public policies has enabled Morocco to implement multifaceted 
interventions aimed at achieving large-scale vaccine coverage. These efforts have 
contributed to the success of Morocco’s national vaccination campaign. While the 
immunization operation was not devoid of challenges, this experience has paved the 
way for Morocco to expand its disease surveillance system and explore its potential as 
a key actor in vaccine and bio-therapeutics supply on the continent.

Keywords: COVID-19, SARS-CoV-2, immunization, vaccine, infection prevention  
and control, pandemics, Morocco

1. Introduction

The COVID-19 pandemic and its spillover effects have disrupted global health 
systems around the world. Morocco has notoriously made major strides in the 
management and control of long-standing infectious diseases such as tuberculosis. 
However, the COVID-19 pandemic has inevitably put the Moroccan health system 
under strain and resulted in collateral social and economic repercussions. The 
pandemic response in Morocco was characterized by a remarkable convergence of 
public policies in order to alleviate the burden on those who were most affected by 
the negative impact of the crisis. Morocco was involved in vaccination efforts early 
on through participation in clinical trials. Given the fragility of the national health 
system linked to low bed capacity and a shortage in the healthcare workforce, the 
country has rapidly and effectively mobilized immense resources and engaged in 
organized efforts geared toward achieving population immunity. In this chapter, we 
give an overview of the COVID-19 vaccination experience in Morocco and also high-
light the challenges that have emerged and discuss future opportunities and prospects.
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2. COVID-19 response in Morocco

Morocco issued a National Response and Surveillance plan against COVID-19 as 
early as January 27th 2020, and a steering committee was established by the Moroccan 
Ministry of Health (MoH) to oversee the health response [1]. The National Public 
Health Emergency Operations Center (CNOUSP), based at the Epidemiology and 
Disease Control Directorate (DELM), was charged with spearheading the monitor-
ing of the epidemiological situation and the coordination of the technical aspect of 
the response. Additionally, the CNOUSP played a pivotal role in informing various 
stakeholders and partners, the media, and the public [1]. Field epidemiologists and 
rapid intervention teams were deployed in order to fulfill these roles. In addition to 
these tasks, the Regional Public Health Emergency Operations Centers (CROUSP) 
also organized training and information sessions for healthcare professionals both in 
public and private healthcare facilities [1, 2].

The first case of COVID-19 in Morocco was first recorded and confirmed on 
March 2nd, 2020. A 39-year-old man from Casablanca traveled to Brussels 15 days ago 
and then to Italy and returned to Morocco in late February. A swab was taken and the 
result confirmed SARS-CoV-2 as the causal agent. Contact tracing was performed, 
and 106 contact cases were identified and followed up [3].

Shortly after the first case was reported, decisive actions were taken by the 
Moroccan authorities to curtail the spread of the virus. Robust events were canceled 
such as the International Agricultural Exhibition (SIAM) and the international 
Crans Montana Forum in Dakhla. More stringent measures were put in place such 
as a nationwide school suspension by March 13th and the suspension of all inter-
national flights by March 15th. This was followed by more closures of mosques, 
restaurants, coffee shops, spas, gyms, and clubs and nationwide country lockdown. 
Non-pharmaceutical interventions (NPIs) such as mask wearing and disinfection 
were put in place and reinforced. On April 7th 2020, mask wearing was made manda-
tory in public places and at work [4]. Concurrently, industrial units were readjusted 
to increase local production capacity of masks—up to 5 million units a day—and a 
decree was enacted to regulate the price. A state of emergency was declared by the 
Ministry of Interior on March 20th, and a full-country lockdown was put in place. 
Citizens were allowed to move within their living space, and a special authorization 
was granted by local authorities to individuals working in vital sectors. Violations of 
the state of emergency became punishable by law per a novel decree Law 2.20.292, 
which was passed unanimously [5]. A nationwide survey of Moroccan households 
performed by the High Commission of Planning (HCP) between April and June 2020 
showed an overall good compliance with some NPIs such as handwashing (87.3%) and 
wearing masks (78.3%). Other measures were less popular such as physical distanc-
ing (31.3%) and going out less (19.8%) [6]. These measures, namely those related to 
movement restrictions, proved to be effective in controlling the viral reproductive 
rate [7] but have naturally led to challenges experienced by Moroccans abroad await-
ing repatriation and also resulted in financial hardships among Moroccan citizens, 
particularly those working in the informal sector. Fortunately, the economic conse-
quences of the crises were anticipated through the creation of a COVID-19 special 
fund following the orders of King Mohammed VI; this fund initially contained 1 
billion MAD and was later enriched thanks to contributions from banks, the National 
Security and Territorial Surveillance, telecommunication companies, MPs, and other 
senior officials. Additionally, stipends were issued to citizens working in the informal 
sector and who did not benefit from the state-funded insurance scheme Régime 
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d’Assistance Médicale (RAMed). Notwithstanding, some decisions were met with 
criticism by the public such as the sudden decision to confine a few cities prior to the 
celebration of Eid El Adha in 2020. These decisions created panic among the public 
and led to overcrowded roads and an increased risk of creating infection clusters [2].

By June 2020, “Wiqaytna”—Arabic for “our protection”—was created by the 
Moroccan Ministry of Health (MoH) and its partners and made freely available to all 
Morocco citizens. The aim was to facilitate contact tracing and surveillance efforts 
[8]. In a similar effort, the Moroccan Ministry of Interior launched a hotline “Allo 
300” to receive reports on suspected cases and provide information to citizens about 
COVID-19. As of June 2022, there are 1,170,427 confirmed cases and 16,080 deaths 
due to SARS-CoV-2. The evolution of daily confirmed cases of COVID-19 up to June 
2022 is shown in Figure 1.

Regarding infrastructure and equipment, the COVID-19 response in Morocco was 
marked by an increase in hospital capacity through the establishment of field hos-
pitals and the increase in the capacity of existing structures, including bed capacity 
for intensive care and resuscitation units. Thermal cameras and thermometers were 
made available at all entry points in order to maximize early detection of the virus. 
As changes in the case definition occurred, Morocco adjusted its surveillance strategy 
at all entry levels. Concurrently, local mass production of masks and hydroalcoholic 
gel took place alongside efforts to regulate prices. Additionally, Morocco consider-
ably reinforced its laboratory capacity. At the beginning of the crisis in 2020, only 
three laboratories had a PCR platform, this number gradually increased reaching 30 
laboratories with PCR testing capacity as of September 2021, among which six are 
mobile laboratories [2].

In accordance with the recommendations of its National Scientific, Technical and 
Advisory Committee, the MoH issued a standardized treatment regimen for COVID-
19 patients, which included the use of hydroxychloroquine (HCQ )or chloroquine 
(CQ ), combined with azithromycin (AZM) as first-line treatment [2]. The Moroccan 
Anti-Poison and Pharmacovigilance Centre subsequently received reports of medica-
tion errors related to the administration of AZM [9]. Following these alerts, the MoH 

Figure 1. 
Daily confirmed COVID-19 cases in Morocco.
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issued recommendations directed at healthcare professionals and hospital directors 
in order to improve compliance with therapeutic guidelines [9]. In August 2021, 
the treatment regimen was updated to include Molnupiravir, an oral antiviral tablet 
recommended for non-severe SARS-Cov2 cases in high-risk individuals [10]. These 
updates were made in accordance with WHO treatment guidelines [11].

3. National vaccination campaign

3.1 Vaccination timeline, strategy, and efforts

Vaccinating the Moroccan population became a major public health priority, and 
remarkable efforts have been undertaken by the government to achieve large-scale 
immunization. In fact, preparations were arranged before the arrival of the first 
batches of vaccine doses into the country. Moroccan citizens and residents were 
notified about the procedure of setting up a vaccination appointment. The procedure 
simply entails providing one’s ID card number to register and subsequently receive 
a place and date for their appointment. Any citizen or resident was automatically 
referred to the nearest vaccination center using its digitized identity card number. 
Concurrently, “Liqahona”—Arabic for “our protection”—the official portal of the 
COVID-19 vaccination campaign, was set up by the Moroccan MoH. This platform 
provides information about available vaccines, mechanisms of action, the vaccine 
development process and clinical trials, potential side effects, and enables individuals 
to verify their vaccination appointment [12]. Another channel by which Moroccan 
citizens could get informed about their appointment is simply by sending their 
identity card number to the toll-free number 1717. Upon receiving a second dose of 
the COVID-19 vaccine, individuals are able to download and print a copy of their 
vaccination certificate using the same platform. Similarly, an app named Yakadaliqah/
Jawaz Asseha (“vaccine vigilance”/“Health passport” in Arabic) was made freely 
available in Google and Apple stores as well as a website version. The aim of this app 
is to allow citizens to benefit from remote monitoring by reporting any adverse event 
observed after the first and/or second dose of vaccine and enable continuous contact 
with the doctors at the local vaccination center [13]. These efforts were strengthened 
by mass communication campaigns through diverse channels such as national TV and 
social media. In fact, the MoH broadcasted SPOTS on national television channels 
such as SNRT, 2 M, and Medi1 in order to raise awareness, prevent pandemic fatigue, 
and encourage vaccination [2].

Morocco has participated in multicenter Phase III clinical trials of the COVID-19 
vaccine Sinopharm in early August 2020 [14]. The trial was conducted at the Ibn 
Sina University Hospital and Mohammed V Military Training Hospital in Rabat and 
Ibn Rochd University Hospital in Casablanca [14]. The national campaign against 
COVID-19 kicked off in late January 2021. The campaign was completely free of charge 
to Moroccan citizens and foreigners residing in the country and was funded through 
the COVID-19 special fund. On January 22nd, Morocco received the first batch of the 
Oxford-manufactured AstraZeneca vaccine, consisting of 2,000,000 doses [15], and 
on January 27th, the first batch of the Sinopharm BIBP vaccine, consisting of 500,000 
doses, arrived in the country. During this month, Morocco approved Sputnik V, 
Sinopharm BIBP, and Oxford-Astrazeneca and later on other vaccines were approved 
such as Sputnik V, Sinopharm BIBP, and Oxford-Astrazeneca, and later on other 
vaccines were approved such as Moderna and Pfizer-BioNTech [16]. Recognizing 
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the critical role of cold chains in the success of immunization campaigns, the MoH 
worked closely with international organizations, foundations, and private sector 
partners, since the beginning of the national immunization campaign in January 2021, 
to expand and strengthen the country’s cold chain capacity during the pandemic and 
beyond to also benefit the routine immunization program. In fact, four freezers were 
delivered to Morocco through the COVAX facility in 2021, which has increased stor-
age capacity from 1.9 million to 4.1 million doses. Thanks to this facility, Morocco has 
received a total of 4,190,190 doses in 2021 [17]. The United States, COVAX’s largest 
donor, has delivered 2,754,380 safe and effective COVID-19 vaccine doses including 
2,449,980 Pfizer and 302,400 J&J doses [18]. The U.S. government has invested nearly 
$20 million in Morocco’s COVID-19 pandemic response and U.S. military has invested 
over $3.8 million in field hospitals and laboratory assistance [19]. Furthermore, seven 
new ultralow-temperature freezers, funded by USAID and delivered through UNICEF 
Morocco, have allowed the country to double its storage capacity for COVID19 mes-
senger RNA (mRNA) vaccines, including the Pfizer vaccine, which requires specific 
storage conditions at minus 80 degrees [17]. It is worthy of note that Morocco took 
part in the Chinese Sinopharm vaccine development process by participating in 
clinical trials. Therefore, it was among the first nations to receive the vaccine. In fact, 
1 million doses of the Sinopharm vaccine were delivered to the country, which has 
allowed Morocco to scale up the vaccination campaign and target other subsets of its 
population. The vaccine roll-out in Morocco occurred progressively, and priority was 
given to those at high risk of contracting the virus and developing severe symptoms. 
The priority groups included health professionals aged 40 and over, public officials, 
the military, teaching staff aged 45 and over, as well as people aged 75 and older and 
individuals living with chronic diseases. Areas with high levels of circulating infection 
were also initially targeted [20].

Thanks to these joint efforts, as of June 8th, 2022, 24,839,199 of Moroccans have 
received their first dose of the COVID-19 vaccine, 23,321,341 have received a second 
shot, and 6,470,755 have received a third shot [21], thereby achieving the highest 
COVID-19 vaccination rate in Africa—63% of the total population are fully vacci-
nated [22]. This success has been attributed to the deployment of a smart vaccination 
campaign and technology, which has sped up the vaccine roll-out.

3.2 Challenges and opportunities

In discussing vaccination, the socio-behavioral aspect must not be omitted. The 
COVID-19 pandemic and the accompanied misinformation campaign led to the 
emergence of vaccine hesitancy among the world’s population. Vaccine hesitancy 
presents a worldwide challenge that threatens to reverse years of progress made in 
infectious disease prevention and control. An initial survey conducted by the HCP 
after the first case was reported in the country, indicated that the acceptance rate was 
68.6% among Moroccans [6]. However, the same report noted that nearly one house-
hold in 10 (11%) would refuse to get vaccinated [6]. More recent studies in Morocco 
reported low vaccine acceptance rates among health science students (26.9%) [23] 
and non-health-sciences students (35.3%) [24]. A similar study conducted among 
healthcare workers found a relatively high vaccination acceptance rate (62.0%). 
The main reasons of refusal or hesitation were concern about potential side effects 
(74.8%) and doubts about its effectiveness (47.8%) [25]. Similarly, one study was 
conducted among 3800 Moroccan citizens to evaluate the factors associated with 
COVID-19 vaccine acceptance using the Health Belief Model. The findings of this 
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study were that perceived susceptibility and benefits were the strongest predictors of 
acceptance of the COVID-19 vaccine. Being female and having a chronic illness were 
also factors associated with a higher COVID-19 acceptance rate [26]. Throughout the 
pandemic response, the MoH deployed mass media campaigns to educate the public 
and promote vaccine uptake. Ultimately, legal action was taken against individu-
als who spread fake news about COVID-19 in order to prevent the undermining of 
public trust and prevent panic among the general public [27]. Examples of these legal 
actions were the arrests issued. Additionally, since the beginning of the pandemic, the 
MoH and the Ministry of Education urged citizens to fact-check pandemic-related 
information before sharing it. Furthermore, decision-makers in the country were the 
first to get the vaccine, which helped bolster public trust and dispel doubts surround-
ing the safety and efficacy of the vaccines. While vaccination is undeniably one of 
the most cost-effective interventions in the management of infectious diseases and to 
reduce the levels of circulating infection, compliance with NPIs and increased public 
awareness are of paramount importance in light of the emerging variants of concern 
(VoCs) and the waning efficacy of vaccines in the face of emerging variants.

The success achieved during the mass immunization operation compared with 
other countries in the region reveals the potential that Morocco holds in pioneering 
vaccine development and supply to the rest of the continent. In fact, efforts are 
already underway to accomplish this goal. In January 2022, Morocco has launched 
the construction of a vaccine manufacturing plant in the region of Benslimane, 
near Casablanca. This “fill and finish” site was launched in partnership with the 
Swedish firm Recipharm and was inaugurated during a ceremony attended by 
King Mohamed VI. This factory is expected to need an investment of almost $600 
million and its objective is to achieve vaccine “self-sufficiency” for Morocco as well 
as to ensure coverage of 60% of the needs on the continent. This structure will 
allow for the transfer of aseptic filling and the manufacture of active substances of 
more than 20 vaccines among which are three COVID-19 vaccines [28]. It is worthy 
of note that Morocco is currently producing more than 3 million doses of the 
Sinopharm vaccine every month. This production is expected to reach 2O million 
doses by the end of the year. This was achieved thanks to the transfer of aseptic 
filling locally. While these prospects may be promising, the current crisis has not 
yet receded. In fact, the case count has been on the rise since the beginning of 
June 2022 as the country recorded a total of 1067 new confirmed COVID-19 cases 
as of June 12th [29]. This recent trend may force planners and decision-makers to 
reinstate movement restrictions, which may halt touristic activity—usually at its 
height during the summer season—and further delay the recovery of the Moroccan 
economy.

4. Conclusions

Morocco’s strict and effective response to the COVID-19 pandemic has resulted in 
positive results in terms of preventing severe disease and limiting the spread of the 
virus. This experience has highlighted the country’s potential in pioneering vaccine 
supply and promoting vaccine self-sufficiency on the continent. However, the harsh 
economic consequences, along with the emergence of other VoCs, may hinder these 
prospects. Therefore, careful planning needs to be undertaken to simultaneously 
address the collateral damage of the COVID-19 crisis, anticipate potential future 
threats, and explore current opportunities.
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Chapter 6

The Silver Lining of the COVID-19 
Pandemic: Fast-Tracked Vaccine 
Production and Approval
Wilson Lewis Mandala

Abstract

From the time when the smallpox vaccine was successfully produced in 1798, 
vaccines have proven to be the most reliable means for preventing and controlling 
most infectious diseases because they significantly reduce morbidity and mortal-
ity associated with life-threatening infectious diseases. During the pre-COVID-19 
era, the development, testing, and final approval for vaccines would take as long as 
thirty years and this was regarded as a normal procedure by most regulatory bod-
ies. However, the devastating COVID-19 pandemic witnessed the development and 
approval of several vaccines in just six months from when the first SARS-CoV-2 case 
was reported in Wuhan, China. The speed and apparent ease with which the COVID-
19 vaccines have been produced and approved has introduced a paradigm shift in the 
vaccinology field, creating an environment within which the production of vaccines 
for most infectious disease now seems possible. This chapter delves into the vaccine 
production and approval process and discusses the benefits of vaccines, the types 
of vaccines, and how they work. It also explores how lessons from the COVID-19 
pandemic can contribute toward the expedited development, trial, and approval of 
vaccines against other devastating diseases of equally high, if not higher, mortality 
rates such as HIV/AIDS, TB, and malaria.

Keywords: vaccines, COVID-19, HIV/AIDS, tuberculosis, malaria

1. Introduction

Over the years, vaccines have proven to be one of the most reliable means for 
 preventing, controlling, and, in some cases, eliminating a number of infectious 
diseases. Where they have been used appropriately and administered at the right age 
and stage, both morbidity and mortality associated with the disease against which 
individuals have been vaccinated have been reduced or even eliminated [1]. Prior 
to the COVID-19 pandemic era, the development, testing, and ultimate approval of 
vaccines would take as many as 10 or even 30 years [2, 3]. However, the sudden advent 
of the COVID-19 pandemic witnessed the development of over a hundred vaccines 
against the viral disease (Table 1) some of which have already been approved (refer 
to Section 7.1) for use and have successfully saved millions of lives. More importantly, 
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the COVID-19 pandemic also experienced an astronomically expedited approval pro-
cess for the new vaccines with some, such as the Pfizer COVID-19 vaccine, approved 
for use globally just after 6 months (Figure 1) from when the first SARS-CoV-2 case 
was officially detected and reported in Wuhan, China [3]. The speed at which these 
COVID-19 vaccines have been produced and approved has brought about a paradigm 
shift in the vaccinology world which some scientists and policymakers feel has 
completely revolutionized the vaccine development field. However, this watershed 
moment also raises some pertinent questions such as: are there any short-term and/
or long-term effects on individuals who take such “seemingly” fast-tracked vaccines? 
Why have the vaccine-producing Pharmaceutical companies not been able to produce 
vaccines for other equally important and devastating infectious diseases such as HIV/
AIDS, TB, and malaria in the past at an equally fast pace? Are there lessons or emerg-
ing innovative ways from the COVID-19 vaccine production platforms that could be 
used in an attempt to expedite the production of vaccines for these other infectious 

Figure 1. 
Estimate duration (in years) from the time of establishing the causative link between a pathogen and the related 
disease to the time when a fully developed and tried vaccine is approved and licensed for use (adapted from Ball [4]).

Vaccine platform Number of vaccine candidates % Total candidates

1 Protein subunit 43 34

2 Viral vector (non-replicating) 18 14

3 DNA 14 11

4 Inactivated virus 17 14

5 RNA 21 17

6 Viral vector (replicating) 2 2

7 Virus-like particle 5 4

8 rVV + APC 2 2

9 Live attenuated virus 2 2

10 nrVV + APC 1 1

Table 1. 
Number (and percentage of the total) of different COVID-19 vaccines categorized based on the platform used to 
produce them (rVV = replicating viral vector, nrVV = non-replicating viral vector, APC = antigen-presenting cell).
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diseases that have been around for much longer than COVID-19? This chapter 
looks into the vaccine development world and highlights what can be adapted from 
the manner and speed at which the COVID-19-specific vaccines have been produced 
and approved.

2. History of vaccines

Vaccines are biological agents that can be used to safely induce an immune 
response against a specific antigen that is either derived from an infectious disease-
causing pathogen or that is artificially manufactured [5]. Once the immune system 
is successfully and safely stimulated to respond to a vaccine, the vaccination process 
confers protection against infection or disease on subsequent exposure to that specific 
pathogen [5]. Edward Jenner is credited to have developed the very first vaccine in 
1796–1798 using cowpox to inoculate humans against smallpox [6]. Prior to that, vari-
olation, which was the ancient practice of inoculating human beings with biological 
material from an infectious disease-causing agent, was already in practice in various 
countries such as India, Turkey, and China centuries before Jenner’s groundbreaking 
experiments [6].

Although Jenner’s smallpox vaccine ended up being successfully used in vari-
ous countries, the actual vaccination then was done from person to person with the 
biological material collected from one already vaccinated individual used to vaccinate 
others who were yet to be vaccinated [7]. The modern mode of vaccinating individu-
als was eventually developed by Louis Pasteur who developed vaccines by using 
agents extracted from disease-causing pathogens such that the effective vaccines 
against chicken cholera and human rabies in 1885 are accredited to him [7].

The next major innovation was the development of vaccines based on killed patho-
gens, which was done by two American scientists Daniel Elmer Salmon and Theobald 
Smith [6, 7]. This landmark was then followed by the vaccine development against 
typhoid, human cholera, and plague just before the end of the nineteenth century. 
Since then, many more vaccines have been developed as outlined in Figure 2.

During the twentieth century, vaccines against infectious diseases such as influ-
enza and rotavirus were developed and these were either live attenuated, whole killed 
pathogens, or subunit vaccines that contained antigens such as protein, polysac-
charides, or conjugated without the rest of the pathogen. In 1986, the first genetically 
engineered vaccine was developed and this was against Hepatitis B [7].

3. General composition of vaccines

The sole aim of vaccinating an otherwise healthy individual is to stimulate, 
pre-arm, and prepare the immune system in readiness for subsequent infections or 
diseases [5]. As such, the composition of each vaccine is essential as each primary 
ingredient is meant to be identified, recognized, responded to, and remembered by 
the highly developed and evolved human immune system during subsequent infec-
tions by the pathogen vaccinated against [7]. This being the case, the primary com-
ponents of essentially all vaccines are protein antigens (with the exception of a few 
especially the polysaccharide vaccines) that are derived from the pathogenic organism 
that causes the infection one is being vaccinated against or synthetic antigens that 
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resemble components of the pathogens that are manufactured [8]. In addition, vac-
cines would normally have natural or added adjuvants, which assist in boosting the 
immune response to the vaccine (immunogenicity).

Whereas the antigenic component of the vaccine directly induces the adaptive 
immune response toward a specific pathogen, in turn the adjuvants interact with the 
innate immune system through the pattern recognition receptors (PRRs) that recog-
nize pathogen-associated molecular patterns (PAMPs) [9]. They would also contain 
stabilizers that maintain the stability and effectiveness of the vaccine after vaccine 
manufacture and during the storage period, some antibiotics aimed at preventing 
contamination during manufacturing stage, and emulsifiers such as polysorbate 80 
and preservatives which protect any bacterial or fungal growth in the vaccine during 
the manufacturing and storage stages [8]. Various other products that are used during 
the vaccine manufacturing process sometimes end up as trace components of the 
vaccine and these include egg or yeast proteins, formaldehyde, and acidity regulators 
among other things [5].

4. How vaccines work

Vaccination, which is synonymous with vaccine administration, is the process 
whereby a biological product (natural or manufactured) from a known pathogenic 
organism is deliberately introduced into the body of an otherwise healthy human 
being with the aim of inducing the individual’s immune response so as to confer pro-
tection against subsequent infections or disease caused by the specific pathogen [5, 8].

Once a vaccine is introduced into the body, its antigens are recognized by the 
host’s antigen-presenting cells (APCs) such as dendritic cells (DCs), macrophages, 
Langerhans cells, and B cells. Antigen recognition is mediated in part by a set 
of proteins known as pathogen-associated molecular patterns (PAMPs) that are 
recognized by cognate proteins such toll-like receptors (TLRs) on the APCs’ 
surfaces known as pattern recognition receptors (PRRs) [8]. While the antigen 
directs the specificity of the adaptive immune response against a specific pathogen, 
the adjuvants stimulate the innate immune response through the interaction of the 
PRRs and the PAMPs [9].

Once phagocytosed, internalized antigens are processed (digested) into peptide 
fragments and displayed on a major histocompatibility complex (MHC) either Class I 
(for CD8+ T cells) or Class II (for CD4+ T cells). Vaccine antigens that are produced in 
or enter the cytoplasm, such as live-attenuated viruses, are displayed on MHC Class I 
in a process known as the endogenous antigen-processing pathway. MHC-Class 
I-displayed antigens are recognized by the T cell receptors (TCRs) for CD8+ T cells. 

Figure 2. 
Timeline for the development of various types of vaccines against different diseases.
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In contrast, antigens that enter cells via a process of phagocytosis such as antigens 
introduced from killed or inactivated vaccines or recombinant proteins, or antigens 
that are secreted from infected cells, are displayed on MHC-II by the exogenous 
antigen processing pathway and are recognized by T-helper (CD4+) cells [5, 10].

The resulting activated APCs that are now presenting vaccine antigens on MHCs 
migrate to secondary lymphoid organs (SLOs) such as the draining lymph nodes, 
and spleen where they encounter naïve T cells in the T cell zones [11]. Interaction 
between antigen-presenting APCs and T cells through MHC/TCR binding leads to 
the differentiation and proliferation of naïve T cells into effector cells. In response to 
MHC-II/TCR binding, ligand-receptor interaction, and environmental support from 
cytokines, CD4+ T-helper (TH) cells differentiate into TH1, TH2 TH17, or Regulatory 
T cells. Of these, TH1 cells secrete IFN-γ, which in turn stimulate the activation and 
expansion of cytotoxic T cells, whereas TH2 predominantly secrete other cytokines 
such as IL-10, IL-4, IL-5, and IL-13 [5].

In contrast, following TCR/MHC-I interaction and help from TH1 cells through 
INF-γ, CD8+ T cells differentiate into cytotoxic cells, which serve in part to recognize 
and eliminate infected cells thereby protecting the host against intracellular patho-
gens such as viruses. In addition to the effector cells that are generated in response to 
the presentation and recognition of vaccine antigens, both CD4+ and CD8+ cells also 
differentiate into memory cells such as central memory and effector memory among 
others. The memory cells are essential in responding and expanding the clonal pool 
upon antigen re-stimulation or subsequent encounter with the pathogen [12].

In addition to IFN-γ production, TH1 cells are also involved in the production of 
IgG1 and IgG3 antibodies by different B cell subsets [5], whereas TH2 cells secrete IL-4, 
IL-5, and IL-13, which promote the development, maturation, and differentiation 
of B cells into memory B cells (MBCs) and antibody-secreting plasma cells (PCs). 
The two other subsets of T cells, follicular T helper (TFH) and TH17, are essential for 
the generation of high-affinity antibodies and mucosal immunity, respectively. TFH 
regulates B cell affinity maturation, selection of high-affinity germinal center (GC) B 
cells, and the duration of GC reaction [13, 14]. In turn, durable GC reaction favors the 
differentiation of GC B cells into high-affinity MBCs and antibody-secreting long-
lived PCs (LLPCs) [5, 13].

MBCs are fundamental in vaccine-induced immunity since they can rapidly expand 
and differentiate into antibody-secreting plasma cells (ASPCs) upon re-encountering 
antigen thereby rapidly providing robust protection against disease-causing pathogen 
from where the antigen originated [5, 10]. LLPCs move from the draining lymph nodes 
(dLNs) germinal centers to the bone marrow to produce antibodies over a period rang-
ing from few months to decades [12]. In addition, these LLPCs are terminally differ-
entiated and, in contrast to MBCs, do not require reactivation or antigen re-encounter 
for them to produce antibodies. It is the high levels of neutralizing antibodies produced 
by LLPCs, which protects an individual against reinfection [5]. B cells, acting as APCs, 
are capable of recognizing and responding to vaccine antigen prior to engaging with 
TH cells in what is known as T cell-dependent B cell activation. Just as is the case with 
the classical APCs, following vaccine administration, B cells recognize and internal-
ize antigens and upon pattern recognition receptors (PRRs) activation differentiate 
into short-lived antibody-secreting cells, plasmablasts, that produce the first wave of 
antibodies. However, in the absence of help from TH cells, B cells do not proceed to a 
stage of class switching into high-affinity antibody IgG secreting cells but instead will 
continue to secrete low-affinity IgM [8].
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5. Types of vaccines

There are different ways of grouping vaccines depending on which characteristics 
are used. They can either be categorized as already licensed vaccines or those that are 
still being researched [8]. They can also be classified based on their ability to continue 
replicating once administered to the host such that some would be referred to as live 
vaccines and others as dead vaccines [5]. Vaccines can also be classified based on the 
technology platform utilized in producing them. Using this third criterion, vaccines 
can therefore be divided into the following types with some falling under the so-
called Conventional Group and the others regarded as the so-called Next-Generation 
Vaccines (Figure 3) [8].

5.1 Conventional vaccine technologies

5.1.1 Live-attenuated vaccines

Live-attenuated vaccines, which are also known as replication-competent-
attenuated vaccines, are prepared from weakened pathogens the virulence of which 
has been significantly reduced. The main feature of attenuated pathogens is that they 
characteristically mimic natural infection as they still maintain the intrinsic ability 
to infect host cells and replicate further within the host [15]. The main distinguish-
ing feature of this type of vaccine is its ability to maintain the pathogen’s replication 
potential without causing disease or attaining reversion to virulence.

Improved immunogenicity of live-attenuated vaccines is usually achieved 
through the activation of molecular sensors of the innate immune cells coupled with 
sustained antigen expression and presentation. Activation of pattern recognition 
receptors (PRRs) on classical antigen-presenting cells (APCs) such as dendritic cells 
(DCs) induces the upregulation of costimulatory molecules [16], and increases in 
the expression of various cytokines which, in turn, results in the differentiation 
and activation of the TH1 cells thereby providing more potent cellular immune 
responses [10]. Most attenuated vaccines, like the one against smallpox which is 
now also being used in some countries against monkeypox, do not need an adjuvant 
and a single dose is sufficient to confer lifelong immunity [16]. However, the main 
disadvantage of these types of vaccines pertains to their potential to cause disease 
either in normal but most likely in immunocompromised individuals such as those 
infected with HIV. Although this type of vaccine is labor intensive in its production, 
they have been used successfully against such viral diseases as Polio and measles for 
decades (Figure 3).

5.1.2 Whole-inactivated (killed) vaccines

Although usually used interchangeably, the term “killed vaccines” is generally 
used in reference to vaccines for bacterial diseases, whereas “inactivated vaccines” 
relates to vaccines meant for viral infections [10]. These types of vaccines are derived 
from a killed form of virulent pathogens and typically stimulates a humoral-mediated 
immune response with the killing or inactivation process usually mediated by physi-
cal or chemical methods or a combination of the two.

These types of vaccines are comparably safer than the attenuated type since the 
inactivation or killing prevents any subsequent intra-host pathogen replication and 
potential gain of function mutations that could lead to reversion to virulence [8, 17]. 
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In addition, these vaccines generate a much broad immune response against multiple 
targets since the whole pathogen is used during the immunization process. They are 
also less expensive to produce and because they are more thermostable, they can 

Figure 3. 
Types of vaccines: a summary of different types of vaccines grouped based on the scientific technologies used for their manu-
facturing and indicating which pathogens they are currently being used against (adapted from Pollard and Bijker [5]).
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be stored for relatively long duration [7]. The main disadvantage of these types of 
vaccines is that they have limited ability to trigger cellular immune responses against 
intracellular pathogens. Furthermore, relatively large doses and regular booster injec-
tions are required for long-lasting protection due to lower immunogenicity. Although 
less expensive to produce, these higher doses and regular administration increase 
potential adverse events and manufacturing costs and reduce vaccine compliance. 
However, the efficacy of these vaccines can be substantially boosted by increasing 
the dose or the addition of an adjuvant in the formulation [10]. This type of vaccine 
has been used against diseases such as Hepatitis A, Zika virus, Poliovirus, Japanese 
Encephalitis virus, Diphtheria, and Tetanus [17].

5.1.3 Virus-like particles vaccines

Virus-like particles (VLPs) are macromolecular assemblies that are designed to 
mimic the morphology of a native virus in features such as size, shape, and surface 
proteins. VLPs can further be divided into two groups based on the presence or 
absence of a lipid envelope and the number of protein layers forming the capsid 
[18]. VLP-based vaccines are designed to target B cells and induce potent antibody 
responses following antigen presentation on MHC-II and activation of TH1 cells. 
The process commences with VLPs being internalized by either classical or follicular 
dendritic cells or sub-capsular macrophages or B cells. The multivalent epitopes on 
the VLPs’ surface are then displayed, which facilitate interaction with and crosslink-
ing of B cell receptors (BCR).

Compared with other traditional vaccines, the high potency of this vaccine tech-
nology is associated with the multivalent interaction (increased avidity) with cells of 
the innate immune system, which results in their activation. In the past, this technol-
ogy has been used to develop the human papillomavirus vaccine and is currently 
being used to develop vaccines against the Chikungunya, Zika [8], and SARS-CoV-2 
viruses [19].

5.1.4 Synthetic peptide vaccines

Peptide-based synthetic vaccines, which are also known as epitope vaccines, are 
subunit vaccines which are manufactured from peptides. In turn, these peptides 
mimic the epitopes of the antigen that triggers direct or potent immune responses 
[20]. These peptide-based synthetic vaccines are relatively safer than live-attenuated 
or killed vaccines and have demonstrated efficacy against infectious diseases such 
as Hepatitis C, Influenza and recently COVID-19 [21]. In addition, the vaccines do 
not have any biological contamination since they are chemically synthesized and the 
peptides can be accurately designed for specificity. Furthermore, being synthetic, it is 
possible to design a single peptide vaccine that has multiple epitopes thereby generat-
ing immune responses for several diseases simultaneously. However, some of the main 
disadvantages of these types of vaccines include their poor immunogenicity and their 
instability once they are intracellular [20, 21].

5.1.5 Toxoid vaccines

Some pathogens, such as bacteria and not viruses, cause disease by secreting an 
exotoxin, which is responsible for the disease and not the pathogen itself. Examples 
of these pathogens include those responsible for causing diseases such as tetanus, 
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diphtheria, botulism, cholera, and pseudomembranous colitis [10]. Toxoid vac-
cines, which are also known as fractional inactivated vaccines, are derived from the 
inactivation of such toxins and these vaccines generate an immune response against 
the disease-causing toxins. Inactivation of the toxin to convert it to a vaccine can be 
achieved by subjecting the toxins to chemicals such as formaldehyde, which results 
in altering either the structure of specific amino acids or in inducing minor confor-
mational changes in the toxin structure. This in turn prevents and neutralizes any 
potential pathologic effects of the toxins on human tissues and also indirectly mini-
mizes the invasiveness of the pathogen thereby rendering it harmless [22].

Since antitoxin responses typically do not target the actual bacterium, vaccine-
mediated elimination of the disease-causing bacteria is not achieved. Instead, the 
bacteria are decolonized either through the normal immune response (with both the 
innate and adaptive arms involved) or through the use of appropriate antibiotics or 
via natural competition between the bacterial pathogen and the normal microbiota 
or a combination of any of these. Toxoid-specific T cell responses are mainly based 
on TH1 cells [23], which then bridge the activation and differentiation of B cells into 
antibody-producing plasma cells and memory B cells that are essential during second-
ary infections. The addition of an adjuvant usually improves the efficacy and the 
longevity of the immune protection of this type of vaccine [23].

5.1.6 Polysaccharide and polysaccharide conjugate vaccines

When early bacteriological studies revealed that many pathogens were surrounded 
by a polysaccharide capsule and that specific antibodies against this capsule resulted 
in enhanced phagocytosis of the pathogen, the polysaccharide capsule was therefore 
considered a potential vaccine candidate [24]. Bacteria with a polysaccharide capsule 
include Haemophilus influenzae, Neisseria meningitidis, and Streptococcus pneumoniae 
and these cause infections such as meningitis, sepsis, and pneumonia, which are life-
threatening [25]. Polysaccharide vaccines therefore are those that are derived from 
carbohydrate-based polymers such as peptidoglycans and glycoproteins that form the 
capsular structure of these pathogenic bacteria.

One drawback of this type of vaccine is that although they are extremely effica-
cious in adults generating high titers of serum antibodies, polysaccharide vaccines 
induce very low or have no immunogenicity in children aged less than 2 years [21]. 
This is the case because polysaccharides, unlike protein segments, are not processed 
and displayed on MHC molecules but remains T cell-independent [8]. The reason why 
only adults produce antibodies against these molecules is that a particular subtype 
of B cells, the marginal zone CD21 + B cells (MZB), which are found in the spleen, is 
critical in the detection and binding of naked or complement-coated polysaccharide 
antigens and this type of B cells is not found in infants below 2 years old [26].

This limitation of polysaccharide vaccines is overcome by adding adjuvants and 
forming glycoconjugates, which successfully results in inducing T cell response and 
improving their immunogenicity [8]. Polysaccharide conjugates are produced by 
covalent attachment of the polysaccharide with a carrier protein such as diphtheria or 
tetanus toxoids with the aim of boosting the vaccine immunogenicity and improving 
protection in infants and children [27]. With the polysaccharide chain conjugated to a 
protein, both of these molecules are presented on MHC Class II and this results in the 
recognition of the antigens by TCR and activation of the TH response. The subsequent 
interaction between TH cells and B cells improves titers and the quality of antibodies 
as well as B cell memory [27].
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5.2 Next-generation (modern) vaccine technologies

Although the conventional vaccine platforms have proven to be so successful in 
the development of some extremely effective vaccines over the past decades, their 
production and testing process normally takes years (Figure 1). As such, using those 
classical platforms for developing vaccines against emerging pathogens that have pan-
demic potential such as SARS-CoV-2 is usually not feasible due to associated manu-
facturing limitations [28]. In light of this, there has always been a need to develop 
more modern platforms that could potentially be used to respond rapidly to pandemic 
threats. Such platforms also need to be versatile enough to be deployed in different 
parts of the world and can easily be scaled up for industrial production. This is where 
the so-called next-generation vaccine platforms perform better than the conventional 
ones. The following are some of these modern vaccine platforms.

5.2.1 Bacterial-vectored vaccines

Recently, genetically attenuated microorganisms, pathogenic, and commensal 
bacteria have been engineered to safely deliver recombinant heterologous antigens to 
stimulate the host immune system without causing any disease. The main characteris-
tic of these live vectors is their capacity to stimulate humoral and/or cellular systemic 
immunity as well as mucosal immunity in some cases. As such, the use of this type of 
vaccines prevents pathogen colonization of mucosal tissues, which is the first point of 
contact for many infectious pathogens. In addition, delivery of DNA vaccines (refer 
to Section 5.2.3) and other immune system stimulatory molecules, such as cytokines, 
can be achieved using these special vectors, whose adjuvant properties and, some-
times, invasive capacities boost the immune response [28].

A good example is the use of live bacterial cells as carriers as one way of producing 
new vaccines [29]. Bacterial carriers can either be considered as non-pathogenic or 
pathogenic but attenuated carriers. Since most bacteria utilize the mucous membranes 
to gain entry into the human body for infection, using them as carriers makes it ideal 
for the administration of vaccines in the mucosal tissues thereby inducing mucosal 
immunity. However, one major disadvantage of this type of vaccines, especially when 
attenuated pathogenic bacteria are used, is the risk of infection, especially in children, 
the elderly, and immunocompromised individuals such as those infected with HIV. 
Therefore, non-pathogenic bacteria such as Lactobacillus species are considered to be 
better suited as vaccine vectors [30]. However, genetic engineering has made it pos-
sible to identify and delete specific genes responsible for bacterial virulence, which 
then allows for the attenuation of pathogenic bacteria such as Yersinia pestis to be used 
as vectors that cannot regain virulence [31]. Furthermore, as one way of improving 
antigen presentation for this type of vaccine, simultaneous expression and secretion 
of cytokines have been incorporated and this has improved the vaccine-induced 
immune response by both the innate and adaptive immune systems and also boosted 
immunological memory [32].

5.2.2 Viral vector-based vaccines

Viral vector-based vaccines are derived from viruses, which are genetically 
engineered to encode genes for one or several antigens cloned into the vector 
backbone. Viral vectors can either be engineered to be replication-deficient 
(replication incompetent), but still maintain their ability to infect cells and express 
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the encoded antigen. On the other hand, replication-competent vectors are still 
capable of replicating and as such, they are considered to be similar to the classical 
live-attenuated vaccines [8].

This type of vaccine mimics natural infection to generate potent humoral and 
cellular (both TH and TC cells) responses [33]. In addition to being highly immu-
nogenic, viral vector-based vaccines are easier to manufacture, and in some cases, 
safer in comparison with the inactivated, live-attenuated, and recombinant protein 
technologies. They are designed either for single administration or as a component of 
a mix-and-match heterologous vaccine regimen due to the strong immune response 
that they induce [34].

The main challenges with these vaccines include pre-existing immunity to the 
viral vector and reduced efficacy of subsequent administrations due to antivector 
immunity. In the case of SARS-CoV-2, vaccines were developed using vectors with 
low seroprevalence such as human adenovirus serotype 26 (Ad.26) used by Janssen/
Johnson & Johnson and chimpanzee adenovirus (ChAd) vector used by Oxford/
AstraZeneca. The vaccines were well tolerated and demonstrated an overall efficacy 
of 66% and 75% respectively in preventing symptomatic COVID-19 disease [35–38].

5.2.3 Synthetic DNA vaccines

DNA vaccines are relatively larger than mRNA, which tend to be polyanionic and 
sensitive to nucleases characterized by lower efficiency of passive entry into cells. 
Previous work has shown that synthetic DNA (SynDNA) that is delivered into the 
muscle is capable of transfecting different cell types including myocytes, keratino-
cytes, and tissue-resident APCs [39, 40]. Once it is internalized, DNA is translocated 
into the nucleus and transcribed into messenger RNA (mRNA), and the mRNA is 
then exported back into the nucleus for protein translation with the aid of ribosomes 
[21] and it is this nascent protein that serves as an antigen. Just as with exogenous 
antigen, this internally generated antigen can be presented on both MHC-I and II, 
which in part triggers a robust T cell response.

Tissue-resident APCs expressing the antigen of interest can move directly to the 
draining lymph node to initiate immune responses. In contrast, antigen expression on 
myocytes may generate immune responses by translation and secretion of the anti-
gen into the local environment. This promotes the uptake and MHC class II-related 
cross-presentation by un-transfected APCs. B cells may also recognize secreted or 
shed protein, leading to their T cell-independent activation [40]. Irrespective of being 
secreted or shed, the soluble antigen can drain to lymph nodes, extending antigen 
presentation locally and in distal tissues, resulting in improved germinal center reac-
tions and re-expansion of lymph-node primed CD4+ and CD8+ T cells. Transfected 
myocytes upregulate MHC-I and other co-stimulatory molecules such as CD80, and 
may contribute to T cell responses by priming naïve CD8+ T cells [41].

The fact that synDNA vaccines can induce both humoral and the cellular com-
ponents of the immune responses is one special characteristic that improves their 
efficacy from that of the conventional vaccine technologies. Compared with the 
conventional inactivated, attenuated, and recombinant subunit vaccine platforms, 
synDNA vaccines are faster, cheaper, and easier to manufacture [42] and this makes 
this platform, as well as the mRNA one (Refer to Section 5.2.4), ideal for use in devel-
oping a vaccine in a pandemic setting. In addition, they can easily be lyophilized and 
are thermostable exhibiting much higher pharmaceutical stability than conventional 
inactivated or attenuated vaccines attributes that make them ideal for long-term 
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storage under field conditions [8]. Although earlier studies raised some safety con-
cerns with the persistence of synthetic DNA in the nucleus with an enhanced prob-
ability of integrating into genomic DNA (gDNA), recent experimental data suggest 
that this risk is extremely minimal. Despite positive clinical data, no DNA-based 
vaccine is licensed for human use as yet against any disease most likely because the 
generation of robust B and T cell responses requires at least a prime, and two or three 
boosters. However, about 14 DNA vaccine candidates for COVID-19 are currently 
under clinical trials (Table 1).

5.2.4 mRNA-based vaccines

The concept of mRNA-based therapeutics is not new since over three decades ago 
some researchers [43–45] successfully showed that mRNA extracted from cells and 
in vitro transcribed (IVT) mRNA could be delivered to cells and animals for protein 
expression. Despite encouraging results from subsequent studies, major limitations 
such as potent inflammation and reduced in vivo translation due to mRNA’s short 
half-life were quickly recognized. Once these challenges were overcome, the platform 
improved enabling the successful development of mRNA vaccines and/or adjuvants, 
which elicited both antigen-specific cytotoxic T (Tc) cell and humoral responses [46].

mRNA vaccines can be divided into three major categories: conventional mRNA, 
self-amplifying mRNA (SAM), and circular RNA (circRNA). Conventional in vitro 
transcribed (IVT) mRNAs are relatively simple in their architecture and manufac-
tured at a high yield using a cell-free template-directed enzymatic synthesis [47]. 
Depending upon the use of nucleoside modifications during manufacturing and 
synthesis, the conventional mRNA vaccine platform can be further divided into 
nucleoside-modified or non-modified mRNA. Nucleoside modifications have proven 
essential in successful clinical application of conventional mRNA vaccines. The 
significance of nucleoside modifications in ensuring the success of this platform was 
indicated by data for the COVID-19 vaccine from CureVac that showed disappoint-
ing results (47% protection compared to over 94% with the Pfizer/BioNTech and 
Moderna’s vaccines). This significant difference in efficacy has been attributed to 
CureVac using unmodified mRNA, which has higher innate immunogenicity than 
nucleoside-modified mRNA [48].

As the name suggests, self-amplifying mRNA is engineered to include viral-
derived molecular machinery such as alphavirus-derived replicases and conserved 
sequence elements (CSEs) to enable intracellular amplification of the mRNA 
sequence once it is administered [49]. The presence of replicase enzymes facilitates 
replication of the mRNA vaccine in the cytoplasm, resulting in efficient and long-
lived transcription and protein expression. Since SAMs are relatively larger in size, 
their manufacturing is more complex and challenging compared with the conven-
tional mRNA vaccines due to low yield, difficulty in purification, and susceptibility 
to autocatalysis and physical degradation. circRNA is a class of non-coding single-
stranded RNAs generated through a non-canonical splicing event known as back-
splicing in eukaryotic cells [50]. Some [51] have shown that circRNA generates potent 
antigen-specific CD4+ and CD8+ cellular and humoral immune responses in mice 
against SARS-CoV-2 and its emerging variants, therefore providing proof of concept 
for vaccine applications.

Immune responses to the mRNA vaccines are heavily dependent on the delivery 
system used [47], the immunogenicity of the encoded antigen, and the longevity and 
subcellular localization of antigen expression. This being the case, if these vaccines 
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are delivered intramuscularly or intradermally, they tend to be highly immunogenic 
with the additional benefit of inducing local cytokine and chemokine production that 
initiates prompt recruitment of neutrophils, monocytes, and other cells to prime the 
immune responses. In contrast to synDNA, mRNA vaccines are directly translated 
into the cytoplasm, and the ensuing proteins are processed and presented in MHC 
class I and class II, followed by the presentation to CD8+ (TC) cells and CD4+ (helper) 
T cells in the draining lymph nodes. Compared with DNA vaccines, the expression 
kinetics of mRNA vaccines is much faster, with the onset typically peaking 4 h after 
administration and this is the case because mRNA does not need to enter the nucleus. 
In comparison with viral and synDNA vaccine platforms, mRNA presents virtually no 
risk of integration into the genomic DNA, is more cost-effective, and is relatively easy 
to manufacture. That is what makes this platform so ideal for rapid vaccine produc-
tion during a pandemic setting.

6. Vaccines production, testing, and approval process

6.1 Production

Different types of vaccines as highlighted in Section 5 are produced in different 
ways. However, the general outline of vaccine manufacturing generally comprises sev-
eral basic steps that result in the finished product [52]. The first step is the generation 
of the antigen which is supposed to induce an immune response. This step includes 
the generation of the pathogen itself (for subsequent inactivation or isolation of a 
subunit) or the generation of a recombinant protein derived from the pathogen. In 
the case of viral vaccines, the viruses are grown in cells, which can be either primary 
cells, such as chicken fibroblasts (a good example is that of yellow fever vaccine), or 
continuous cell lines. In contrast, bacterial pathogens are grown in bioreactors using a 
medium developed to optimize the yield of the antigen while maintaining its integ-
rity. Recombinant proteins can be manufactured in bacteria, yeast, or cell culture. 
The viral and bacterial seed cultures and the cell lines used for viral production are 
carefully controlled, stored, characterized, and, often, protected. The first step in 
manufacture is the establishment of a “master cell bank.” From this bank, working cell 
banks are prepared that are used as the routine starting culture for production lots. 
The final vaccine is a direct function of its starting materials, and a change in this seed 
can be as complicated as initiating a new product development altogether [52].

The next step aims at releasing the antigen from the substrate and isolates it from 
the bulk of the environment used in its growth. This can be the isolation of free virus 
or of secreted proteins from cells or of cells containing the antigen from the spent 
medium and this is followed by the purification of the antigen [52]. For vaccines that 
are composed of recombinant proteins, antigen purification may involve many unit 
operations of column chromatography and ultrafiltration. For an inactivated viral 
vaccine, there may simply be the inactivation of viral isolate with no further puri-
fication. The formulation of the vaccine is designed to maximize its stability while 
delivering it in a format that allows efficient distribution. The formulated vaccine may 
include an adjuvant to enhance the immune response, stabilizers to prolong shelf life, 
and even preservatives to allow multidose vials to be delivered [53].

The formulation consists of combining all components that constitute the final 
vaccine and uniformly mixing them in a single vessel and this is done in a highly con-
trolled environment to avoid contamination. During this phase, individual, thoroughly 
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cleaned, depyrogenated, single-dose, or multidose containers are filled with vaccine 
and sealed with sterile stoppers or plungers. If the vaccine is to be lyophilized, the vial 
stoppers are only partially inserted so that moisture can escape during the lyophiliza-
tion process, and the vials are moved to a lyophilization chamber. All vials receive outer 
caps over the stopper for container closure integrity [54]. In order to eliminate the 
introduction of extraneous viable and nonviable contamination, all filling operations 
are usually done in a highly controlled environment where people, equipment, and 
components are introduced into the critical area in a controlled manner. After filling, 
all containers are inspected using semiautomated or automated equipment designed to 
detect any minute cosmetic and physical defects. As with the formulation phase of the 
vaccine manufacturing operation, extensive control and monitoring of the environ-
ment and critical surfaces are conducted during operations. Quality control testing at 
this stage also consists of safety, potency, purity, sterility, and other assays that may 
be specific to the product. Storage at very low temperatures within the manufacturing 
supply chain may be used to reduce potency loss during storage [55].

6.2 Testing, approval and post-approval regulation

Vaccines are developed, tested, and regulated in a similar manner to other drugs 
based on stringent guidelines set by various regulatory bodies including the World 
Health Organization (WHO), the European Medicines Agency (EMA), and the 
United States Food and Drug Administration (USFDA) to name a few. However, in 
most cases vaccines are even more thoroughly tested than non-vaccine commodi-
ties firstly because the number of human subjects in vaccine clinical trials is usually 
greater and secondly because vaccines are normally administered to individuals 
who are not ill at the time of vaccination. The process of testing and approving new 
vaccines is generally divided into various stages but most regulatory agencies across 
the world usually divide it into preclinical (involving in vitro and in vivo testing in ani-
mals and generally exploratory in nature) and clinical (which involved clinical trials 
in human participants) stages (refer to Figure 4). However, regulation and oversight 
increase as the candidate vaccine gradually progresses through the process [57–61].

6.2.1 First stage: laboratory and animal studies

6.2.1.1 Exploratory stage

This stage involves basic laboratory research and often lasts 2–4 years (Figure 4). 
At this stage, scientists identify natural or synthetic antigens that could help prevent 
or treat a disease. These antigens may include virus-like particles, weakened viruses or 
bacteria, weakened bacterial toxins, or other substances derived from pathogens [58].

6.2.1.2 Preclinical stage

Preclinical studies use tissue-culture or cell-culture systems and animal testing 
to assess the safety of the candidate vaccine and its immunogenicity, or ability to 
provoke an immune response (Figure 4). Animal subjects may include mice and 
monkeys. These studies give researchers an idea of the cellular responses they might 
expect in humans. They may also suggest a safe starting dose for the next phase of 
research, as well as a safe method of administering the vaccine [58–60]. Researchers 
may adapt or modify the candidate vaccine during the preclinical state to try to make 
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it more effective. They may also do some challenge studies on the animals by vaccinat-
ing the animals and then infecting them with the target pathogen. Many candidate 
vaccines never progress beyond this stage, because they fail to produce the desired 
immune response. The preclinical stages often last 1–2 years and usually involve 
researchers in both private and public industries.

6.2.1.3 Investigational New Drug (IND) application

Under this stage, a sponsor, usually a private company, submits an application for 
an Investigational New Drug (IND) to a respective regulatory body such as the U.S. 
Food and Drug Administration. The sponsor describes the manufacturing and testing 
processes, summarizes the laboratory reports, and describes the proposed study. An 
institutional review board, representing an institution where the clinical trial will 
be conducted, must approve the clinical protocol [61]. Once the IND application has 
been approved, the vaccine is subject to three phases of testing.

6.2.2 Second stage: clinical studies with human subjects

6.2.2.1 Phase I vaccine trials

This first attempt to assess the candidate vaccine in humans involves a small group 
of adults, usually between 20 and 80 subjects. If the vaccine is intended for children, 
researchers will first test adults and then gradually step down the age of the test 
subjects until they reach their targeted age group. Phase I trials may be non-blinded 
(also known as open-label in that the researchers and perhaps subjects know whether 
a vaccine or placebo is used).

Figure 4. 
An outline of the different stages testing, review and approval highlighting the preclinical, conducting of Phases I, 
II and III clinical trials, investigational new drug (IND) application stage, biologics license application and the 
phase 4 clinical trials that are usually conducted post-approval (adapted from Mao and Chao [56]).
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The main goals of Phase I testing are to assess the safety of the candidate vaccine 
and determine the type and extent of immune response that the vaccine provokes. In 
a small minority of Phase I vaccine trials, researchers may use the challenge model, 
attempting to infect participants with the pathogen after the experimental group 
has been vaccinated. The participants in these studies are carefully monitored, and 
conditions are carefully controlled. In some cases, an attenuated, or modified, version 
of the pathogen is used for the challenge. A promising Phase I trial vaccine candidate 
will progress to the next stage [58–60].

6.2.2.2 Phase II vaccine trials

A larger group of several hundred individuals participates in Phase II testing. 
Some individuals may belong to groups at risk of acquiring the disease. These trials 
are randomized and well controlled, and include a placebo group. The goals of Phase 
II testing are to study the candidate vaccine’s safety, immunogenicity, proposed doses, 
schedule of immunizations, and method of delivery [58–60].

6.2.2.3 Phase III vaccine trials

Successful Phase II candidate vaccines move on to larger trials, involving thousands 
to tens of thousands of people. These Phase III tests are randomized and double-blind, 
and involve the experimental vaccine being tested against a placebo. One of Phase 
III’s goals is to assess vaccine safety in a large group of people. Certain rare side effects 
might not surface in the smaller groups of subjects tested in earlier phases. A good 
example is that an adverse event related to a candidate vaccine could occur in 1 of every 
10,000 people. To detect a significant difference for a low-frequency event, the trial 
would have to include 60,000 subjects, half of them in the placebo group [62].

Vaccine efficacy is also tested and the factors tested could include whether the 
candidate vaccine can prevent infection from the pathogen of interest and whether 
the infection leads to full-blown disease. More importantly, this stage also checks if 
the vaccine candidate leads to the production of antibodies or other types of protec-
tive immune responses related to the pathogen.

6.2.3 Third stage: approval and licensure

After a successful Phase III trial, the vaccine developer is expected to submit a 
Biologics License Application (BLA) to an appropriate regulatory body such as the 
USFDA, EMA, or WHO, which would then inspect the factory where the vaccine will 
be made and approve the labeling of the vaccine. After licensure, the regulatory body 
will continue to monitor the production of the vaccine, including inspecting facilities 
and reviewing the manufacturer’s tests of lots of vaccines for potency, safety, and 
purity. The regulatory body has the right to conduct its own testing of manufacturers’ 
vaccines [58–60].

6.2.4 Fourth stage: post-licensure monitoring of vaccines

A variety of systems monitor vaccines after they have been approved. They include 
Phase IV trials, the Vaccine Adverse Event Reporting System (VAERS), and the 
Vaccine Safety Datalink.
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6.2.4.1 Phase IV trials

Phase IV trials are optional studies that drug companies may conduct after a 
vaccine is released. The manufacturer may continue to test the vaccine for safety, 
efficacy, and other potential uses.

6.2.4.2 VAERS

EMA (as well as individual EU member countries), USFDA and other regulatory 
bodies have established the Vaccine Adverse Event Reporting System (VAERS) with 
the aim of “detecting possible signals of adverse events associated with vaccines.” 
A signal is regarded as evidence of a possible adverse event that emerges in the data 
collected being collected after a vaccine has been approved for us. Roughly, close to 
30,000 events are reported each year to VAERS globally and as many as 15% of these 
reports describe serious medical events that lead to hospitalization, life-threatening 
illness, disability, or death [58–60].

VAERS is a voluntary reporting system such that anyone, including parents 
or friends of a patient or newly vaccinated individual or health care workers who 
suspects an association between a vaccination and an adverse event, may report 
that event and information about it to VAERS. The respective regulatory body then 
investigates the event and tries to find out whether the vaccination actually caused the 
adverse event.

7. COVID-19 vaccines: a game changer?

As mentioned earlier, the production of conventional vaccines is essentially 
based on reproducing the entire or part of the pathogen in some form either as an 
inactivated, live-but-attenuated, or as a subunit like a recombinant protein [63]. 
Although these modalities have worked successfully in the past against a number of 
pathogens such as measles and smallpox, they have had their own limitations. Over 
the years, advances in technology, immunology, vaccinology, structural biology 
of pathogens, and new vaccine platforms have contributed to the revolution in 
the vaccine development world. The success story of the COVID-19 pandemic has 
been greatly dependent on the earlier discovery that the virus’ spike is the primary 
surface feature on coronavirus virions responsible for both attachment and entry 
into target cells [64].

Once the full sequence of SARS-CoV-2 was released, the race was on to develop 
a vaccine based on the virus’s spike that could elicit the production of high titers of 
neutralizing antibodies efficaciously enough to control severe COVID-19 disease, 
hospitalization, and mortality. Currently, over three hundred COVID-19 vaccine 
candidates are at different stages of development and being tried (Table 1) with the 
following having already been approved for use by different regulatory bodies; the 
Pfizer-BioNTech BNT162b2 mRNA vaccine that has a reported efficacy of 95% [65, 
66], the Moderna-US National Institutes of Health (NIH) mRNA-1273 vaccine with 
an efficacy of 94% [66, 67], the AstraZeneca-Oxford ChAdOx1 nCov-19 vaccine that 
originally had an efficacy of 67% [68], the Gamaleya GamCovidVac [Sputnik V] vac-
cine with a 91% efficacy [69], and the Johnson & Johnson [J&J] Ad26 COV2.S vaccine 
with 67% efficacy [66].
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7.1 Types of COVID-19 vaccines and related platforms used

As of June 2022, a total of 320 vaccine candidates were in clinical (125) and 
 preclinical (195) development stages globally with different developers using differ-
ent platforms to manufacture their COVID-19 vaccines (Table 1). Based on history 
(refer to Figure 1), the fastest any vaccine had been developed in the past from patho-
gen sampling and identification to vaccine approval was the vaccine against mumps 
which took 4 years [4, 70]. However, for SARS-CoV-2, which was initially reported 
in Wuhan China in November 2019, by December 2, 2020, a period of less than a year 
(Figure 1), the Pfizer-BioNTech BNT162b2 mRNA vaccine with reported efficacy of 
95% became the first fully-tested immunization to be approved for emergency use 
[65]. Within days, a few more vaccines were approved for emergency use. A number 
of factors have contributed to the speed at which these vaccines have been developed, 
fast-tracked through clinical trials, and approved for use.

One of the reasons for the rapid vaccine production was the knowledge and 
expertise gained through research conducted over the past years in vaccine produc-
tion technology, which has largely benefitted from the advances in viral immunology, 
pathogen structural biology, and the availability of novel vaccine platforms listed in 
Table 1. For years, researchers had been working on related coronaviruses like the one 
that causes severe acute respiratory syndrome (SARS) and the ones responsible for 
the Middle East respiratory syndrome (MERS). Such work had enable the researchers 
to gain vast amounts of knowledge on the viruses’ structure, which in turn provided 
a basis for the development of possible vaccine candidates using various vaccine 
platforms. As such, by the time COVID-19 was finally declared to be a global pan-
demic by the World Health Organization (WHO) on March 11, 2020, biomedical and 
pharmaceutical research and development companies in the USA alone had well over 
70 potential SARS-CoV-2 vaccine candidates and vaccine technologies [3].

Funding is the main factor that facilitates and supports all this work. It is well 
known that the slowest component of the vaccine development process is not actually 
finding the promising vaccine candidates but testing such candidates, which usually 
takes years. However, it is not just the availability of funds alone that is fundamental, 
how such funds are used and the prioritized activities being funded are just as impor-
tant. Such tests would normally start with trying the vaccine candidates in animals 
before shifting to the three-phase clinical trials in humans and all this requires huge 
amounts of money. The billions of dollars that were promptly made available by world 
governments and international organizations made it possible for most pharmaceuti-
cal companies to expedite the process in some cases, as was the case with Pfizer/
BioNTech, conducting their Phase 3 efficacy trials in 150 sites in USA, Argentina, 
Brazil, South Africa, Germany, and Turkey [65].

The third factor is somehow linked to funding but is mainly based on the global 
response to previous epidemics such as Ebola. Some have argued that most wealthy 
countries, pharmaceutical companies, and international organizations only made the 
billion-dollars funding available to combat COVID-19 when they realized that their 
own economies were at risk of being severely devastated if the pandemic could be 
protracted [4]. This argument is supported by the observed country-based develop-
ment of COVID-19 vaccines, which included the work of Sinovac and Sinopharm 
groups in China, India’s Covaxin from Bharat Biotech, and the Russian Gamaleya rAd 
vaccine [3]. This observation, therefore, could be one of the main reasons why vaccine 
development for diseases such as malaria, TB, and HIV, which do not pose too much of 
a problem to wealthy country economies, may not be a priority for funding globally.
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The fourth factor is the provision of a conducive environment for the development 
and approval of any promising vaccine candidates. The US government expedited 
the formation of public-private partnerships to safely and effectively accelerate the 
clinical development of the most promising vaccine candidates and also speedily put 
in place measures that could facilitate conducting of placebo-controlled efficacy and 
clinical trials of such vaccine candidates in line with the key endpoints and adherence 
to FDA protocols and guidelines [71, 72].

8. Current vaccine status for other diseases of interest

8.1 HIV/aids

Although the first cases of HIV/AIDS were detected in the USA in 1981, it took 
decades before any promising vaccine was even tried. Although HIV/AIDS has now 
been around for close to five decades, there have been no approved vaccines for the 
infection and the only HIV vaccine candidate, the RV144 which was investigated in 
the Thai clinical trial, has shown some promising results with an efficacy of 31% [73]. 
Although a number of mRNA vaccine candidates did show some promising results as 
an alternative to those produced through conventional methods, their further devel-
opment and potential use have been restricted due to high intrinsic immunogenicity, 
easy degradation, and inefficacious in vivo delivery [74, 75].

Just as is the case with the various COVID-19 vaccines, an ideal HIV vaccine is 
expected to induce cell-mediated and humoral immunity. Antibodies that neutralize 
the virus would provide the first layer of defense, preventing infection of host cells 
upon virus entry into the body [65]. However, in the event that some virions succeed 
in evading the neutralizing antibodies, cytotoxic CD8+ T cells should then provide a 
secondary layer of defense, eliminating the earliest infected cells and preventing the 
establishment of a latent reservoir of HIV-infected. However, such a vaccine has so far 
proven to be elusive.

8.2 Malaria

A safe and protective antimalarial vaccine made up of irradiated P. falciparum 
 sporozoites was first successfully administered to humans in the year 1973 [76], 
nearly five decades ago. Due to the complex life cycle of the parasite, three distinct 
vaccine development approaches that are currently being explored are based 
on the  three distinct stages in the parasite life cycle essentially focusing on deliver-
ing antigen-specific vaccines as opposed to attenuated vaccines from live virus 
isolate [77].

8.2.1 Pre-erythrocytic vaccines candidates

These are designed to elicit a robust immune response that would prevent the 
sporozoites from invading and destroying infected hepatocytes [77, 78]. To date, the 
RTS,S/ has proven to be the most successful candidate among these vaccine candi-
dates. The radiated circumsporozoite protein (CS) fused with a Hepatitis B surface 
antigen has been shown to be immunogenic conferring some protection, especially in 
children aged five or younger and subsequent trials in three African countries, includ-
ing Malawi, have so far yielded very promising results [79, 80].
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Although RTS,S has shown an efficacy of 55.8% in clinical trials in Africa [80], a 
new anti-malarial circumsporozoite protein-based vaccine, R21 with a Matrix-M™ 
(MM) adjuvant, has recently reported as high as 77% efficacy at high-dose adjuvant 
groups in preliminary clinical trials conducted in Burkina Faso [81]. If subsequent tri-
als currently underway replicate such promising results, the introduction of the R21/
MM vaccine could prove to be the turning point in the fight against malaria.

The recent success stories of mRNA-based vaccines against SARS-CoV-2 have 
prompted some investigators to explore if similar approaches could prove to be equally 
successful against malaria. A recent study [82] has shown some very promising results 
with an mRNA-based vaccine, which, similar to RTS,S, relies on P. falciparum circum-
sporozoite protein (PfCSP) to generate an immune response. However, unlike RTS,S, 
instead of administering a version of the protein directly, this vaccine introduces the 
mRNA specific for the PfCSP, which the instructs the cells to synthesize their own 
circumsporozoite protein that triggers a protective response against malaria [82]. Since 
this approach interrupts the malaria infection at a stage before the parasite reaches the 
RBCs, results in the mice models show that mRNA confers sterile protection against P. 
bergheii making it a very promising vaccine candidate for humans.

8.3 Erythrocytic vaccine candidates

These blood-stage vaccine candidates, including PfRH5, are designed to block 
the rapid invasion of RBCs by the parasites and their fast asexual reproduction once 
they are in RBCs. Since the blood stage is the stage when malaria-related symptoms 
manifest, with over 40,000 merozoites released for each infected hepatocyte, this is 
an important stage to disrupt. An ideal blood-stage vaccine should therefore aim to 
reduce the number of merozoites infecting RBCs rather than completely block their 
replication [80]. This being the case, currently there are no blood-stage vaccine candi-
dates that have been as successful as the RTS,S vaccine.

8.4 Transmission blocking vaccine (TBV)

These vaccine candidates target the sexual reproduction stages in the mosquito gut 
to stop the parasite from spreading further. This is an indirect approach to a vaccine 
since the individual who gets vaccinated is not protected but rather prevents subse-
quent infections [79, 80]. The Pfs25-EPA vaccine candidate is designed on the basis 
that those vaccinated will produce specific antibodies against the specific antigen so 
that if a mosquito feeds on this person it will take up some of these antibodies into its 
stomach. Once they are in the mosquito’s stomach, the antibodies will encounter the 
antigen, enabling them to interfere with the parasite’s development and ultimately kill 
the parasite such that when the mosquito has its next blood meal it will not introduce 
any infectious parasites into the injected person [80].

8.5 Tuberculosis (TB)

8.5.1 BCG

Mycobacterium tuberculosis (Mtb) is associated with the highest annual  mortality 
globally than any other infectious pathogen, but to date, there is only one licensed vac-
cine, Bacille Calmette Guerin (BCG) against the disease, and this vaccine has been in use 
for nearly hundred years. Unfortunately, BCG efficacy wanes in adolescents [83] and is 
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known to offer little or no protection at all against adult-type pulmonary TB [84]. This 
being the case, despite universal infant BCG vaccination in all TB-endemic countries, 
close to 10 million people develop TB annually and of these, 1.6 million die from the 
infection [85]. As such, a more effective vaccine against TB is urgently needed.

8.5.2 mRNA TB vaccine

In 2004, a mRNA vaccine candidate that encodes the MPT83 antigen was report-
edly successful in inducing protective cell-mediated and humoral immune responses 
against Mycobacterium Tb infection in mice models [86]. The protection was rather 
modest and was observed to be lower than that conferred by BCG and lasted for only 
6 months. Unfortunately, this work has not been followed up since then probably due 
to the possible difficulties and costly process of developing the vaccine candidate.

8.5.3 DNA TB vaccine candidate

From 1996, well over 60 mycobacterial antigens have been identified as potential 
vaccine candidates. Subsequent immunization trials in mice using plasmid DNA 
encoding mycobacterial antigens have successfully triggered a robust TH1 immune 
response characterized by high levels of IL-2 and IFN-γ [87]. The promising candi-
dates include those based on cfp-10 antigen and ESAT-6 antigen. These vaccine can-
didates have the advantage that their use poses no risk of infection to the host, allows 
for antigen presentation to both MHC Class I and class II molecules, which could 
potentially trigger a much stronger and more robust immune response, are stable 
during storage, and can potentially elicit long-term immune responses [88]. However, 
since much of the work on these promising vaccine candidates has only been done on 
mice models, it is crucial that further research work should be done to determine their 
efficacy and graduate the most promising candidates to human clinical trials.

9. Conclusion

Vaccines still feature highly as the most effective means of reducing morbidity and 
mortality of most infectious diseases. In this COVID-19 pandemic era, they have once 
again proven to be the most reliable means of control against highly transmissible 
infectious diseases. The unexpected emergence of a previously unknown but highly 
contagious respiratory pathogen as the cause of a global pandemic has proven to be 
a blessing in disguise in terms of the global approach to vaccine development and 
approval. The speed at which these vaccines have been made available for use has been 
unprecedented and marks a watershed moment in the vaccinology world. However, 
the question still remains as to whether the same urgency with which COVID-19 
vaccines were developed can be switched to the development of equally efficacious 
vaccines against other infectious diseases such as malaria, TB, and HIV, which have 
been around for much longer than COVID-19. One can understand why a vaccine for 
malaria, a disease caused by a protozoan, and for TB, a bacterial infection, might be 
harder to develop due to the more complex life cycles of the pathogens, but a vaccine 
against HIV, another viral infection, could be developed from some of recently tried 
and perfected vaccine platforms that have proven to be very successful in developing 
hundreds of effective vaccines against one viral disease. This is probably the best time 
to intensify the search for the most effective vaccines against these diseases although 
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priority still seems to be focused on global preparedness for pathogen X in the future. 
The recent monkeypox outbreak, which has now been declared a “global health 
emergency” by the WHO [89], could serve as a justification for investing just as heav-
ily in developing very effective vaccines against diseases that so far seem to be only 
prevalent in very few developing countries. The recent developments in the use of 
DNA and mRNA vaccines provide a great opportunity to fast-track the development 
and production of new and more efficacious vaccines for diseases that have been in 
existence for years such as TB and malaria. The recent establishment of the mRNA 
Vaccine Technology Transfer hub in South Africa [90] is a good example of how this 
technology can be fully utilized for new vaccine development and testing in countries 
where the diseases of interest are more prevalent and economically relevant thereby 
eliminating the recently observed vaccine equity during a pandemic setting [90, 91].
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Chapter 7

Outer Membrane Vesicles:  
A Challenging Yet Promising 
Platform for COVID-19 Vaccines
Amanda Izeli Portilho and Elizabeth De Gaspari

Abstract

The outer membrane vesicles (OMVs) are vesicles released from Gram-negative 
bacteria, which present a range of biological applications, such as vaccine adjuvants. 
OMVs present several pathogen-associated molecular patterns, being immunogenic 
and capable of triggering different arms of the immune response. Thus, they are 
suitable for mucosal and parenteral delivery, feasible to obtain and have been used in 
licensed-vaccines previously. However, the extraction protocols and manipulations 
can modify OMVs cargo and, consequentially, the immunization results. Therefore, 
this chapter will review OMVs use as adjuvant and discuss results from COVID-19 
vaccines which employed this technique.

Keywords: COVID-19, outer membrane vesicles, SARS-CoV-2, adjuvants

1. Introduction

Outer membrane vesicles (OMVs) are naturally released vesicles from the outer 
membrane of Gram-negative bacteria. These vesicles are composed by several 
antigens, such as lipopolysaccharide (LPS), phospholipids, and specific proteins, 
according to the bacterium species [1], hence, being important for bacteria evolution 
and survival [2]. The antigens of OMVs also act as pathogen-associated molecular 
patterns (PAMPs), and their use as vaccine adjuvants have been discussed [3]. OMVs 
not only activate innate immunity but also improve humoral and cellular adaptative 
responses, and they are affordable to obtain and suitable for different immunization 
routes—parenteral and mucosal. OMVs vaccines against Neisseria meningitidis, a 
Gram-negative pathogen, have already been approved for human use [4].

The COVID-19 pandemic led to an urge for vaccines. To address this issue, dif-
ferent vaccine platforms have been tested and developed in record time [5, 6]. It is 
crucial that all countries have access to vaccines to control the disease [7]. Local pro-
duction supports this universal access, provided that it diminishes the costs of vaccine 
manufacturing compared to commercial values; thus, it facilitates the distribution 
[8]. However, the local production should be suitable to infrastructure, expertise, and 
other particularities of each country [9].

Adjuvants are used to improve vaccine efficacy—they increase the antigen’s 
immunogenicity, support dose sparing, and modulate the overall immunity toward 
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an adequate pattern of response [10]. This chapter aims to describe OMVs structure, 
explain their adjuvant effect, and discuss how they could be used for COVID-19 
vaccines.

2. Outer membrane vesicles: biology, isolation, and purification

OMVs are negative-charged circular structures, ranging from 20 to 250 nm, 
produced through the blebbing of the outer membrane of Gram-negative bacteria [3]. 
This outer membrane is composed of a phospholipid bilayer, expressing lipopolysac-
charide (LPS, or endotoxin) and several other antigens, depending on the bacterium 
species and strain. Below the outer membrane, there is a layer of peptidoglycan and 
the inner membrane [11].

To release the vesicles, the outer membrane is detached from the peptidoglycan; 
however, bacterium integrity must be preserved. This process is mediated by cross-
linking proteins and lipids: such molecules are expressed in the outer membrane and 
linked with peptidoglycan, so the modulation of these molecules might increase or 
decrease the membranes’ attachment [11]. The outer membrane protein A (OmpA) 
protein, the Tol-Pal complex, and the LPS are examples of cross-linking molecules 
related to OMV release [12, 13].

The bacterium modulates OMV release to cover different functions: communica-
tion between bacteria; transportation of protein, DNA or RNA; metabolites excretion; 
nutrient acquisition; protection against bacteriophages and biofilm production, among 
others [1]. Figure 1 shows the organization of a Gram-negative bacterium envelope, the 
blebbing of the outer membrane, and summarizes the functions of these structures.

Even though the OMVs are produced physiologically by bacterium, the isolation 
of these structures following natural release provides a limited number of vesicles. 

Figure 1. 
Structure, release, and content of OMVs: Gram-negative bacteria present a complex cell wall, formed by a 
cytoplasmic membrane, the periplasm, which has a thin peptidoglycan layer and the outer membrane. The 
membranes are composed of a phospholipid bilayer and present LPS, among other antigens (according to the 
bacterium strain). The vesicles originate from the blebbing of the outer membrane and carry various structures, 
such as the LPS, proteins, DNA, and toxins, which are capable of activating the immune system. OMVs: outer 
membrane vesicles, LPS: lipopolysaccharide, PG: peptidoglycan. (Figure created with BioRender).
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Hence, laboratory protocols were standardized to improve OMVs induction [2]. 
The first techniques consisted of chemical protocols to put the cells under stressful 
conditions, modulating pH and molarity through detergents and salts [14]. With the 
popularization of genetic engineering, it became possible to manipulate the bacte-
rium strains to release more vesicles [15]. Moreover, the molecular approach allows to 
overexpress antigens of interest in the OMVs content [2].

Another application of genetically modified OMVs was developed by 
GlaxoSmithKline. The generalized modules for membrane antigens (GMMAs) are 
OMVs obtained by Gram-negative bacteria engineered to improve vesiculation [16]. A 
Shigella vaccine developed using this strategy entered clinical trials [17]. Nevertheless, 
this strategy is versatile, since antigens from different pathogens can be coupled to the 
OMVs—Mycobacterium tuberculosis and Chlamydia trachomatis were proven to work—
exploring vesicles as delivery and adjuvant system combined [16, 18].

Given that Gram-negative bacteria express LPS, which is highly reactogenic, 
this antigen should be purified from the OMVs, respecting the acceptable levels for 
preclinical and clinical trials [19]. This is the reason that led to the popularization of 
deoxycholate extraction—the detergent stimulates OMV release and reduces the LPS 
content concomitantly [1]. When different protocols are used to produce OMVs, the 
LPS detoxification can be performed using Sepharose-4B-Polymyxin or monoclonal 
antibodies columns [20]. Recently, a removal protocol using Cationic amphiphilic 
peptides was proposed [21]. Another option is to use bioengineered strains, modified 
to express a nontoxic LPS [22].

Finally, it is important to understand that different protocols result in different 
OMV content. The ideal OMV composition for the planned application should be 
aligned with the extraction method [23].

3. Outer membrane vesicles and immune activation

OMVs were firstly used for pathogen-specific vaccines against Neisseria menin-
gitidis from serogroup B [4]. However, antigens present in OMVs cargo, regardless of 
bacteria species, act as pathogen-associated molecular patterns (PAMPs). With the 
increasing understanding about the interplay between innate and adaptative immu-
nity, PAMPs have been suggested as promising adjuvants [9].

Several pattern recognition receptors (PRRs) recognize OMVs structures. 
Considering the Toll-like receptors (TLRs) family, Flagellin activates TLR-5, CpG 
DNA is recognized by TLR-9, ribosomal RNA activates TLR-13, and other lipo-
proteins can interact with TLRs-1, -2, and -6 [3]. LPS binds to TLR-4, although, as 
discussed previously, its concentration should be under acceptable levels for clinical 
use [19]. In addition, OMVs from bacteria like Aggregatibacter actinomycetemcomitans 
and Escherichia coli activated NOD-(NOD) like receptors in cell culture [24, 25]. 
Bordetella pertussis vesicles upregulated the NLRP3 inflammasome pathway [26]. The 
outer membrane protein A (OmpA) from Klebsiella pneumonia was described as an 
activator of innate and humoral responses interacting with scavenger receptors LOX-1 
and SREC, TLR-2, and long pentraxin PTX-3 [27].

Not only PRRs are activated, but different immune pathways could be explored using 
OMVs as adjuvants. The vesicles of Moxarella catarrhalis and Haemophilus influenzae 
activated B-cells via IgD receptor [28, 29]. B-cell-independent activation is not the 
main goal of vaccination, since a T-cell-dependent response is needed for immunologic 
memory. However, OMVs also support T-cell activation and B-cell proliferation [30]. 
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OMVs from B. pertussis supported cellular and humoral immune response of the mucosa, 
upregulating genes related to Th17 response and IgA secretion [31].

Importantly, it was verified that preexisting immunity against the vesicles did 
not affect the adjuvanticity potential [32]. Besides that, the 20–250 nm size of OMVs 
is ideal for uptake by antigen-presenting cells (APCs) and OMVs upregulate genes 
related to antigen presentation molecules, such as CD-80, CD-86, and MHC-II in 
macrophages and dendritic cells [3, 30]. All that considered, the immune activation 
conferred by OMVs makes them an interesting adjuvant [2].

Noteworthy, activating PRRs triggers cellular signaling that culminates in an 
inflammatory response [9]. Because of that, the reactogenicity of OMVs should be 
studied. Rossi et al. [33] reviewed the tests available (such as rabbit pyrogenicity and 
monocyte activation tests) and their advantages and limitations.

To note, Gram-positive bacteria also release membrane vesicles; however, 
only recently the scientific community has started to investigate them. Vesicles of 
Mycobacterium genus are known to activate TLR-2, and extracellular vesicles of 
Streptococcus pneumoniae and Bacillus anthracis were effective antigens for immuniza-
tion against these pathogens [34]. Vesicles isolated from Streptococcus pneumoniae 
were internalized by dendritic cells and enhanced tumor necrosis factor (TNF)-α 
release, without toxic effects [35]. The use of such vesicles as adjuvants might be a 
promising field of study too.

4. Previous experience using OMVs in vaccines

The OMVs were first studied as a technology to develop vaccines against N. men-
ingitidis from serogroup B. During the 80s, three OMV-based vaccines were used to 
control meningococcal disease epidemics: Va-Mengoc-BC (Finlay Institute) in Cuba, 
MENZB (Novartis) in New Zealand and MenBvac (Norwegian Institute of Public 
Health) in Norway [4].

Recent efforts to develop an OMV vaccine against Shigella sonnei were 
undertaken, as well as to use N. meningitidis OMV vaccines to prevent N. gonor-
rhoeae infection [36, 37]. Supported by the success of the S. sonnei OMV vaccine, 

Vaccine Pathogen Phase Reference(s)

Va-Mengoc-BC (Finlay Institute) N. meningitidis Licensed [4]

MENZB (Novartis) N. meningitidis Licensed [4]

MenBvac (Norwegian Institute of Public 
Health)

N. meningitidis Licensed [4]

S. sonnei GMMA (1790GAHB) 
(GlaxoSmithKline)

S. sonnei Phase I [17]

S. Typhimurium GMMA (GlaxoSmithKline) S. Typhimurium Entering 
Phase I/II

[16]

S. Enteritidis GMMA (GlaxoSmithKline) S. Enteritidis Entering 
Phase I/II

[16]

Soberana 01 (Finlay Institute) SARS-CoV-2 Phase II 
clinical trial

[38, 39]

Table 1. 
OMV-based vaccines licensed or in clinical trials against different pathogens.
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GlaxoSmithKline is about to start clinical trials using the same platform for 
Salmonella vaccines [16]. OMVs seem an interesting platform for B. pertussis vaccines 
as well, although no candidates went to clinical trials yet [2]. Table 1 summarizes the 
OMVs-based vaccines which have been studied in clinical trials. The Soberana 01, a 
COVID-19 vaccine which uses OMVs as adjuvant, will be discussed in more detail in 
the next section.

Nonetheless, OMVs are immunogenic, stable, and feasible to isolate, making them 
an affordable vaccine platform and adjuvant option [9].

5. COVID-19 vaccines and outer membrane vesicles: promising results

The importance of affordable, accessible vaccines has been highlighted since 
the beginning of the COVID-19 pandemic [40]. As discussed so far, the vesicles are 
feasible to obtain, are immunogenic, improve the humoral and cellular arms of the 
immune response, and are suitable for both parenteral and mucosal delivery [2]. 
Thus, OMVs have been licensed for human use before [4].

Before SARS-CoV-2, OMVs were explored as vaccine adjuvants for other viruses. 
A fusion of Zika virus and N. meningitidis OMVs resulted in a promising nanoparticle, 
which enhanced IgG titers, cytokine markers of Th1/Th2 responses, and immuno-
logic memory, such as IL-2/IL-4 and TGF-β. Moreover, the nanoparticles induced 
neutralizing antibodies against the Zika virus when administrated alone or combined 
with mesoporous silica as adjuvant [41].

Different investigations proposed OMVs of E. coli as Influenza adjuvant. In Shim 
et al. Alum and an oil-in-water emulsion were more effective to enhance the antibody 
titers, but OMVs modulated the immune response toward a Th1 profile, with IFN-γ 
and higher IgG2c/IgG1 ratio; thus, the hemagglutinin inhibition titers were higher 
using OMVs as adjuvants. All that resulted in protection of ferrets after a lethal viral 
challenge [42]. Watkins et al. also used OMVs as Influenza adjuvant. Similarly, the 
immunization resulted in the survival of mice from different genetic backgrounds 
after lethal viral challenges using H1N1 and H3N2 viruses. Thus, the humoral 
response presented a mixed Th1/Th2 profile. Interestingly, the authors observed that 
the OMVs promoted DCs activation and maturation, even though they expressed a 
modified LPS with reduced reactogenicity [43].

A multivalent Influenza/Middle East Respiratory Syndrome Coronavirus (MERS-
CoV) vaccine adjuvanted was recently proposed. OMVs from E. coli presenting the 
hemagglutinin of Influenza H1N1 and the receptor-binding domain (RBD) of MERS-
CoV induced neutralizing antibodies against both viruses and immunized animals 
survived an H1N1 challenge [44]. Taken together, these results show that OMVs are a 
versatile tool to adjuvant heterologous antigens, even in multivalent strategies.

The COVID-19 vaccine database of the World Health Organization (WHO) 
(updated on July 22, 2022) describes two vaccines using OMVs in preclinical trials. 
Plus, Soberana 01, from Finlay Institute, uses OMVs as adjuvants and is going into 
Phase II trials [38, 45]. Even though this is an unexpressive number, promising results 
were obtained in preclinical experiments.

The receptor binding domain (RBD) of SARS-CoV-2, adjuvanted by OMVs from N. 
meningitidis (from serogroups B or C) and Alum, improved IgA and IgG titers, thus, 
IL-1 and IL-17 secretion following a mixed intramuscular/intranasal delivery [46]. 
Besides that, the adjuvants contributed to increasing avidity and neutralization of 
antibodies [47], which are relevant parameters for COVID-19 humoral response [48]. 
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Similarly, the Spike protein adjuvanted by OMVs from N. meningitidis induced a robust 
humoral response, with neutralizing antibodies and prevention of viral replication after 
challenge [49]. To note, the intranasal delivery of the antigenic preparation induced IgA 
in the nose and the lungs, conferring mucosal protection [49].

Vibrio cholerae and E. coli OMVs were compared as adjuvants for intranasal RBD 
immunization [50]. Both preparations elicited a robust systemic and mucosal immune 
response, supported by neutralizing antibodies. The most promising results were 
obtained when OMVs from each bacterium were administrated in turn, as a heteroge-
neous prime-booster approach [50].

An intranasal vaccine composed of the Spike protein and OMVs from Salmonella 
typhimurium induced not only systemic and mucosal immunity but also neutralizing 
antibodies against the delta variant. Upon viral challenge, only hamsters immunized 
with the adjuvanted preparation presented less severe lung pathology and lower virus 
titers in bronchoalveolar lavage [51].

The Finlay Institute responded to the pandemic developing Soberana 01, which 
uses RBD as antigen and vesicles from N. meningitidis from serogroup B and alum 
as adjuvants. In mice, they observed that this formulation was more immunogenic 
than RBD only adsorbed in Alum: it induced robust B-cell memory and neutralizing 
antibodies; thus, the antibodies recognized mutant RBD from SARS-CoV-2 vari-
ants [39]. Considering clinical use, the group described that the vaccine was safe 
and immunogenic, and the OMVs contributed to inducing functional, neutralizing 
antibodies [45].

6. Conclusion

In conclusion, OMVs are versatile tools with several biological applications, 
including vaccine development. The adjuvanticity of these vesicles relies on the 
innate immunity activation conferred by PAMPs; however, OMVs expression changes 
according to bacterium species and extraction protocol. OMVs are stable, safe, and 
suitable for mucosal and parenteral delivery. In addition, having a history of previous 
use in vaccines makes them a promising adjuvant candidate for translating to clinical 
use. Preclinical data showed that OMVs supported functional antibodies and protec-
tion against SARS-CoV-2; thus, there are COVID-19 vaccines adjuvanted by OMVs 
undergoing clinical trials. Nonetheless, OMVs prove how biomolecules produced by 
microorganisms are remarkable tools for the biomedical area.
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Abstract

Our review comprehends past and recent developments encircling the two 
 vaccines, BCG and MMR, which have efficacy lasting 10 years and are known to 
trigger the production of Interferon and various cytokines. BCG has depicted long-
lasting effects, reduction in mortality, and hospitalizations associated with various 
diseases in different age groups as per studies across Sweden, West Africa, Spain, 
and Indonesia. Clinical trials are in progress in Holland, Australia, and Germany to 
study its effects on COVID-19. Most Asian countries with childhood BCG vaccination 
programs have shown lower COVID-19-related per capita death rates. The MMR vac-
cination has shown a reduction in hospitalizations and COVID-19-related deaths in 
about 11 countries, and a randomized clinical trial has been proposed in New Orleans. 
Reasons such as inhibition of pulmonary inflammation and structural similarity have 
been cited for such consequences. BCG and MMR may serve to shorten the duration 
of infection, minimize harmful pathology, reduce hospitalization rates, and curb 
the spread of the disease, but more research is required to assess the associated risks, 
especially for the elderly and people with comorbidities who are prone to severe 
complications of COVID-19.

Keywords: BCG, MMR, COVID-19, vaccines, SARS-CoV-2, coronavirus

1. Introduction

Ever since the coronavirus disease (COVID-19) emerged, there has been an onset 
in development of multiple vaccine candidates across the globe. On the one hand, 
scientists are developing specific vaccines, while on the other hand, existing vaccines 
are getting explored for repositioning. The latter offers to reduce the overall cost  
and time.

The novel coronavirus SARS-CoV-2 disease was reported in Wuhan, and the 
underlying causative agent was found to belong to the family Coronaviridae [1, 2]. 
Human-to-human transmission via physical contact and respiratory droplets when 
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an infected individual coughs or sneezes is preventable via strategies such as social 
distancing and maintenance of hygiene [1, 3]. The virus comprises a single-stranded, 
positive-sense RNA genome containing 29,903 nucleotides. Orf1ab gene encodes 
nonstructural proteins. Some genes encode structural proteins, some of which include 
spike (S), membrane (M), nucleocapsid (N), and envelope (E) while other genes 
encode the accessory proteins such as orf3a, orf6, orf7, and orf10 [1, 2].

The disease has been progressing for a while now. Although there is a cut-throat 
race among nations to launch their vaccine candidates, there is a lot underway that is 
meant to prove each candidate’s safety, efficacy, and superiority over the other. The 
vaccine candidates are in various stages of development. Whereas a vaccine usually 
takes years to reach a market, vaccine development has increased in speed in recent 
times. In such moments of immense vigor to be ahead in the race, there are two non-
specific vaccine candidates, Bacillus Calmette-Guérin (BCG) and Measles, Mumps, 
and Rubella (MMR) vaccine, which appear promising.

The popular BCG and MMR vaccines confer broad immunity against diseases not 
limited to tuberculosis (TB) and measles, mumps, and rubella. Substantial clinical 
and nonclinical evidence proves their nonspecific nature alongside their safety and 
efficacy. With such time constraints, they could stand a chance to be candidates to 
combat COVID-19. The study thus compares and comprehends the practicality of the 
two vaccine candidates, giving them the basis of global clinical evidence, underlying 
mechanisms of immunity conferment, and their current prospects to test whether 
they stand a chance in combating COVID-19.

2. Bacillus Calmette-Guérin (BCG) vaccine

The Bacillus Calmette-Guérin (BCG) is a renowned vaccine known to confer 
prevention and cross-protection against Mycobacterium tuberculosis infection. It is 
composed of Mycobacterium bovis in the attenuated form [4, 5]. This vaccine was first 
used on humans in 1921 [6]. BCG vaccination of newborns and infants reduces the 
risk of pulmonary TB by about 50% [7], and it is administered in infants intrader-
mally post-birth [1]. Nearly 100 million newborns are administered the BCG vaccine 
annually [5]. It is protective in young children previously not infected by the severe 
forms of tuberculosis [8]. Although it has shown clear protection in children, its 
effects have been inconsistent in adults [9].

BCG vaccination has broad protective effects that are not specific to 
Mycobacterium tuberculosis infection, which has been proven with sufficient evidence.

2.1 Clinical evidence for broad protective effects against COVID-19

In 1927, Swedish children who were administered the BCG vaccine at birth showed 
a mortality rate almost threefold lower than the unvaccinated children [10]. On simi-
lar grounds, a BCG vaccination scar and a positive tuberculin reaction conferred bet-
ter survival during early childhood in an area with high mortality in West Africa [11]. 
The long-lasting effect of BCG was recognized in a study based in Spain, wherein the 
hospitalizations associated with respiratory infections other than TB in 0–14-year-
old children were found to be substantially lower in BCG-vaccinated children. This 
protection in 14-year-olds confirmed the enduring broad protective effect of BCG 
[12]. Two separate randomized human clinical trials are being conducted to test the 
prospect and likeliness of its conferment of protection against COVID-19. These are in 
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progress in Holland [1, 13] and Australia [1, 14]. In these studies, health workers are 
being administered either the BCG vaccine or a placebo saline injection. A small study 
in Indonesia found that vaccination of adults in the age group of 60–75 years with 
BCG prevented acute upper respiratory tract infections by an increase in IFN-γ levels. 
The study involved the administration of the BCG vaccine once every month for 3 
months. The placebo group received solvent for the BCG vaccine [15].

There is a possibility that the innate immune response to vaccination depends on 
the strain of BCG and the route of administration. Even short-span protection may 
help individuals at high risk, such as front-line workers, until there is the availability 
of a specific vaccine. Most Asian countries have active universal BCG vaccination 
programs. However, with no direct evidence from clinical trials, it is not yet advisable 
to recommend the use of BCG to prevent COVID-19.

A report found the presence of a strong correlation between the BCG index and 
COVID-19 mortality in European countries. The index is an estimation of the degree 
of universal BCG vaccination deployment in a given country. With every 10% increase 
in this index, there was a 10.4% reduction in mortality associated with COVID-19 [16].

2.2 Basis of broad protective effects against COVID-19

Clinical and laboratory experimental evidence suggests prevention against viral 
infections in humans [17]. Trained immunity and long-lasting protection from the 
respiratory tract’s viral infections are offered by BCG vaccination, which eventually 
becomes a basis for its potential protective effect against COVID-19 [16].

Prevention of vaccinia virus infection is conferred via an enhancement in 
interferon-gamma production (IFN-γ) from CD4+ cells in BCG-vaccinated mice [18], 
which is attributed to adaptive immunity. There is a rise in levels of pro-inflammatory 
cytokines such as Interleukin-1β (IL-1β) involved in immunity against viruses [19]. 
Interleukin-2 (IL-2), TNF-α (tumor necrosis factor), and IFN-γ (interferon- γ) are 
released because of the activation of CD4+ T cells [20].

T-helper cells are activated once BCG gets internalized by antigen-presenting 
cells. MHC class II molecules expressed on the surface of APCs and recognized by the 
CD4+ T cells via the T-cell receptor (TCR) bring about this activation. This interaction 
between MHC II molecules and TCR is governed by the binding of co-stimulatory 
molecules (CD28) to B7–1 on the T cells, and this binding causes an upregulation of 
adhesion molecules such as LFA-1 (lymphocytes function associated antigens-1). The 
LFA-1 binds to the macrophages via ICAM-1 (intracellular adhesion molecule-1) [21].

There is evidence for the conferment of immunity against listeria and influenza 
in murine models [22, 23]. Various controlled trials have shown that BCG vaccina-
tion reduces the severity of infections by several viruses with structural similarity to 
SARS-CoV-2 [1].

In 2015, a placebo-controlled randomized trial revealed that the immuno-
genicity of the H1N1 vaccine was augmented in healthy adults because of BCG 
vaccination [24].

2.3 The current status

At present, three active ongoing advancing clinical trials are examining whether 
the BCG vaccination prevents SARS-CoV-2 infection in healthcare workers [1].

Currently, the World Health Organization (WHO) does not recommend using 
the BCG vaccine to cope with COVID-19 as there is no firm evidence suggesting 
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prevention of the SARS-CoV-2 infection [25]. Whether the BCG vaccine administered 
decades ago in childhood will prevent or treat COVID-19 now is debatable [1]. There 
is a possibility that the BCG vaccine may upregulate the immune system, aggravating 
the severity of COVID-19 in a few patients. Its supply is already low, and a false sense 
of security might mislead the population, eventually compromising the fulfillment of 
the needs of infants for protection against tuberculosis in high-risk zones [26, 27].

Japan, China, Korea, India, and the Russian Federation have continued to conduct 
childhood BCG vaccination. Compared with the countries with no mandatory mass 
BCG vaccination, the per capita death rate associated with COVID-19 in the coun-
tries mentioned above is lower. Japan, Brazil, and Russia incorporate BCG vaccines 
containing original strains compared with the European countries where the vaccine 
contains modified strains [28].

A team is conducting a study at the Max Planck Institute for Infection Biology in 
Germany to test whether VPM1002, a recombinant BCG vaccine strain, can protect 
healthcare workers or older patients from COVID-19 [28–30].

The cause-and-effect relationship between the BCG vaccine and COVID-19 is 
yet to be proven with concrete evidence. There is a limitation associated with the 
above understandings. In low-income countries where there could be reduced test-
ing capabilities, substantial under-reporting of the number of cases and deaths may 
undermine the possibility of getting an exact correlation between COVID-19-related 
mortality and BCG [31]. Although it appears as if the countries without mandatory 
mass BCG vaccination policies [32], such as the United States and Italy, have higher 
mortality rates, there may be a dependence of mortality rate associated with COVID-
19 [16] on factors such as temperature, percentage of population 65 years or older in a 
particular region, GDP, population density, and its variation from state to state.

There is a lack of mandatory vaccination programs in countries such as the United 
States, Canada, Italy, and the Netherlands [32]. The vaccine is administered at birth 
and offers protection against tuberculosis for 10 years [5].

3. Measles, mumps, and rubella (MMR) vaccine

The Measles, Mumps, and Rubella (MMR) vaccine is a combination vaccine used to 
confer immunity against measles, mumps, and rubella infections [33]. This live attenu-
ated multi-dose vaccine [34] possesses various combinations of strains of the viruses 
mentioned earlier to immunize the patient against MMR infections [35]. The first dose 
of the vaccine needs to be given between 12 and 15 months of age, and the second dose 
between 4 and 6 years of age [34]. The MMR vaccination program in the United States 
has proven to be successful in bringing down measles, mumps, and rubella [33]. The 
vaccine is contraindicated in pregnancy [35].

3.1 Clinical evidence for broad protective effects against COVID-19

It has been recapitulated by Miller [36] that ephemeral protection is provided by 
the MMR vaccine against heterologous viral infections [37]. A study of 11,004 Italian 
children was carried out to analyze the effectiveness of MMR vaccinations in terms 
of the need for hospitalizations for targeted and nontargeted infections. About 2,302 
(20.9%) children had not been immunized with the MMR vaccine, 5,392 (49%) had 
received one dose of the vaccine, and 3,310 (30.1%) had received both doses. The 
study showed lowered hospitalizations (414 in all) for children suffering from all 
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sorts of infectious diseases. About 262 hospitalizations among nonvaccinated and 82 
and 70 hospitalizations among single-dose and double-dose recipients, respectively, 
were reported. Only 809 hospitalizations out of 11,004 children battling respiratory 
diseases were reported [38]. To benefit healthcare workers, airport staff, and foreign 
domestic helpers, Hong Kong instituted the MMR vaccination program in 2019 and 
continued it in 2020. This program brought down COVID-19-associated deaths and 
led to zero deaths during the 7 weeks ending on May 3, 2020. In 2019, 7.2 million out 
of 20.26 million people in Madagascar were immunized with the MMR vaccine, and 
as of May 4, 2020, no deaths were reported of patients suffering from COVID-19 [39].

It is mandatory for every man from South Korea between 18 and 28 years of age 
to join the South Korean military due to the country’s new vaccination policy formed 
by the 2012 Military Healthcare Services Act. Every recruit compulsorily receives two 
doses of MMR vaccine apart from childhood immunizations, and maximum immu-
nity can be witnessed among these individuals. South Korea also vaccinated its entire 
population post measles outbreak in 2001–2002. South Korea has shown an unusually 
low incidence of deaths due to COVID-19 as compared with other countries with a 
similar timeline of initial infection [39, 40].

A study of 2,135 pediatric patients with COVID-19 in China reveals that over 
90% of the patients displayed mild or moderate symptoms or were asymptomatic 
[41]. As per the data dated March 18, 2020, the Korean Center for Disease Control 
and Prevention states that only 1.03% of the total 8,413 COVID-19 cases included 
children as patients. These data expound on the benefit of MMR vaccination 
in producing innate immunity, making children less prone to COVID-19 [42]. 
Immunization with the MMR vaccine successfully curbs pulmonary inflamma-
tion and sepsis, which is one of the prominent causes of COVID-19 mortality and 
confers protection to children from COVID-19 by making them less susceptible to 
this horrid disease [43].

Until April 30, 2020, 1,102 people on the U.S.S Roosevelt had tested positive for 
COVID-19, wherein only one death and seven hospitalizations were reported. This 
could be attributed to the fact that all recruits are provided MMR vaccinations by 
the U.S. military before their admission. The hospitalization rate for Navy recruits 
was about 20 times lower than that for the usual population of the same age group. 
Another example to substantiate the correlation between MMR vaccination and the 
COVID-19 death rate is the lack of sufficient MMR vaccination in Italy, which has 
proven controversial and inconsistent [44], leading to a vast measles outbreak in 2017 
that also justifies a higher death rate due to COVID-19 [39].

Pediatric patients in China older than 1 year manifested mild symptoms, whereas 
those of a year or less exhibited severe symptoms [45]. Introducing a dose of MMR 
after a year post-birth explains the study’s result in China [46].

According to Roser, up until May 14, 2020, 4,477,573 cases and 299,958 deaths 
worldwide due to COVID-19 were reported, while only 2.2% of the cases involved 
children between 0 and 17 years of age [37]. It has also been reiterated by Verdoni that 
the course of COVID-19 involving respiratory problems is benign [47]. These pieces 
of evidence lean toward the possibility of boosted immunity by MMR vaccine, offer-
ing protection against COVID-19.

In North Korea, Turkmenistan, Cook Islands, Marshall Islands, Solomon Islands, 
and Tuvalu, many adults between the ages 29–45 receiving MMR immunizations 
reported zero or near-zero deaths from COVID-19 [39].

Using epidemiological parameters such as the fraction of undocumented infec-
tions and their contagiousness previously estimated from US county-level data 
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between February 21, 2020 and March 13, 2020, [48], an SEIR model has been put 
up priming large populations in the United States and China to estimate spread and 
growth of the virus [49, 50]. Priming has reduced the infection period and chance of 
complications by 33%, and after the priming agent was administered slightly before 
the infection rate peaked, the rate of hospitalizations reduced to 25%.

In order to prevent the immune pathology in severe COVID-19 cases, some suggest 
that the immune system could be primed with live attenuated viruses in vaccines such 
as MMR, which could trigger trained innate immunity [50].

3.2 Basis of broad protective effects against COVID-19

S-glycoprotein is an immunogenic protein encoded by SARS-CoV-2 that plays 
a pivotal role in binding to the ACE2 receptor on the epithelial cells of the respira-
tory system [51]. Since MMR immunization confers broad immunity against viral 
infections, it has been postulated that there might be similarities between antigenic 
epitopes of surface proteins of the live attenuated viruses used in the MMR vaccine 
and the S-glycoprotein. Thus, the antibodies produced by MMR vaccination could 
cross-react with antigenic epitopes of the S-glycoprotein and could also provide cross-
protection against COVID-19 [42].

A homology search was carried out for the chain A amino acid sequence of SAR-
COV-2 S-glycoprotein against the proteomic sequences of live attenuated viruses in 
MMR vaccines. Fusion (F1) glycoprotein of the measles virus and E-glycoprotein of 
the rubella virus shared similarities in 30 amino acid residues with the S-glycoprotein. 
More experimental data are required in this area [42].

Lymphopenia and a decrease in cytotoxic CD8+ T cells are exhibited in patients 
suffering from COVID-19 [52]. Upon routine childhood immunization, secretion 
of many cytokines such as IL-2, IL-12, and IFN gets induced post CD4+ T helper 1 
cell stimulation, which then provokes maturation of CD8+ T cells. This also elevates 
cytotoxicity of NK cells, destroying cells infected with coronavirus [45].

Pattern recognition receptors (PPRS) recognize viral components such as viral 
nucleic acids and proteins, eliciting innate immune response [53, 54]. A response to 
the respiratory infection due to coronavirus has been elicited by endosomal toll-like 
receptors 3, 7, and 8 and intracellular cytosolic PRRS. The above key sensors trigger 
a downstream signaling cascade, leading to the induction of IFN secretion, which 
activates thousands of IFN-stimulated genes, generating an antiviral response and 
eventually protecting the patient from harm immunopathology [50].

3.3 The current status

The benefits of the MMR vaccine, coupled with its FDA approval, ease of 
administration, cost-effectiveness, and availability, indicate an advantage to  
vaccinating the population to spare mortality associated with COVID-19 to a 
certain extent [55].

A randomized clinical trial with MMR vaccine for healthcare workers and first 
responders has been proposed to be performed in New Orleans to corroborate the 
data [43].

The MMR vaccination triggers innate immunity by inducing IFN secretion and 
escalating cytotoxicity of NK cells [45]. However, treatment with therapeutic interfer-
ons is costly. It leads to undesirable side effects, while vaccine-induced IFNS and NK 
cells are more robust, efficient, and potent, suggesting the use of MMR vaccination, 
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which confers antibody-mediated cross-protection for prevention or amelioration of 
SARS-CoV-2 infection [55, 56].

The SARS-CoV-2 virus has an incubation period of approximately 5 days and up to 
14 days and longer [57, 58] and is thought to evade the innate immune system causing 
delay or suppression of antiviral responses [50]. Priming the individual with MMR 
vaccine before the infection would trigger a broad innate immune response, which 
would prevent immune system evasion by the virus and prepare a susceptible indi-
vidual to counter the viral attack [50].

Even though COVID-19 is affecting individuals of all age groups, it is evident that 
children, who are being less commonly affected by the disease and show mild symp-
toms, are associated with a low COVID-19-death rate and can recover faster compared 
with other age groups owing to the routine MMR vaccination that boosts immunity 
and confers cross-protection [59]. Commonalities shared by MMR viruses and SARS-
CoV-2 in terms of primary replication in the upper respiratory tract [55], structural 
and functional similarities between them, cross-protection offered by MMR vaccine, 
and age-related declining immunogenicity of measles vaccine suggest the use of 
MMR vaccine for prophylaxis or to avoid severe complications in COVID-19-positive 
individuals and eventually limit COVID-19 death rates [60].

Countries such as Australia and Belgium lack mandatory vaccination programs 
[61]. The vaccine offers protection against measles, mumps, and rubella for 10–12 
years [59]. The first dose is administered between 12 and 15 months of age, while the 
second dose is administered between 4 and 6 years of age [34].

Currently, WHO has not yet recommended putting MMR vaccination in use for 
the ongoing pandemic because of the lack of concrete evidence about the cause-and-
effect relationship between the MMR vaccine and SARS-CoV-2. Sufficient evidence 
of the efficacy of the vaccine against this disease will pave the way to begin the mass 
production of the vaccine to fight the pandemic.

4. Opinion on repurposing BCG vaccine and MMR vaccine for COVID-19

There is a tremendous spike in the number of cases of COVID-19 across the globe, 
which calls for an emergency and fruitful strategy that would cause a flattening of 
the curve while saving the lives of vulnerable populations or people with comorbidi-
ties who are more susceptible to this disease. While there is a call for research aiming 
to develop specific vaccines, vaccine repositioning has not taken a backseat. With 
vaccines such as BCG and MMR showing considerable evidence for their inherent 
ability to resist various infections, alongside their well-established safety and efficacy 
for their target infections, there is great promise for a new development to combat the 
existing pandemic [4, 5, 12, 33, 38].

The broad protective effect of both BCG and MMR vaccines has been clinically 
proven. Their effect lasts nearly 10 years. BCG vaccination has been impactful in 
reducing mortality associated with various diseases as per studies conducted across 
Sweden and West Africa. Its long-lasting effect was observed in a study based in 
Spain, whereas protection against upper respiratory infections was depicted in a study 
based in Indonesia involving citizens above the age of 60. Two randomized clinical 
trials are in progress in Holland and Australia to study BCG’s effects on COVID-19. 
A link between COVID-19-related mortality and the BCG index has been observed, 
where an increase in the index has shown a decrease in mortality in European coun-
tries [16]. Most Asian countries such as Japan, China, Korea, India, and the Russian 
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Federation have continued to conduct childhood BCG vaccination compared with 
countries such as the United States, Canada, Italy, and the Netherlands. Compared 
with the countries with no mandatory mass BCG vaccination, the per capita death 
rate associated with COVID-19 in the countries mentioned above is lower [28]. Many 
of these countries incorporate BCG vaccines containing original strains compared 
with the European countries. Currently, a study in Germany is assessing the effects of 
a modified strain of BCG against COVID-19.

Few countries such as Australia and Belgium lack a mandatory MMR vaccination 
program. A study in Italy showed a reduction in the hospitalization of children associ-
ated with respiratory diseases because of MMR vaccination [38]. MMR vaccination 
programs for front-line workers in Hong Kong, Madagascar, the South Korean mili-
tary, the U.S. military, adults of North Korea, Turkmenistan, Cook Islands, Marshall 
Islands, Solomon Islands, and Tuvalu have brought down COVID-19-associated 
deaths in such regions. Most of the vaccinated children in China were asymptomatic 
or showed mild/moderate symptoms of COVID-19. A randomized clinical trial with 
MMR vaccine for healthcare workers and first responders has been proposed in New 
Orleans. The MMR vaccine plays a key role in limiting pulmonary inflammation, a 
key factor in SARS-CoV-2 mortality [43]. It has reduced the impact of COVID-19 
because of the structural similarity between glycoproteins of COVID-19 virus and 
measles and rubella viruses. The SARS-CoV-2 virus has an incubation period of 
approximately 5 days and up to 14 days. So, priming the individual with MMR vaccine 
before infection can trigger a broad innate immune response, preventing immune 
system invasion by the virus and preparing a susceptible individual to counter the 
viral attack.

The BCG vaccine can confer trained immunity against many viral infections. 
Therapeutic interferons are expensive. Both BCG and MMR vaccines trigger 
the production of IFN and various cytokines, lessening the need for interferon 
administration [55, 56].

For the time being, MMR appears to show more human data for COVID-19 
protection than BCG [39, 42]. With no concrete evidence of BCG- or MMR-conferred 
protection against COVID-19, WHO refrains from advising the use of such vaccines to 
cope with it, especially to avoid unforeseen consequences that may include upregula-
tion of the immune system contributing to exacerbation of one’s condition. Also, a 
surge in its sudden demand may cause a shortage of its supplies and an inability to 
meet the needs of infants and newborns.

5. Conclusion

The BCG and MMR vaccines require randomized clinical trials before they can 
be considered for repositioning against COVID-19. However, past evidence of the 
vaccines’ ability to support to confer cross-protection against multiple viral infec-
tions can become a basis for their candidature for prospective clinical trials. Overall, 
the vaccines may shorten the duration of infection, minimize the harmful pathol-
ogy, reduce the hospitalization rates, and help flatten the curve, helping to curb the 
spread of the disease. More research needs to be done to assess the risks and adverse 
effects of this method, especially for the elderly and people with comorbidities 
prone to severe complications due to COVID-19. Until there is evidence stating a 
direct cause-and-effect relationship between COVID-19 and BCG/MMR vaccine, 
the world will have to wait.
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Chapter 9

Side Effects of the COVID-19 
Vaccines
Irina Magdalena Dumitru

Abstract

Vaccination against COVID-19 was one of the most important discoveries in the 
fight against the pandemic and saved millions of lives. As with any vaccine, side 
effects have been reported, but the benefit of vaccination is much more important 
and should be considered. The most common side effects are mild to moderate, 
especially at the injection site, as well as self-limiting; non–life-threatening systemic 
reactions and severe reactions after vaccination are rare. In this chapter, the author 
will describe all types of side effects related to COVID-19 vaccines, information 
obtained from Web of Science, PubMed, Medline, Embase, Cochrane Library, Centre 
for Disease Control Prevention (CDC), cdc.gov database, and Vaccine Adverse Event 
Reporting System (VAERS).

Keywords: COVID-19, vaccine, protection, side effects, allergic reactions

1. Introduction

The occurrence of side effects after vaccination is a normal phenomenon; most 
side effects are local reactions and systemic effects are usually rare [1].

The safety of COVID-19 vaccines has been closely monitored during clinical 
trials, but even now, during their use, both local and systemic adverse reactions occur 
immediately after administration and delayed reactions [1].

Several types of COVID 19 vaccines have been used or are being used (Table 1):

2. Common side effects

The most common local effects after vaccination are pain, redness, and swelling 
at the injection site [3]. In a study conducted in the Czech Republic, on 922 health 
workers, local pain was reported in 89.8% of cases, after the administration of Pfizer-
BioNTech COVID-19 vaccine [4]. Side effects after the second shot may be more 
intense than the ones experienced after the first shot [3].

Tiredness, headache, muscle aches, chills, joint pain, and fever (more common 
after the second dose) were also reported [5].

In his paper published in 2021, Meo et al. [6] analyzed the most recent and elo-
quent data on the side effects of the 2 RNA vaccines, Pfizer-BioNTech COVID-19 
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Vaccine Trade-named Type

Pfizer–BioNTech COVID-19 Comirnaty mRNA vaccine1

Moderna COVID-19 Spikevax mRNA vaccine1

Janssen COVID-19 Johnson 
& Johnson 
COVID-19

Viral vector vaccine2

Oxford–AstraZeneca COVID-19 Vaxzevria, 
Covishield

Viral vector vaccine3

Sinopharm BIBP COVID-19 BBIBP-CorV Inactivated virus vaccine4

CoronaVac COVID-19 Sinovac COVID-19 Inactivated virus vaccine4

Gam-COVID-Vac Sputnik V Viral vector vaccine5

NVX-CoV2373 Novavax 
COVID-19

Protein subunit vaccine and a virus-like 
particle vaccine, though the producers call it a 
“recombinant nanoparticle vaccine”6

BBV152 Covaxin Inactivated virus vaccine4

AD5-nCOV Convidecia Viral vector vaccine7

CIGB-66 Abdala Subunit vaccine8

EpiVacCorona Peptide vaccine9

ZF2001 Zifivax Subunit vaccine7

FINLAY-FR-2 Soberana 02 Conjugate vaccine10

CoviVac Inactivated virus vaccine4

VLA2001 Valneva COVID-
19 vaccine

Inactivated virus vaccine4

QazCovid-in QazVac Inactivated virus vaccine4

Minhai COVID-19 vaccine KCONVAC Inactivated virus vaccine4

COVIran Barekat Inactivated virus-vaccine4

Chinese Academy of Medical 
Sciences COVID-19 vaccine 
IMBCAMS COVID-19 vaccine

Covidful Inactivated virus vaccine4

MVC-COV1901 Medigen Protein subunit vaccine6

ZyCoV-D DNA plasmid based COVID-19 vaccine11

FAKHRAVAC MIVAC Inactivated virus vaccine4

COVAX-19 SpikoGen Protein subunit vaccine6

Razi Cov Pars Protein subunit vaccine6

Turkovac ERUCOV-VAC Inactivated virus vaccine4

Sinopharm CNBG COVID-19 
vaccine

Recombinant protein subunit vaccine6

Corbevax Protein subunit vaccine6

FINLAY-FR-1A, Soberana Plus Conjugate vaccine10

CoVLP Virus-Like Particle vaccine12

Noora Protein-based vaccine6

1type of vaccine that uses a copy of a molecule called messenger RNA (mRNA) to produce an immune response.
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and Moderna, data published in the Web of Science (Clarivate Analytics), PubMed, 
EMBASE, World Health Organization (WHO), Food and Drug Authorities (FDA) 
USA, Local Ministries, Health Institutes, and Google Scholar. It was found that the 
most common reactions caused by administration of the first dose vaccine of Pfizer-
BioNTech COVID-19 were pain, swelling, redness, fever, fatigue, headache, chills, 
vomiting, diarrhea, muscle pain, joint pain, lymphadenopathy, shoulder injury, right 
axillary lymphadenopathy, paroxysmal ventricular arrhythmia, syncope, and right 
leg paresthesia [7]; and pain, swelling, redness at the site of vaccine, fever, fatigue, 

2adenovirus serotype 26.
3chimpanzee adenovirus ChAdOx1.
4vaccine consisting of virus particles that have been grown in culture and then killed to destroy disease-producing 
capacity.
5adenovirus serotype 26 for the first shot and serotype 5 for the second.
6the vaccine that contains purified parts of the pathogen that are antigenic, or necessary to elicit a protective immune 
response.
7adenovirus serotype 5.
8contains purified parts of the pathogen that are antigenic.
9subunit vaccines made from peptides.
10type of subunit vaccine which combines a weak antigen with a strong antigen as a carrier so that the immune system 
has a stronger response to the weak antigen.
11type of vaccine that transfects a specific antigen-coding DNA sequence into the cells of an organism as a mechanism to 
induce an immune response.
12molecules that closely resemble viruses, but are non-infectious because they contain no viral genetic material.

Table 1. 
COVID-19 vaccines [2].

Figure 1. 
Comparison between frequencies of adverse effects of Pfizer-BioNTech and Moderna vaccines [6–9].
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headache, chills, vomiting, arthralgia, myalgia, and urticaria after the first dose of 
Moderna vaccine (Figure 1) [7]. Moderate or severe reactions have been reported 
after the second dose of vaccine, and facial swelling and Bell’s palsy have also been 
reported [8].

Also, the most common reactions after administration of the most commonly used 
vaccines are shown in the Table 2 [2].

3. Allergic reactions

Most side effects were mild and moderate, and severe allergic reactions were rare 
[10]. In patients who have experienced severe side effects after receiving the first 
dose of mRNA vaccines, dose 2 has not been given. Also, no other dose was given to 
patients who experienced severe allergic reactions after COVID 19 Janssen or Oxford-
Astra Zeneca vaccines [10].

Documented hypersensitivity to polyethylene glycol (PEG) is a contraindication to 
the COVID-19 Pfizer vaccine, severe allergic reaction has been observed in about 10 
cases per million doses of vaccine administered [11].

According to the Center for Disease Control (CDC), the 15-minute postvaccina-
tion monitoring recommendation is certified by the fact that most allergic reactions 

Vaccine Side effects 
prevalence

Common Side effects

Pfizer-BioNTech 
COVID-19

< 1 in 10 people. Pain and swelling at the injection site, tiredness, headache, 
muscle aches, chills, joint pain, and fever

< 1 in 1000 
people

Temporary one-sided facial drooping and allergic reactions such 
as hives or swelling of the face

Moderna 
COVID-19

< 1 in 10 people. Pain at the injection site, fatigue, headache, myalgia (muscle 
pain), and arthralgia (joint pain)

< 1 in 1000 
people

Delayed cutaneous reactions at injection site resulting in rash-like 
erythemas

Janssen COVID-19 < 1 in 10 people. Pain and swelling at the injection site, redness, headache, 
tiredness, muscle pain, nausea, coughing, joint pain, fever, and 
chills

< 1 in 100 
people.

sneezing, tremor, throat pain, rash, sweating, muscle weakness, 
pain in the arms and legs, backache, weakness, and feeling 
generally unwell

< 1 in 1000 
people

hypersensitivity (allergy), and itchy rash

Oxford-
AstraZeneca 
COVID-19

< 1 in 10 people Vomiting, diarrhea, fever, swelling, redness at the injection site, 
and low levels of blood platelets

< 1 in 100 
people.

Enlarged lymph nodes, decreased appetite, dizziness, sleepiness, 
sweating, abdominal pain, itching, and rash

< 1 in 1000 
people

Hypersensitivity (allergy)

Table 2. 
The most common reactions after administration of Pfizer-BioNTech, Moderna, Janssen, and Oxford-
AstraZeneca vaccines [2].
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(71%) occur during this period, especially in patients with a history of allergic 
events (81%) [11].

Anaphylaxis after COVID-19 vaccination is rare with rates of 4.7 cases/million 
Pfizer-BioNTech vaccine doses administered and 2.5 cases/million Moderna  
vaccine doses administered [12]. In cases where anaphylaxis has been reported, it has 
occurred within the first 15 minutes of receiving the vaccine, especially at the first 
dose of vaccine, usually in people who have reported allergic reactions or anaphylaxis 
in their medical history [13].

4. Myocarditis and pericarditis

Myocarditis and pericarditis after COVID-19 vaccination are rare. Most 
cases have been reported after receiving Pfizer-BioNTech or Moderna (mRNA 
COVID-19 vaccines), particularly in male adolescents and young adults [14]. 
Most of them (95%) had mild or moderate manifestations, self-limiting in most 
cases, and did not require hospitalization for more than four days [15, 16]. 
Myocarditis has been reported more often after the second dose, usually within 
a week of vaccination [14].

According to the Vaccine Adverse Event Reporting System (VAERS), a significant 
number of cases of myocarditis have been reported in young people, after the admin-
istration of mRNA vaccine, especially the second dose, with favorable evolution 
under specific treatment and hospitalization [17].

Related to the age group, most cases were reported in young people in the 16–17 
age group (105.9 cases per one million doses) [17], followed by the 12–15 age group 
(70.7 cases per one million doses) and 18–24 age group (52.4 cases per million 
doses) [17].

In the study published in August 2021 by Diaz et al., myocarditis occurred a 
median of 3.5 days (IQR, 3.0–10.8 days) after mRNA vaccination, the median age  
was 36 years (IQR, 26–48 years), all were discharged after a median of 2 days  
(IQR, 2–3 days), and there were no readmissions or deaths [18].

Pericarditis developed especially after the second immunization, median onset 
was 20 days (IQR, 6.0–41.0 days) after the vaccination, median age was 59 years 
(IQR, 46–69 years median stay in hospital was 1 day (IQR, 1–2 days), no deaths were 
reported [18].

5. Thrombosis with thrombocytopenia syndrome (TTS)

Thrombosis with thrombocytopenia syndrome (TTS) has been associated 
with the administration of the Janssen COVID-19 vaccine [19]. TTS is rare and 
has occurred in approximately 4 cases per one million doses administered [19]. A 
review of reports indicates a causal relationship between the Janssen COVID-19 
vaccine and TTS [20, 21].

The following features were found in relation to TTS [20, 21]:

• All side effects have been reported after the first dose of the Janssen COVID-19 
vaccine (none after booster doses).

• Median time from vaccination to symptom onset: 9 days (range 0–18 days).
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• 48% are women aged <50 years.

• Median age: 44.5 years (range 18–70 years).

• 83% in White non-Hispanic persons.

• 54% have a cerebral venous sinus thrombosis (CVST).

Venous thrombosis risk factors in U.S. TTS cases following Janssen COVID-19 
vaccination are [20, 21]: obesity (46%), hypertension (30%), diabetes (13%), and 
systemic estrogen therapy (6%).

Thrombotic adverse events have also been reported following the administra-
tion of the Oxford-AstraZeneca COVID-19 vaccine, especially in younger women 
[19, 22]. Analysis of VigiBase reported embolic and thrombotic events after 
vaccination with Oxford-AstraZeneca, found a related incidence of 0.21 cases per 1 
million vaccinated-days [23].

The following characteristics were found in cases with TTS in connection with 
Astra Zeneca COVID-19 vaccination [19]:

• TTS developed 5 to 24 days after initial vaccination.

• Women younger than 50 years of age, some of whom were receiving estrogen 
replacement therapy or oral contraceptives.

• Patients were known to have had previous thrombosis or a preexisting prothrom-
botic condition.

• A high percentage of the patients had thromboses at unusual sites (cerebral 
venous sinus thrombosis or thrombosis in the portal, splanchnic, or hepatic 
veins).

• The median platelet counts at diagnosis were approximately 20,000 to 30,000 
per cubic millimeter (range, approximately 10,000 to 110,000).

6. Guillain-Barré Syndrome (GBS)

Guillain-Barré syndrome (GBS) in people who have received the Janssen  
COVID-19 vaccine is a very rare side effect and was reported during the 42 days  
following vaccination, especially in men ages 50 years and older [24].

Based on a recent analysis of data from the Vaccine Safety Datalink, the rate of 
GBS was 11 times higher following Janssen COVID-19 vaccination compared to 
Pfizer-BioNTech or Moderna (mRNA COVID-19 vaccines) [25].

In a study, conducted by Miguel García-Grimshaw and published in August 
2021, on more than 3 million people who received mRNA vaccines, GBS was 
very rare, with incidence of 0.18/100,000 administered doses, within 30 days 
from first dose vaccine administration [26]. No cases were reported after second 
dose administration [26]. The presence of a concomitant trigger in most of our 
cases suggests a lack of mechanistic connection between mRNA vaccines and 
GBS [26].
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6.1 Delayed type reactions

Delayed hypersensitivity reactions after the administration of vaccines for 
COVID-19 have been reported, a median of 7 days after the first vaccine dose, mainly 
after administration of mRNA vaccines [27]. Delayed large local reactions were noted 
as well urticaria, morbilliform eruptions, erythromelalgia, erythema multiforme, 
vasculitis, petechiae, pityriasis-rosea-like exanthems, or persistent maculopapular 
exanthema [28, 29]. Angioedema and liver damage were also described [28, 29].

6.2 Very rare side effects

A number of very rare side effects have been reported with various vaccines:

• A rare autoimmune neurologic disorder characterized by ascending weakness 
and paralysis after Janssen COVID-19 vaccination [30]

• Ocular adverse effects like facial nerve palsy, abducens nerve palsy, acute macu-
lar neuroretinopathy, central serous retinopathy, thrombosis, uveitis, multiple 
evanescent white dot syndrome, Vogt-Koyanagi-Harada disease reactivation, and 
new-onset Graves’ Disease [31]

• Reactive arthritis (ReA) after CoronaVac vaccination [32]

• Auto-immune hepatitis following Covishield vaccination [33]

• Sudden sensorineural hearing loss after Oxford-AstraZeneca Covid-19  
vaccination [34]

• Bullous pemphigoid rash following Moderna [35]

• Interstitial lung disease after BNT162b2 mRNA COVID-19 vaccine [36].

7. Conclusions

COVID-19 vaccines are safe and effective; most side effects are mild and moderate 
and resolve in a few days. Severe reactions after vaccination are rare; however, the 
benefit of vaccination is much greater than the risk.
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Chapter 10

Optic Neuritis Following  
COVID-19 Vaccination: Real-World 
Ophthalmic Presentation
Madhurima Roy and Charuta Shrotriya

Abstract

After being plagued by COVID-19 for nearly 2 years, the whole world wishes for 
little more than the complete eradication of the disease. Our country, India com-
menced the much-awaited vaccination drive in Jan 2021. Ophthalmic manifestations 
have appeared in many forms post-COVID, amongst which neuro-ophthalmic 
manifestations are infrequent. This is a short series of three cases that presented 
with optic neuritis (ON). On further inquiry, all had received the Covishield vaccine 
within 5–12 days before the presentation, with no history of COVID-positive RT-PCR. 
All patients improved after pulse steroid therapy and are still under follow-up. 
Nevertheless, it’s hard to determine whether post-COVD vaccine ON is a coincidence 
or cause. This series highlights the importance of taking the history of recent vaccina-
tion, especially in patients presenting with ON in the COVID 19 pandemic era.

Keywords: COVID-19, covishield vaccine, post vaccine optic neuritis, adverse events, 
ocular manifestations

1. Introduction

Optic neuritis, a predominantly clinical entity that is typically characterized by a 
diminution of vision, loss of color vision, and painful eye movement, is an uncommon 
but serious consequence following vaccination. Vaccinations contributed to the eradi-
cation of many infectious diseases like smallpox, poliomyelitis, and measles in world 
history. Neurological events following vaccination such as seizures, encephalopathy, 
or GBS [1, 2], are not unheard of, with the earliest reports dating back to the late 19th 
century, following the development of neuroparalytic syndrome after Pasteur’s rabies 
immunization [3]. The rapid development and availability of vaccination, ahead of an 
anticipated timetable, for relief from the COVID-19 pandemic, was an unprecedented 
and monumental accomplishment, which, consequently left the prospect and question 
of long-term safety open and ambiguous. A meta-analysis of five randomized, double-
blind, placebo-controlled trials of COVID-19 vaccine candidates noted that local and 
systemic adverse events reported were all mild to moderate and transient in nature 
[4]. Therefore, reporting an untoward outcome following vaccination is paramount 
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to establishing a safety threshold for widespread public usage. From January 2021 
onwards, India commenced the much-awaited vaccination drive. Ophthalmic manifes-
tations have appeared in many forms post-COVID, amongst which neuro-ophthalmic 
manifestations are infrequent. This review article presents a short series of three cases 
from the real-world scenario that presented with optic neuritis (ON), post-vaccination. 
On further inquiry, all had received the Covishield vaccine within 5–12 days just before 
the presentation, with no history of RT-PCR positive COVID infection. An improve-
ment was noted in all the patients after the pulsed intravenous methylprednisolone 
therapy, as per the ONTT (Optic Neuritis Treatment Trial) study, and the patients 
are currently under follow-up. Although it’s hard to determine whether post-COVID 
vaccine ON is a coincidence or cause, this series highlights the importance of taking the 
history of recent vaccination, especially in patients presenting with ON in the COVID 
19 pandemic era. Reporting cases of adverse reactions that manifest after the vaccina-
tion is a challenging yet imperative task to allow for the sustained development and 
research of vaccines, which are safe and effective for public usage.

2. Case descriptions

A 27-year-old lady presented with an acute onset decrease in vision, which was 
progressive in nature and associated with mild peri-ocular pain, in the left eye (LE) 
for 5 days. She did not give a history of diabetes or hypertension. On examination, 
the best-corrected visual acuity (BCVA) was found to be 20/20 in the right eye (RE) 
and 20/200 in the LE, along with RAPD and color desaturation (3 out of 21 plates 
on the Ishihara chart) in the LE. Fundoscopy of the LE revealed a diffusely swollen 
optic nerve head (Figure 1a). Visual field examination with automated perimetry 
(AP) showed an enlarged blind spot (Figure 1b). On further probing, it was revealed 
that 9 days before the presentation, she had received her first dose of the Covishield 
vaccine. MRI of the brain and orbits (T2) revealed an enhancement of the left optic 
nerve head just behind the disc (Figure 1c). VEP showed a flat wave in the LE com-
pared to the RE (Figure 1d) which led to a diagnosis of optic neuritis (ON) in the LE, 
for which a neurologist’s opinion was sought. Hematological examination showed 
normal limits of ESR and CRP, and antibody titer (Ab): ANA, ANCA, MOG, NMO 
(Aquaporin4) was negative. The patient was administered intravenous methylpred-
nisolone pulse therapy for 3 days, followed by an oral steroid, following which, there 
was an improvement in BCVA to 20/40 in LE and the fundus revealed a reduction in 
the swelling of the optic nerve head (Figure 1e).

A 48-year-old Indian woman came to the hospital with gradual and painless dimi-
nution of vision in the LE, for 3 days. Examination revealed a BCVA of 20/30 in the 
RE and 20/80 in LE, along with RAPD. On dilated fundoscopy, a swollen optic disc 
with blurred margins was discovered (Figure 2a). An OCT was done, which revealed 
peri-papillary swelling of the retina (Figure 2b). Examination of the visual fields 
showed an inferior arcuate defect (Figure 2c) and VEP showed delayed latency and 
decreased amplitude in LE (Figure 2d). On probing, it was revealed that 5 days before 
presentation, she had received the second dose of the Covishield vaccine. She did not 
have any systemic illness or history of preceding fever. A diagnosis of ON was made 
in LE, with indices such as ESR, CRP, MRI brain, and orbit found to be within normal 
limits. A neurologist’s consultation was sought and intravenous methylprednisolone 
pulse therapy was started. On follow-up, it was found that the BCVA had improved to 
20/30 in LE and AP also showed a marked improvement (Figure 2e).
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Figure 1. 
(a) Fundus showing swollen optic disc with blurred margins in LE. (b) AP showing enlarged blind spot. (c) MRI 
brain and orbit showing enhancement of the left optic nerve. (d) VEP showing flat waves in LE. (e) Fundus 
picture showing reduced swelling of the disc on follow-up.

Figure 2. 
(a) Fundus showing swollen optic disc with blurred margin in LE. (b) OCT showing peripapillary swelling of 
the retina. (c) AP revealing an arcuate defect in the inferior hemifield. (d) VEP showing delayed latency and 
decreased amplitude. (e) Follow-up AP showing improvement.
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A 40-year-old Indian gentleman presented with a diminution of vision in both 
eyes (BE) which was acute in onset and was accompanied by peri-ocular pain for 
7 days. Further inquiry revealed that 12 days before presentation, he had received the 
first dose of the Covishield vaccine. Ocular examination showed that the BCVA was 
20/200 in BE. Anterior segment examination was unremarkable except for a slug-
gishly reacting pupil in both eyes (BE). On dilated fundoscopy, BE showed indistinct 
and swollen optic disc margins (Figure 3a and b). Visual field examination revealed 
generalized depression of the visual fields in BE (Figure 3d and e). VEP showed 
flat waves in BE (Figure 3c). A diagnosis of bilateral ON was made. Hematological 
examination revealed that ESR and CRP were within normal limits. He was started 
on intravenous methylprednisolone pulse therapy for 3 days followed by oral steroids 
in a tapering fashion after a neurologist consultation. After treatment with steroids, 
the visual acuity improved to 20/30 in RE and 20/40 in LE. Serial AP revealed an 
improvement of the fields with an inferior arcuate defect (Figure 3d and e). MRI 
brain and orbit was requested on follow-up.

3. Discussion

We are living amid a pandemic, where along with various systems, COVID-19 
also involves the eye, including both the anterior segment, in the form of conjunc-
tivitis, episcleritis, and the posterior segment, in the form of vascular occlusion, 

Figure 3. 
(a and b) Fundus photo showing swollen optic disc with blurred margin in both eyes. (c) VEP showing bilateral 
flat waves. (d and e) AP showing bilateral generalized depression of field on presentation, with improvement on 
follow-up.
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and maculopathy. Additionally, reports have been made of neuro-ophthalmic 
involvement in the form of ON, tonic pupil, and orbital involvement. COVID-19 is 
reported to involve nearly all systems from mild to life-threatening severe respira-
tory distress to even death [5]. They say necessity is the mother of all inventions, 
and true to the word, the COVID-19 pandemic has prompted a worldwide effort 
toward employing futuristic technology in the development of vaccinations at an 
expedited rate. COVID vaccines form a crucial step in controlling the pandemic, 
with over a hundred million vaccines administered since the commencement of the 
mass vaccination program in early December 2020. Studies and trials do not report 
any major safety concerns in phase 3 randomized trials [6] nor in prospective stud-
ies [7] with a reportedly minuscule number of serious neurological side effects of 
these novel vaccines [8, 9]. The COVID vaccine, like any other, can cause side effects 
including mostly low-grade fever or muscle aches, and rarely neurological events 
[10]. Ocular side-effects caused by vaccinations are widely studied in existing 
literature [11–15], and occurrence of facial nerve palsies [16], abducens nerve palsy 
[17], acute macular neuropathy [18–20], central serous retinopathy [21], thrombosis 
[22], uveitis [23, 24], multiple evanescent white dot syndrome (MEWDS) [25], 
Vogt-Koyanagi-Harada (VKH) reactivation [26] and Grave’s disease [27] has been 
documented after administration of the COVID-19 vaccination. As early as 2 weeks 
following administration of the inactivated COVID-19 vaccination, 12 eyes of 9 
patients suffered from various ocular conditions such as choroiditis, uveitis, kera-
titis, scleritis, acute retinal necrosis, and iridocyclitis as reported by Kunpeng et al. 
[28] Predominantly retinal adverse events, namely paracentral acute middle macu-
lopathy (PAMM), acute macular neuropathy (AMN), and subretinal fluid were 
reported by Pichi et al., after Sinopharm COVID-19 vaccination in 7 patients [29]. 
In this case series, all patients presented with ON, which developed within 5–12 days 
(mean 8.6 days) of COVID-19 vaccination. ON following vaccination, though rare, 
is not unheard of. There is a certain level of ambiguity when it comes to the exact 
mechanism which causes ON, but an activation of the host’s immune system, lead-
ing to widespread damage of the myelin sheath of the optic nerve by the host T cells, 
is a popularly accepted theory [30]. Any side effects after vaccination are reported 
to VAERS (Vaccine Adverse Event Reporting System), a passive surveillance system, 
by health care professionals, patients who are affected, and by the vaccine manufac-
turers directly. A majority of patients who suffered from ON after vaccination (229 
of the reported 537 cases) were reportedly isolated events [31–33]. Predominantly 
reported post-vaccine ON was due to the influenza vaccine, followed by ON post 
HPV, HBV vaccine [34]. ON developing as early as 24 hours post MMR vaccina-
tion, had also been reported [35]. Sawalha et al. [36] reported a case of bilateral 
ON which occurred within a week of COVID-19 symptoms. Similarly, Zhou et al. 
reported another case within a few days of COVID-19 [37]. Although ON following 
vaccination is an uncommon side effect, safety concerns are required. Recently, 
following the COVID-19 mRNA vaccination, two cases of bilateral arteritic anterior 
ischemic optic neuropathy (AAION) and acute zonal occult outer retinopathy 
(AZOOR) were reported [38]. Another study reported an acute diminution of visual 
acuity and visual fields following the 2nd dose of Pfizer- BioNTech vaccine [39]. 
Following the first dose of the ChAdO_1 COVID-19 vaccine, a 40-year-old lady with 
a history of remitting-relapsing MS complained of blurred vision which quickly 
deteriorated to complete blindness, as reported by Helmchen et al., which on 
further investigation was diagnosed as optic neuritis with AQP4-antibody-negative 
neuromyelitis optica spectrum disorders-like syndrome [40].
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To date, Alvarez et al. provide the largest multi-national report after vaccina-
tion against SARS-CoV-2, where 38 out of 55 cases of ON were associated with the 
AstraZeneca vaccine, mostly with a negative history of neuro-inflammation [41]. 
There was also a recent case report of the development of acute thyroiditis and 
bilateral ON following the CoronaVac vaccine [42]. Most of the reviewed literature 
includes case reports and series (Table 1), and there are certain limitations with 
regards to ophthalmic assessment, the treatment that was initiated, the visual out-
come, and a general underreporting of cases.

As per the existing literature, this is very likely the first reported series of ON from 
India, following COVID-19 vaccination, with no evidence of an active infection. The 
approved Covishield vaccination was administered to all three patients, following 
which, two of the patients developed ON after the first dose and one after the 2nd 
dose. None of the patients had a previous history of RT-PCR-positive COVID-19 
infection. As per the current information, Covishield is a recombinant vaccine in 
which, the SARS-CoV-2 spike glycoprotein is encoded by a replication-deficient 
chimpanzee adenoviral vector, which initiates an immunological response upon 
administration. A majority of the side effects occur on the day of vaccination, within 
6–8 hours, but they are mostly self-limiting and resolve within 2–3 days. ON has 
been shown to occur due to a dysimmunological process caused by B cells targeting 
the adenoviral vector [45]. Although a review of safety has shown that the vaccine is 
generally well-tolerated, the possibility of ON should be kept in mind. A way forward 
can be to ask to report any new visual symptoms early, following vaccination. In our 

Study Type Number 
of cases

Presentation Duration 
between 

development 
of ON and 

vaccination

Vaccine Age

Alvarez et al. 
(pre-print) 
[41]

Observational 
study, Cohort

55 27 papillitis 
14- MOG +

Median 
– 18 days 

(range: 1–69)

38/55- 
AstraZeneca 
13- Pfizer-
BioNTech 

4 - Sinovac

Median − 45 years 
(range: 18–75)

Helmchen  
et al. [40]

1 Optic neuritis
with AQP4-

antibody 
negative 

neuromyelitis 
optica 

spectrum 
disorders-like 

syndrome

ChAdO_1 
COVID-19 

vaccine

40 years, 
female, history 

of relapsing-
remittent multiple 

sclerosis (MS)

Pawar et al., 
2021 [43]

Case report 1 Unilateral ON 21 days Unspecified 28 years, female

Elnahry et 
al., 2021 [44]

Case report 1 CNS 
inflammatory 

syndrome with 
neuroretinitis

16 days BNT162b2, 
#2

69 years, female

Case report 1 Unilateral ON 4 days AZD1222,#1 32 years, female

Table 1. 
Review of literature of development of Optic neuritis following COVID-19 vaccination.
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series, all three patients responded well to steroids, as per the proposed ONTT trial. 
Although it’s hard to determine whether post-COVID vaccine ON is a coincidence or 
cause, this series highlights the importance of taking the history of recent vaccina-
tion, especially in patients presenting with ON in the COVID-19 pandemic era.

4. Conclusion

This case series from real-world evidence, although small, can serve as a precedent 
for the reporting of any further cases, to secure a foothold and build a foundation for 
a greater understanding of whether post-COVID-19 vaccine ON is consequential or 
coincidental. It is prudent to ask for a thorough history of not just SARS-CoV infec-
tion but also vaccination, in a patient presenting with ON, as per the established 
connection. A close follow-up should be maintained to detect demyelinating disease 
early, in such patients.

Key summary points

1. Further, more research on pharmacovigilance and a dedicated international body 
for compiling any rare side effects following COVID-19 vaccination would allow 
for better understanding and tailored guidelines.

2. It is imperative to keep in mind, the relatively low level of side effects that have 
occurred compared to the vast majority of the world population who have been 
vaccinated.

3. Tracking of potentially harmful side effects of the vaccine can be considerably 
improved if ophthalmologists and physicians reported cases using VAERS.

4. The benefits of vaccination abundantly outweigh the risks and no existing litera-
ture advises against vaccination, from an ophthalmic viewpoint.
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Chapter 11

Hesitancy for COVID-19 Vaccines 
and Its Implications for Routine 
Immunisation
Mohan Kumar and V.L. Surya

Abstract

Vaccine hesitancy is a continuum, conditional on confidence (on vaccine or 
healthcare authorities), complacency, structural or psychological constraints, cal-
culation or evaluation, vaccination convenience, and aspects pertaining to collective 
responsibility. The present chapter documents hesitancy to COVID-19 vaccination; 
and elaborates on factors that contribute to both hesitancy (barriers and concerns) 
and acceptance (enablers) rates, disaggregated by populations. We also discuss the 
multimodal nature of the COVID-19 pandemic and its vaccine hesitancy-related 
implications on routine immunisation. The pandemic and related movement restric-
tions or other mitigation measures, partial or complete suspension of vaccination 
clinics or fear of COVID-19, stress, anxiety, and depression may have limited parents’ 
access to avail routine immunisation vaccines for their children. Also, the impact of 
COVID-19 vaccine hesitancy is not limited to pandemic vaccines but may continue to 
extend to routinely recommended vaccines.

Keywords: COVID-19, vaccine hesitancy, routine immunisation, vaccine confidence

1. Introduction

Immunisation, a key primary healthcare component and an indisputable human 
right, is a public health achievement of the 20th century saving millions of lives 
every year. Vaccines and immunisation programmes currently prevent 3.5 to 5 mil-
lion deaths every year from diseases like diphtheria, tetanus, pertussis, influenza, 
and measles. Also, they have prevented major epidemics of life-threatening diseases 
since the beginning of their widespread use in the 1900s underpinning global health 
security. Vaccines are now available to prevent more than 20 life-threatening diseases 
and are a vital tool in the battle against antimicrobial resistance.

The history of public concerns about and questioning vaccines, however, is as old 
as vaccines themselves. Modern communication systems have only accelerated anxiet-
ies about vaccine safety and its regulation. This has resulted in pockets of people who 
are reluctant or refuse recommended vaccination(s), or who chose to delay some vac-
cines. The SAGE Working Group on Vaccine Hesitancy documented that any delay in 
acceptance or refusal of vaccination despite the availability of vaccination services is 
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vaccine hesitancy. It is complex and context-specific, varying across time, place, and 
vaccines. Interestingly, the Working Group retained the term ‘vaccine’ rather than 
‘vaccination’ hesitancy, although the latter more correctly implies the broader range 
of immunisation concerns [1].

It is important to monitor the reasons why a substantial number of people hesitate 
to receive recommended vaccinations. This allows identification of important trends 
over time and designing and evaluation strategies to address vaccine hesitancy and 
thereby increase vaccine uptake. Empirical and theoretical frameworks that assess 
vaccine hesitancy focus primarily on confidence in vaccines and the system that 
delivers them. It is essential to acknowledge that confidence covers trust in vaccines 
including concerns about vaccine safety, trust in healthcare workers delivering the 
vaccine, and in those making the decisions to approve of vaccines for a population. 
Vaccination behaviour can be explained by complacency (not perceiving diseases 
as high risk), constraints (structural and psychological barriers), the calculation 
(engagement in extensive information searching), and aspects pertaining to collective 
responsibility (willingness to protect others). These are the five main personal deter-
minants for vaccine hesitancy [2]. To add to it would be vaccination convenience. 
The physical availability of vaccines, geographical accessibility, affordability and 
willingness-to-pay, ability to understand or comprehend that is, language and health 
literacy and ability of the immunisation services to appeal may affect vaccine uptake. 
In addition, the actual or perceived quality of the service and the degree to which 
vaccination services are delivered at a time and place within a cultural context that is 
convenient and comfortable may also affect the decision to be vaccinated and could 
lead to vaccine hesitancy.

Vaccine hesitancy is a continuum with those who accept all with no doubts and 
refuse all vaccines with no doubts as extremes (Figure 1). This may include a propor-
tion who accept or completely refuse vaccines but are unsure. Between the extremes 
are those vaccine-hesitant individuals who accept some, delay or refuse some 
vaccines. While high levels of hesitancy lead to low vaccine demand, low levels of 
hesitancy do not necessarily mean high vaccine demand [3].

Figure 1. 
Vaccine hesitancy continuum.
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2. Determinants of vaccine hesitancy

Provided that vaccine hesitancy is complex and context-specific it may be influ-
enced by historic, socio-cultural, psychosocial, family, environmental, health system 
or institutional, economic, or political factors. Apart from these contextual factors, 
individual or group and vaccine or vaccination-specific concerns may also determine 
vaccine hesitancy. Taking about individual and group influences, they may arise from 
personal or social or peer perceptions of the vaccine (Table 1) [3].

3. COVID-19 vaccine hesitancy

COVID-19 vaccine hesitancy is real. In a meta-analysis that computed the overall 
COVID-19 vaccine acceptance rate across the US, the vaccine acceptance was as low 
as 12% and higher up to 91% [4]. Similarly, in a community-based sample of the 
American adult population, it was found that the likelihood of getting a COVID-
19 immunisation was 52% very likely and 22% not likely or not, with individuals 
having lower education, income, or perceived threat of getting infected being more 
likely to report that they were not likely to not going to get COVID-19 vaccine (that 
is, vaccine hesitancy) [5]. A multi-country study of six Southeast Asian countries 
showed that the majority (84%) would accept COVID-19 vaccines. However, the 
variation between countries was significant with the lowest rates reported in Vietnam 
(27%) and the highest rates reported in Russia (72%) [6]. The disparities in inter-
regional and inter-country (even within countries) COVID-19 vaccine hesitancy has 
been well documented. In a global cross-sectional study that included participants 
from seventeen countries across regions, it was found that participants from China 
(95.3%), Australia (96.4%), and Norway (95.3%) were most likely to get COVID-19 
vaccination. However, participants from United States (29.4%), Japan (34.6%), and 
Iran (27.9%) were least likely to get vaccinated or in other words likely to be vaccine 
hesitant [7]. In a nationwide survey reported from India, only 30% of adults had 
no issue with the COVID-19 vaccine or vaccination [8]. This finding corroborates 
with the neighbouring nation Bangladesh where the reported prevalence of vaccine 
hesitancy was 46.2% [9]. The overall prevalence of COVID-19 vaccine hesitancy 
among Chinese adults was modest at 8.4% (95% CI, 8.09 to 8.72) for primary vac-
cination and 8.4% (95% CI, 8.07 to 8.70) for booster vaccination [10]. COVID-19 
vaccine hesitancy has been particularly higher among older people (27.0%, 95% CI 
15.1 to 38.9) [11].

3.1 Quantifying COVID-19 vaccine hesitancy

A literature search revealed few efforts aimed at quantifying vaccine hesi-
tancy in the population [12, 13]. Firstly, the vaccine hesitancy index (VHI) was 
constructed using population characteristics aligned with factors identified by an 
Office for National Statistics (ONS) survey analysis; the factors included in the 
index were population under fifty, the proportion of Black or African or Caribbean 
ethnic population, children under five, population with less than degree level 
qualification and rental housing (social or private as a proportion of the total 
population) [14]. This was an improved version of the earlier published COVID-19 
vulnerability index (VI) that considered income domain indicators and long-term 
illness [15].
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3.2 Predictors of COVID-19 vaccine hesitancy

The data relating to the safety and efficacy of vaccines against COVID-19 are 
largely from high-income countries. In addition, the rapid pace of vaccine develop-
ment has been highlighted in the literature as the primary reason for COVID-19 
vaccine hesitancy. A COVID-19 vaccination acceptance and hesitancy survey includ-
ing data from 15 survey samples covering 10 low- and middle-income countries 
(LMICs) in Asia, Africa, South America, Russia (an upper-middle-income country) 
and the United States reported that there was considerably higher willingness to take 
a COVID-19 vaccine in LMIC samples (mean 80.3%; median 78%; range 30.1%) 
compared with the United States (mean 64.6%) and Russia (mean 30.4%). The pri-
mary reason for acceptance was explained by interest in personal protection against 
COVID-19, whereas concerns in relation to side effects resulted in hesitancy [16]. It 
is, however, important to note that reported intentions may not always translate into 
vaccine uptake [17]. These findings corroborate a study conducted by Africa Centres 
for Disease Control and Prevention, in partnership with the London School of 
Hygiene and Tropical Medicine, in 15 African nations. More than three-fourths (79%) 
of respondents in Africa would be vaccinated against COVID-19 if it were deemed 
safe and effective. This may be explained based on lived experience in LMICs, where 
many vaccine-preventable infectious diseases are still a leading cause of morbidity 
and mortality, resulting in a higher perceived need for or value of vaccines [18]. 
However, in contrast, many people including medical professionals from high-income 
countries have not seen the devastating effects of these diseases in their respective 
countries. This is because they have successfully eliminated or eradicated numerous 
vaccine-preventable diseases. As a consequence resulting in altered risk calculations, 
complacency and limited collective responsibility about vaccination decision-making 
[18, 19]. In a survey among the United Kingdom (UK) adults that assessed their 
religious and political beliefs as well as their eagerness, willingness, and hesitance 
to take various global COVID-19 vaccines it was found that social media use does 
have an effect on perceived knowledge about vaccines as well as on vaccine hesitancy 
(especially Twitter!). People also express concerns over the trustworthiness of foreign 
vaccine production and testing protocols [20].

Evidence shows that 38%, 21%, 13%, and 11% variance in COVID-19 vaccine 
hesitancy can be explained by vaccine confidence, vaccine complacency, sociodemo-
graphic, and other psychological factors respectively [21]. Right-wing political affili-
ation, higher risk propensity, and less negative mental health effects of the COVID-19 
pandemic were the principal sociodemographic and psychological determinants of 
COVID-19 vaccine hesitancy. Other sociodemographic determinants include younger 
age, women, race, and employment status. However, this particular study failed to 
examine the variance explained by vaccine convenience factors like availability, acces-
sibility, affordability, willingness to pay, language, and health literacy [21]. Similarly, 
the willingness to vaccinate among Chinese adults was associated with gender (being 
women), higher levels of education, married residents, increased washing hands, 
never smoking, a higher score of health condition, increased wearing masks, higher 
level of convenient vaccination, increased social distance, disease risks outweigh 
vaccine risk, lower level of vaccine conspiracy beliefs, and a higher level of trust in 
doctor and developer [10].

In a study that assessed the intention to vaccinate for different effectiveness sce-
narios and side effects using the health belief model, it was found that the probability 
of rejecting a vaccine or indecision in relation to vaccine uptake were associated with 



COVID-19 Vaccines - Current State and Perspectives

142

the severity of COVID-19. This includes, but not limited to, adverse side effects and 
effectiveness of the vaccine; decreased fear of contagion, perceived benefits including 
immunity, and the protection of oneself and the social environment; available infor-
mation, specialists’ recommendations; action signals, such as responses from ones’ 
family and the government; and susceptibility, including the contagion rate per 1000 
population. The vaccine scenarios used in the study revealed that the individuals pre-
ferred less risky vaccines in terms of fewer side effects, rather than effectiveness [22].

In a cross-sectional study that aimed at determining the predictors of COVID-19 
vaccine hesitancy among pregnant women it was found that, vaccine hesitant women 
are younger and further along in pregnancy. COVID-19 vaccine hesitant pregnant 
women also reported hesitancy for influenza and Tdap vaccines. Vaccine hesitancy 
was associated with lack of information to take an informed decision, personal long 
term side effects, short and long term side effects on the pregnancy, and harmful 
ingredients in the vaccine [23].

In a qualitative analysis that explored the intention to receive or not receive 
COVID-19 vaccine among Malaysians using an integrated framework of theory of 
reasoned action and health belief model, it was found that the predictors of vaccine 
hesitancy were age, religious beliefs, subjective norms, susceptibility, attitude, and 
vaccine confidence or trust [24]. In contrast to the findings of a global survey from 
seventeen countries which reported increasing vaccine hesitancy with increase in age 
[7], this study reported that the vaccine hesitancy was higher among those young, 
primarily driven by perceived (low) risk of COVID-19. The study also stressed the 
importance of social influence; an individual is more likely to get vaccinated if one or 
the other in his/her closest circle is either vaccinated or intend to get vaccinated [24].

A population based cross-sectional study from Germany reported predictors of 
COVID-19 vaccine hesitancy among adults more than or equal to 18 years of age. 
Regression analysis showed that the odds of willingness to get vaccinated were lower 
for females in comparison to males; however, participants of older age group, higher 
education, health literacy, and adherence to preventive measures increased the odds 
of willingness to get vaccinated [25].

Vaccine hesitancy or say vaccine acceptance, be in at individual level or societal 
level is driven by complex factors. The Royal Society of Canada Framework (an 
adapted version of Hasnan and Tan framework) discusses COVID-19 vaccine accep-
tance as shown in Figure 2. The four major domains of factors that influence vaccine 
acceptance are immunisation knowledge (highlighting the importance of vaccine 
related reliable information, that is, easily accessible, up-to-date, and accurate 
tailored for each target group), healthcare workers, people in place (in accordance 
with the goal of the World Health Organisation Immunisation Agenda 2030) and the 
health care system (highlighting the role of immunisation programmes, health legis-
lations and policies) [26]. Each of these major domains influence each other and none 
of these stand alone; the intersections are highlighted in white boxes. The blue circle 
illustrate the broader context under which each of the major domain is influenced, 
which includes, but not limited to, education, control of infection, communication, 
and communities [27, 28].

4. Implications for routine immunisation

The implications of the COVID-19 pandemic and its vaccine hesitancy against 
routine immunisation is multi-modal – one, the pandemic and related movement 
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restrictions or other mitigation measures, partial or complete suspension of vaccina-
tion clinics or fear of COVID-19, stress, anxiety, and depression may have limited par-
ents access to avail routine immunisation vaccines for their children [29, 30]. In a data 
triangulated from global, country-based, and individual-reported sources during the 
pandemic period, it was found that there was a decline in the number of administered 
doses of diphtheria pertussis tetanus-containing vaccine (DTP3) (33% fewer doses in 
April 2020) and the first dose of measles-containing vaccine (MCV1) (9–57% fewer 
doses) in the early part of 2020 [31]. The primary reason reported by WHO regional 
offices were substantial disruption to routine vaccination sessions, and in particular, 
related to interrupted vaccination demand and supply, including reduced availability 
of the health workforce. Similarly, a systematic review reported a decline or delay 
in vaccination at the time of the COVID-19 pandemic, highlighting the need for a 
sustained catch-up program, especially in low- and middle-income countries [32].

Secondly, the impact of COVID-19 vaccine hesitancy is not limited to pandemic 
vaccines but may continue to extend to routinely recommended vaccines. Though 
certain studies found increased vaccine confidence in parents for routine childhood 
vaccines as compared to the COVID-19 vaccine, certain studies highlight the concern 
of COVID-19 vaccine hesitancy rubbing off on routine immunisation vaccine hesi-
tancy [33–36]. In a study that attempted to understand the impact of the pandemic on 
routine childhood vaccine hesitancy, it was found that the routine childhood vaccine 
hesitancy increased during the COVID-19 pandemic, mainly due to increased risk 
perception [37, 38].

It is the need of the hour to leverage COVID-19 vaccination awareness campaigns 
to include routine immunisation call-to-action messages [39]. Clear communica-
tion between public health authorities, providers, and the general public, and from 
providers to parents or caregivers on the value, safety, and necessity of routine 
immunisation will remain a critical piece to help alleviate concerns and address 
vaccine hesitancy. Engaging local leaders in the community may help resonate with 
public health messages related to the importance of routine vaccines, especially 
when the discussion around public health becomes tainted with political and/or 

Figure 2. 
Framework of factors that influence vaccine acceptance.
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non-medical aspects. In this process of communication, it is important to maintain 
a delicate balance between what is known and acknowledging the uncertainties 
that remain. Easing societal restrictions where possible, taking the necessary steps 
to reach standard marketing authorization, offering a fixed monetary reward as an 
incentive, involving physicians in the vaccination campaign, and focusing on vaccine 
effectiveness while communicating risks clearly and transparently are recommended 
as measures to reduce vaccine hesitancy [40].

Overall, the strategies include offering pre-structured, pre-tested communication 
from community trusted sources such as healthcare providers, local representatives, 
and authorities. It should be ensured that they are culturally relevant, accessible 
and in multiple languages. It is important to improve the accessibility of population 
to vaccines and vaccine related information. This should be made possible through 
adoption of flexible, context specific delivery models. The success of these strategies 
are rested with training and education of those involved and community engagement. 
It is necessary to involve youth ambassadors, healthcare workers, community cham-
pions and faith leaders to raise knowledge and awareness on vaccinations. Vaccination 
of friends, relatives and household members should be celebrated; an approach of 
community immunity should be fostered; aided by locally developed action plans 
with a continuous, open, and transparent dialogue [41].

5. Conclusion

The implications of contextual factors, individual and group factors, vaccine, 
and vaccination related factors on vaccine hesitancy is long recognised. However, the 
additive or multiplicative, multi-modal implications of COVID-19 vaccine hesitancy 
on routine immunisation is less recognised. It is the need of the hour to leverage 
COVID-19 vaccination awareness campaigns to include routine immunisation call-to-
action messages with effective monitoring and evaluation aided by implementation 
research strategies. The areas that should be strengthened to restore and maintain 
vaccine confidence includes trust in health care provider–patient encounters, public 
health messaging, vaccine mandates, diversity, inclusion, and representation in health 
sectors, and industry influence on health care.
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