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ABSTRACT

Coronavirus disease 2019 pandemic has been posing a serious threat to global public health till date. This calls for the development of effective
treatment protocols, and most importantly, vaccines against the pathogen. Keeping these requirements in mind, we have pooled together, across
broad domains of research, accounts on the leading efforts in the development of various vaccine candidates. It is apparent from our review of various
studies that the efficacy of seemingly different techniques applied together, collaborative efforts coupled with rapid, timely dissemination of results
has been the key behind successful vaccine development. The availability of curated databases has also been of great advantage. Furthermore, we
have summarized in this article, the side effects of the various vaccines. We hope that this review will appeal the researchers and students as well as
recent entrants in these research domains and the various studies described herein will inspire and be helpful for the advancement of public health.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) pandemic has posed a serious
threat to global public health. This outbreak has imposed a great
challenge on global research community, government sectors, and
various industries to develop therapies and diagnostic tools as well as
vaccines against SARS CoV2. We expect this review article to provide
a detailed account on the efforts in COVID-19 vaccine development
and the journey of research and progress so far. Furthermore, various
approaches for the development of vaccines and the current scenario
worldwide as well as in India have been highlighted and key points
from the previous studies have been summarized.

TARGETS FOR VACCINE DEVELOPMENT

Various innovative approaches were undertaken by researchers toward
determining potential vaccine candidates to prevent COVID 19, few of
them are discussed in this section.

A study was planned to determine the sequence variation, structural,
and antigenic divergence of S glycoprotein, demonstrated novel
Cytotoxic T-Lymphocytes (CTL) epitopes. This study by Kumar et al.
revealed similar antigenic sites in both COVID-19 and SARS coronavirus
thus suggesting the scope of SARS associated peptide-based vaccine for
the prevention of COVID-19 [1].

NOVEL DECOY CELLULAR VACCINE STRATEGY [2] (FIG. 1)

Novel decoy cellular vaccine strategy (modifying cells to express viral
markers to elicit protective immunity responses) has been chosen by
Ji et al. [2] On the surface of K562 human myelogenous leukemia cells,
engineered Spike-1 proteins were expressed. Introduction of expression
constructs into the cellular genome allowing for stable expression of the
transgene was done. The stable-modified K562 clones were selected and
profiled for Spike-1 expression as well as overall immunogenic potency.
Irradiated cells were formulated as vaccine product [2].

REVERSE VACCINOLOGY-IN SILICO STUDY

Bioinformatics approach was employed in another study to design
and introduce a novel multi-epitope vaccine against 2019-nCoV. This
vaccine candidate had the potential to trigger both CD4 and CD8 T-cell
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Fig. 1: Targeted expression of SARS-CoV-2 Spike immunogen and
resulting I-cell vaccine candidate [2]. (Ji et al. Medicine in drug
discovery 5 (2020) 100026)

immune responses and was investigated for its biological activities by
in-silico evaluation [3].

For the prediction of the potential immunogenic B and T-cell epitopes,
three known antigenic proteins (Nucleocapsid, ORF3a, and Membrane
protein- NOM) from the virus were selected, analyzed and then
validated using bioinformatic tools.

Based on this in silico analysis conducted by Enayatkhani et al. [3], a
multi-epitope vaccine candidate (NOM) with five rich-epitopes domain
was constructed including highly scored T and B-cell epitopes. The
best 3D predicted model was applied for docking studies with Toll-
like receptor 4 (TLR4) and HLA-A_11:01. Molecular dynamics (MD)
simulation was then used to evaluate the stability of the designed fusion
protein with TLR4 and HLA-A_11:01 receptors [3].

The computational method was employed for identification of potential
cross protective epitope between COVID-19 virus and SARS virus in
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another study. A highly similar epitope was thus identified between
the 2019-nCoV and SARS virus, in the region of the binding site of
the S proteins to the human angiotensin-converting enzyme 2 (ACE2)
receptor, in this study by Qiu et al. [4].

RECEPTOR-BINDING DOMAIN (RBD) RECOMBINANT PROTEIN

Tai et al. [5] identified the RBD in SARS-CoV-2 S protein and found that
the RBD protein bound strongly to human and bat ACE2 receptors.
Appreciablygreater binding affinity to ACE2 receptor was exhibited by
SARS-CoV-2 RBD than SARS-CoV RBD and could block the binding and,
hence, attachment of SARS-CoV-2 RBD and SARS-CoV RBD to ACE2-
expressing cells, thus inhibiting their infection to host cells. SARS-CoV
RBD-specific antibodies could cross react with SARS-CoV-2 RBD protein,
and SARS-CoV RBD-induced antisera could cross-neutralize SARS-
CoV-2. Thus, suggesting the potential to develop SARS-CoV RBD-based
vaccines for prevention of SARS-CoV-2 and SARS-CoV infection [5].

The similar approach has been advocated by Chen et al. [6] who
considered RBD219- N1 (an yeast expressed potential vaccine candidate
against SARS COV) as a heterologous vaccine against SARS-CoV-2 [6].

COVIDep

First-of-its-kind web-based platform, COVIDep has been developed by
Enayatkhani et al. [3]. This platform pools genetic data for SARS-CoV-2
and immunological data for the 2003 SARS virus, to identify B-cell and
T-cell epitopes to serve as vaccine target recommendations for SARS-
CoV-2 [7].

IMMUNOINFORMATICS

A prolific approach of immunoinformatics was taken in a study by Barua
and Bose [8]. They identified significant CTL and B cell epitopes in the
2019-nCoV surface glycoprotein. Using MD simulations, interactions
between identified CTL epitopes and their corresponding major
histocompatibility complex (MHC) Class | supertype representatives
were studied. They identified five CTL epitopes, three sequential B
cell epitopes, and five discontinuous B cell epitopes in the viral surface
glycoprotein. Furthermore, it was observed during simulations that
the CTL epitopes were binding MHC Class I peptide - binding grooves
through multiple contacts. This binding was through continuous
hydrogen bonds and salt bridge anchors, indicating their potential in
generating immune responses [8].

ANTIBODY DEPENDENT ENHANCEMENT

The phenomenon of antibody dependent enhancement (ADE) has
been studied in a review by Iwasaki and Yang [9]. ADE occurs when
therapeutically administered antibodies exacerbate the existing
pathology by enabling infection of immune cells by the invading virus,
promoting inflammation, down regulation of anti-inflammatory factors
such as IL-10, and tissue injury caused due to anomalous activation of
the immune system. The dangers associated with hyper-inflammation
and immune dysregulation in the context of SARS-CoV-2 infections have
been addressed in details in the same review.

The authors outline several possible contributing factors toward ADE,
including antibody specificity, choice of target epitope, affinity, subtype
(IgM or IgG), dosage, and patient status [9].

An approach based on comparing the human and viral proteomes to
search for pentapeptide sequences unique to the SARS-CoV-2 was
proposed by Lucchese [10], as these would be expected to have high
immunogenicity as well as specificity [10].

PRE-CLINICAL STUDIES, SARS-COV-2 INFECTION IN ANIMAL
MODELS VERSUS IN HUMANS [11]

An international panel was assembled by the World Health Organization
(WHO) in February 2020 to develop animal models for COVID-19 to
accelerate the testing of vaccines and therapeutic agents.
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The current literature on animal models for COVID as well as studies
generated by the WHO-COM group, summarized as follows, may serve
to facilitate further preclinical analysis of vaccines and therapeutic
agents.

The experiments inferred that infection with SARS CoV2 in various
animal models were characterized by fever, nasal discharge in humans,
ferrets, and hamsters additionally labored breathing in hamsters.

Virus replication was predominant in both upper and lower respiratory
tract in mice, ferrets, and non-human primates but only in the upper
respiratory tract in mink, cats, and bats.

Pneumonia with bilateral lung involvement manifested in humans,
hamsters, and non-human primates whereas ground glass opacities
were evident in humans and hamsters. Signs like focal edema and
inflammation were observed in humans and hamsters along with
ferrets. Acute Respiratory Distress Syndrome was apparent only in
humans.

Transmission, as the studies have revealed, was seen only among
humans, hamsters, ferrets, cats, and bats. Seroconversion,
neutralization of antibody titers, t cell immunity, and pro-inflammatory
cytokines-mediated response were seen in humans, mice, and non-
human primates. Ferrets demonstrated the same immune responses
except pro-inflammatory cytokines release. Hamsters responded with
seroconversion and neutralization of antibodies. Only seroconversion
was seen in bats.

PRE-CLINICAL ALTERNATIVES

The existing cell culture and animal studies have been facing many
limitations. These limitations have served as stimulus for the
development of alternative cell-based in vitro models that better mimic
the complex structures and functions of living organs. Considerable
advances have been made in this area as a result of the application of
microsystem engineering for studies with cultured cells [12].

Recent developments such as organ on chips may complement, or
even represent alternatives to, some animal models and cell culture
systems. They are efficient in providing greater physiological relevance
and mimicry of human organ-specific responses [13-15]. It has been
postulated that organ on chip technology could help to reduce the
high failure rate in current drug and vaccine development where many
drugs and vaccines that are found to be safe and effective in laboratory
animals, fail when they enter human clinical trials [16,17]. Furthermore,
successful organ chips could thus help to reverse the increasing cost
and attrition rates in clinical trials.

The organs-on-chips are potential alternatives to conventional cell
culture models and animal testing for pharmaceutical and toxicology
applications. In the “Organs-on-Chips”, living cells are cultured within
microfluidic devices that have been micro engineered to reconstitute
tissue arrangements observed in living organs to study physiology in
an organ-specific context and to develop specialized in vitro disease
models [12].

Lung organoids are derived from embryonic and induced pluripotent
stem cells. These contain both lung epithelium and mesoderm and,
together with cell lines derived from human fetal lung, have the potential
to provide important information about human lung development as
well as COVID-19 disease [18].

When infection with SARS-CoV-2 was induced, micro-engineered
organs-on-chips and lung organoids showed the key hallmarks of the
cytopathology and inflammatory responses in human airways. They
have served to facilitate the study of human disease pathogenesis, test
candidate COVID-19 therapeutic agents, vaccines, and expedite drug
repurposing [19].
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The exponential rise in the number of cases of COVID 19 warranted
urgent measures to limit spread of the same. In the record-breaking
short span of time, therapeutic trials were conducted all over the world
so in India. Hence, we discuss here two important vaccines in Indian
context.

COVAXIN AND COVISHIELD [20]

Covaxin

Covaxin was developed by Bharat Biotech, India, and the Indian Council
of Medical Research. This purified inactivated whole virion vaccine is
developed by B-propiolactone inactivation of Indian strain of the novel
coronavirus. Covaxin was isolated by the Indian National Institute of
Virology. It was propagated in Vero CCL-81 cells.

Composition of Covaxin includes inactivated Coronavirus, Aluminium
Hydroxide Gel, TLR 7/8 Agonist, 2 Phenoxyethanol, and Phosphate
Buffered Saline [21].

There are two types of adjuvants used in Covaxin thus the two versions
of the vaccine. An alum-adjuvanted version of the vaccine candidate was
found to significantly reduce or nullify- Viral loads and bronchoalveolar
affection (in rhesus macaques challenged with SARS-CoV-2; 14 days
after receiving the second dose of the vaccine candidate). This finding
was confirmed by viral load measurement in bronchoalveolar lavage
fluid, nasal swab, throat swab, and lung tissues at 7-day post-infection
in the immunized animals.

Alum mainly induces NALP3-inflammasome, while imidazoquinolinone
isa TLR 7 and 8 agonist. Significant potentiation of the immunogenicity
of the vaccine was found with the combination of alum and
imidazoquinolinone.

On December 15, a preprint of a Phase 1 clinical trial of BBV152 was
released. Adverse effects were found to be mild or moderate with an
incidence rate between 10 and 20% and pain at the injection site being
the most common reported event.

To evaluate efficacy, safety and immunogenicity of this candidate a
Phase 3 randomized, double-blind, and clinical study began on October
23 in India.

On January 3, 2021, India granted an emergency use authorization
(EUA) to BBV152 although participants were still recruited for the
candidates’ Phase 3 safety and efficacy trials.

AZD1222 (AstraZeneca/Oxford University) [22,23].

Oxford University and AstraZeneca were one of the first to begin clinical
trials with its viral vectored vaccine - CoviShield. They were the only
one to use debilitated chimpanzee adenovirus (ChAdOx1). Thus, they
evaded the issue of pre-existing immunity against the vector as very
few -if any- humans would have had a previous contact with a simian
virus.

The ChAdOx1 vector wasso engineered that it codifies for the wild-
type SARS-CoV-2 Spike protein. Rhesus macaques were immunized with
AZD1222 and then challenged with SARS-CoV-2 strain nCoV-WA1-2020.
Results showed both cellular and humoral responses that reduced viral
load in the lower respiratory tract of the vaccinated animal.

Composition of CoviShield includes inactivated adenovirus with
segments of Coronavirus, Aluminum Hydroxide Gel, L Histidine,
L-Histidine Hydrochloride Monohydrate, Magnesium Chloride
Hexahydrate, Polysorbate 80, Ethanol, Sucrose, Sodium Chloride, and
Disodium Edetate Dihydrate (EDTA).

On July 20, 2020, the first results of a Phase 1 and 2 were reported. It
was a single-blinded, randomized, multicenter and control study and it
included 1090 healthy adult volunteers aged 18-55 years.
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Phase 3 efficacy and safety trials with the two-dose regimen are being
carried out in more than 30,000 individuals in the U.S., India, Brazil,
Russia, and South Africa. The Phase 3 study was focused on COVID-19
prevention and reactogenicity and tolerance profile of the candidate.

The safety profile of the vaccine was found to be very good with a few
and less intense adverse effects. These few percentages of adverse
effects were frequent in older population with inadequate doses and
these events declined after the second dose.

AstraZeneca supported by Oxford University, submitted the complete
interim Phase 3 safety and efficacy to several regulators including the
UK, European medicines agency (EMA), and Brazil for revision and
emergency use approval of their candidate.

India granted an EUA to AZD1222 on January 3, 2021, while on
January 4, the first vaccinations with AZD1222 began at Oxford’s
Churchill Hospital.

INDIA: JOURNEY SO FAR

On January 16,2021, India began administration of COVID-19 vaccines.
India has administered over 1.57 billion doses overall, as of January
16, 2022, including first, second and precautionary (booster) doses of
the currently approved vaccines [21,24]. In India, 89% of the eligible
population has received at least one shot, and 64% of the eligible
population is fully vaccinated [25].

CoviShield and Covaxin were initially approved in India. Followed by
approval of the SputnikV (manufactured under license by Dr. Reddy’s
Laboratories, with additional production from Serum Institute of India)
in September [26,27], Moderna vaccines, Johnson and Johnson vaccine,
and ZyCoV-D (a vaccine locally developed by Zydus Cadila) (Moderna,
Johnson and Johnson, and Zydus Cadila are not yet under distribution -
Zydus Cadila is the only vaccine which has been approved for children
above 12 years) and other vaccine candidates undergoing local clinical
trials.

On January 01, 2021, emergency use of CoviShield was approved by the
Drug Controller General of India (DCGI) [28-30]. On January 2, the DCGI
also granted an interim EUA to Covaxin [31]. As the vaccine had not
then completed Phase 3 clinical trials, this approval was met with some
concern [32]. Due to this status, those receiving Covaxin were required
to sign a consent form [33], while some states chose to relegate Covaxin
to a “buffer stock” and primarily distribute CoviShield.

India started giving booster shots from January 10, 2022, to health and
frontline workers and those over 60 with comorbidities or other health
problems.

Vaccinations began for children between 15 and 18 years from
January 3, 2022. Among healthcare and frontline workers and those
aged 60 and above with comorbidities, prioritization, and sequencing
is based on completion of 9 months or 39 weeks from the date of the
second dose as of January 10, 2022, the government said in its guidelines.

Covaxin is the only COVID vaccine available for children between 15 and
18 [34].

SCENARIO IN THE WORLD ACCORDING TO THE WHO

Forty-four vaccines are in Phase 1, 64 vaccines in Phase 2, 65 vaccines
in Phase 3, and 33 vaccines have been approved so far whereas eight
vaccines no longer progressing (Tables 1 and 2, Fig. 2)

SIDE EFFECTS OF VARIOUS VACCINES [41-43]

According to the Centres for Disease Control and Prevention (CDC) [44]
and the WHO [45], common side effects of a COVID-19 vaccine include:
e Afever
e  Fatigue
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Table 1: WHO approved vaccines in use [35]

S. No. Vaccine Manufactured by Type
1 Novavax: NVX-CoV2373 The serum Institute of India Protein subunit
2 Covovax (Novavax formulation) The serum Institute of India Protein subunit
3 Moderna: mRNA-1273 (Spikevax) Takeda (TAK-919) RNA
4 Pfizer/BioNTech: BNT162b2 (Tozinameran, The German biotechnology company BioNTech RNA
Comirnaty)
5 Janssen (Johnson and Johnson): Ad26.COV2.S  Janssen vaccines in Leiden, Netherlands, and its Non-replicating viral vector

(Ad26C0VS1, JNJ-78436735)

Belgian parent company Janssen pharmaceuticals, a

subsidiary of American company Johnson and Johnson.

6 Oxford/AstraZeneca: AZD1222 The oxford university, UK and British-Swedish Non-replicating viral vector
(Vaxzervria, ChAdOx1 nCoV-19) company Astrazeneca

7 CoviShield (Oxford/AstraZeneca formulation)  Serum Institute of India Non-replicating viral vector

8 Covaxin (BBV152) Bharat biotech Inactivated

9 BBIBP-CorV (Vero Cells, Covilo) Sinopharm (Beijing) Inactivated

10 Sinovac: CoronaVac Sinovac (Beijing) Inactivated

Table 2: ICMR approved vaccines for use in INDIA [35-37]

S.No. Vaccine Manufactured by

Type Schedule

1 Covaxin
2 Covishield

3 ZyCoV-D
4 Sputnik V

Cadila Healthcare, India

5 Biological E’s novel CoViD-19
vaccine (Corbevax, BECOV2D)

The Serum Institute of India
The Serum Institute of India

Dr. Reddy’s laboratories Limited India, Viral vector
Gamaleya Research Institute, Russia

Texas children’s hospital center for
vaccine development and Baylor

Inactivated
Non-replicating
viral vector
DNA 3 Doses 28 days apart

The first dose (based on Ad26) is
administered on the 1% day, and the
second dose (based on Ad5)- on the
21t day to boost immune response.
Both doses are administered into the
deltoid muscle.

intramuscularly in a two-dose schedule
(0, 28D)

2 Doses IM 4 weeks apart
2 Doses IM 84 days apart

Protein subunit

college of medicine in Houston,
Texas and Dynavax technologies
based in Emeryville California. it is
licensed to Indian biopharmaceutical
firm biological e. limited (Bioe) for

development and production

6 BBV154 - intranasal vaccine Bharat biotech Adenoviral vector
based
7 COVOVAX [SARS-CoV-2 recombinant Serum Institute of India Private Protein based
spike protein nanoparticle vaccine  Limited

(SARS-CoV-2 rS) with
Matrix-M1adjuvant]
8 mRNA based vaccine (HGCO19)
Pune
9 Janssen (Johnson and Johnson):
Ad26.COV2. S (Ad26COVS1,
JNJ-78436735)

Janssen vaccines in Leiden,
Netherlands, and its Belgian parent
company Janssen pharmaceuticals,

Gennova Biopharmaceuticals Limited, =~ mRNA

Non-replicating
viral vector

Single dose emergency

a subsidiary of American company

Johnson and Johnson.

e Headaches
e Body aches
e Chills

e Nausea.

Side effects experienced around the injection site includes swelling,
pain, redness, an itchy rash, and other mild forms of irritation.

There have been new concerns, recently, about serious side effects of
COVID-19 vaccines. There is currently not enough conclusive evidence
to link these effects to specific vaccines thus these effects may be
coincidental. Precautionary measures have been taken by regulatory
agencies to investigate these safety concerns.

PFIZER-BIONTECH AND MODERNA

With the Pfizer-BioNTech and Moderna vaccines people have reported
similar, common side effects as mentioned above after the second doses
of each.

FDA states that few people experienced myocarditis or pericarditis
after their vaccine, symptoms began within a few days following receipt
of the second dose.

JANSSEN (JOHNSON AND JOHNSON)

The Janssen vaccine has also been found to cause common vaccine side
effects.
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Fig. 2: Mechanisms by which various vaccines act [38-40]

Followingreports[46] of cases ofthrombosis with thrombocytopenia
syndrome (TTS), the CDC and the FDA briefly recommended [47]
pausing the distribution of the Janssen COVID-19 vaccine in
April 2021.

The two federal agencies lifted the recommended pause, after
conducting a safety review, concluding that the vaccine’s “known and
potential benefits outweigh its known and potential risks in individuals
18 years of age and older” and that the risk of TTS after vaccination was
“very low.”

As of July 12,2021, the FDA [48] has added a warning that some people
who receive the Johnson and Johnson vaccine might develop Guillain-
Barré syndrome [49]. For this reason, on July 9, 2021, the EMA [50]
recommended adding a warning to the vaccine’s label to reflect this
potential risk. The agency also noted that it is not yet fully confirmed
that this vaccine is directly responsible for the development of this
disorder in those who experienced it.

OXFORD-ASTRAZENECA AND SERUM INSTITUTE OF INDIA

Incidents of blood clots have been reported by EMA and Danish Health
Authority in people who received the Oxford-AstraZeneca vaccine.

Of the 5 million people who received this vaccine, there have been
30 reported cases [51] of blood clots, as of March 2021. One case in
Denmark was fatal.

On April 7, 2021, the EMA [52] concluded that the Oxford-AstraZeneca
vaccine should carry a warning of TTS as a very rare side effect.

Multiple countries, including Denmark, Norway, Germany, and France,
initially paused the distribution [53] of the Oxford-AstraZeneca
COVID-19 vaccine as a precautionary response to initial reports of blood
clots. On April 14, 2021, Denmark decided [54] to stop the distribution
of this vaccine entirely.

On April 15, the Norwegian Institute of Public Health recommended [47]
stopping the distribution of both the Oxford-AstraZeneca and Janssen
vaccines in the country, due to the risk of blood clots.

Both Germany [55] and France [56] have resumed administering the
Oxford-AstraZeneca COVID-19 vaccine. However, the distribution may
eventually halt altogether, as the European union has not renewed [57]
its order of Oxford-AstraZeneca vaccine doses beyond June 2021.

India had not reported [52] any incidents of blood clotting related to
CoviShield as of March 2021 and currently has no plans to discontinue
its distribution.

To ensure that there are no causal links, drug regulatory agencies in
India are still closely examining the data.

NOVAVAX [58]

Side effects of Nuvaxovid are usually not serious and the most common
ones include pain or tenderness at the injection site, tiredness,
headaches, muscle, or joint pain and generally feeling unwell.

CONCLUSION

Researchers came up with various targets for vaccine development and
stood the test of time in the pandemic era. Furthermore, organ vhip-
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based assays seem to be the promising alternatives that may provide
rapid pre-clinical evaluation, accessibility to study virus-induced
diseases in real-time, and at high resolution. They can open new paths
to study viral pathogenesis in a human-relevant environment and may
eventually enable development of novel therapeutics and vaccines.

CoviShield and Covaxin have remained the choice of vaccines in India
and have proved to be effective reducing morbidity and mortality
considerably.

Very few and mild side effects were mostly reported and the ones with
life-threatening side effects were banned and association of moderate
ones was mostly not proven.

Applying established facts and knowledge of closely related species
such as the SARS CoV has played a major role when there was a limited
time available for the research on new variant. The key features which
hastened the whole process of vaccine development as it is apparent
from the review of various studies are the efficacy of seemingly
different techniques applied together, collaborative efforts coupled
with rapid, and timely dissemination of results. The availability of
curated databases has also been of great advantage. We conclude our
narrative with the hope that this review will appeal the researchers,
students as well as recententrants in these research domains and the
various studies described herein will inspire and be helpful for the
advancement of public health.
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