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ABSTRACT

As of September 2021, 117 COVID-19 vaccines are in clinical development, and 194 are in preclinical
development as per the World Health Organization (WHO) published draft landscape. Among the 117
vaccines undergoing clinical trials, the major platforms include protein subunit; RNA; inactivated virus;
viral vector, among others. So far, USFDA recognized to approve the Pfizer-BioNTech (Comirnaty) COVID-
19 vaccine for its full use in individuals of 16 years of age and older. Though the approved vaccines are
being manufactured at a tremendous pace, the wealthiest countries have about 28% of total vaccines
despite possessing only 10.8% of the total world population, suggesting an inequity of vaccine distribu-
tion. The review comprehensively summarizes the history of vaccines, mainly focusing on vaccines for
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SARS-CoV-2. The review also connects relevant topics, including measurement of vaccines efficacy against
SARS-CoV-2 and its variants, associated challenges, and limitations, as hurdles in global vaccination are

also kept forth.

1. Introduction

The immune system (IS) protects our body against infectious
diseases and maintains a key role in health and pathogenesis."
Our IS includes innate as well as acquired immunity types. Innate
immunity is developed in an individual since birth. However,
acquired immunity is gained or acquired by the body over time.
It is further divided into two subtypes, active and passive immu-
nity. Active immunity develops when one is in contact with the
pathogen or its antigen. It is mediated by humoral or cell-mediated
responses provoked by our body.> Nevertheless, acquired immu-
nity can be harmonized passively by using vaccines or antibodies
from outside and is called passive immunity. Vaccines are made of
antigens derived from pathogens that are known to cause disease.
Although these antigens have lower virulence than the original,
they may provoke the immune system to recognize them and
develop antibodies against those antigens. Thus, it protects the
body from the disease caused by that actual pathogen in the future.
This process of vaccinating our body deliberately to produce a
similar immune response for the original disease is called artifi-
cially acquired immunity.” In a similar context, a virus, SARS-
CoV-2, identified for the first time on December 31, 2019, has
created havoc with associated mortality across the globe.
Although, earlier, the SARS-CoV-2 was thought to have a natural
origin,* a piece of equivocal evidence suggesting artificial manip-
ulation of the virus is also coming up recently.”® Keeping the
debate aside, the primary concern is the novelty that this virus
possesses, leading it to escape from the alert immune system of the
human body. Once it invades the human body, it primarily targets

the lower respiratory system and induces a rapid local immune
response, cascading a series of events that eventually damage vital
organs and fragile body parts.”® Therefore, the current knowledge
related to COVID-19 suggests that the IS plays a dual role in
elevating or decreasing the severity of this disease. Thus, to prevent
the progression of this disease, the immune system needs to be
revisited and may be targeted or modulated by the vaccines along-
side therapeutic drugs repurposed against COVID-19 for better
outcomes.

The current review is a holistic approach to congregate
information on the history of vaccines, mainly focusing on
vaccines against SARS-CoV-2, those approved by regulatory
agencies. The comprehensive review also covers approaches on
vaccine design, their mechanistic insights to decipher how they
activate the immune system and induce immunity to the host.
The review forth sees the numerous platform(s), including
DNA (e.g., nCoV vaccine by Zydus Cadila and INO-4800);
RNA (e.g, Moderna COVID-19 vaccine, Comirnaty, and
CVnCoV); virus-like (e.g., CoVLP and RBD-HBsAg-VLPs-
Covid vaccine); viral vector (e.g, COVID-19 Vaccine
AstraZeneca, Convidecia, and Sputnik V); pathogen in an
inactive form (e.g., protein subunit (e.g., NVX-CoV2373 and
SCB-2019); nasal drip, and attenuated virus type employed for
the current vaccines’ development against SARS-CoV-2.
Moreover, the review is expanded to touch upon relevant
topics on measurement of vaccines efficacy, efficacy against
the mutant strains, the toxicological analysis conducted so
far, and their outcomes, and the evolving paradigm on
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equitable distribution of vaccines, international collaboration
(s) and upcoming IPR issues as hurdles in vaccination of the
Globe during the current pandemic. The review is expected to
enrich the biologists, immunologists, biotechnologists, che-
mists, or researchers working in similar and allied areas with
an updated insight on the topic of extreme relevance in the
current scenario.

2. History of vaccines: imagining the breakthroughs
before the SARS-CoV-2 pandemic

The history of vaccine development goes back to the era of
infectious diseases acquired by the human population. The first
evidence was witnessed by the work of a Persian physician
against combating measles. Additional evidence suggests that
the Chinese utilized smallpox inoculation as early as 1000 CE
and used them for use against smallpox infection in humans.
Research by Edward Jenner in 1796 on cowpox material to
develop smallpox vaccines revolutionized this area of vaccine
development. This was followed by the immense contribution
of Louis Pasteur for the development of the rabies vaccine in
1885. This led to the dawn of bacteriology developments pro-
viding the world antitoxins and vaccines. The world saw a
crucial revolution in developing effective vaccines against teta-
nus, anthrax, diphtheria, tuberculosis, plague, typhoid, and
cholera until the late 1930s. The mid-20" century has wit-
nessed a tremendous rise in vaccine development, including
the vaccines for polio, measles, mumps, and rubella.”'® The
timelines for the discovery of essential vaccines (1900 till date)
have been represented in Figure 1.

The vaccines development process for SARS-CoV-2 has
witnessed rapidness, unlike traditional vaccine development.”
Traditional methods for most vaccine development may take
about 15 years to complete. It proceeds with the preliminary
work of vaccine design, followed by their in vivo studies on
animals to understand safety and efficacy parameters taking
almost 6 to 7 long years. This is further followed by preclinical
toxicological studies lasting again for approximately 2-4 years.
Suppose the efficacy is maintained with no concerning toxic
effect. In that case, IND application is filed, and vaccine candi-
dates proceed to clinical trials to determine dosing and study
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immunogenicity. Suppose things proceed exceedingly well
with prerequisite efficacy. In that case, regulatory agencies are
approached for filing a biologics license after phase 3. The
traditional development is both a costly and timely affair with
a significantly less probability of success. However, with the
COVID-19 pandemic, the World has witnessed a tremendous
improvement in vaccine development in a short period. The
major underlying factors accounted for are the progress in
biological sciences in previous outbreaks of the Middle East
respiratory syndrome coronavirus (MERS-CoV) and SARS-
CoV infections, which possess a similar invasion and replica-
tion mechanism in humans as SARS-CoV-2 (mechanism has
dealt in details in review”®). Typically, antibodies that interact
and bind with spike proteins (receptor-binding domains) of
coronaviruses and prevent their attachment to human recep-
tors (Angiotensin-converting enzyme or ACE2 in case of
SARS-CoV-2) are identified for vaccine development against
them. So, during the outbreak of COVID-19 much information
was generated about spike protein binding and immune system
response that generated antibodies plausibly neutralizing the
virus. Unlike traditional vaccine development, where each
clinical trial-phase completion is preceded by another, vaccine
development against SARS-CoV-2 involves simultaneous over-
lapping of phases for rapid vaccine development. Moreover,
the rapid development of COVID-19 vaccines was also the
result of CEPI (Coalition for Epidemic Preparedness
Innovation) that came into existence in 2015 with the Ebola
outbreak. CEPI ensures the acceleration for vaccine develop-
ment against emerging pathogens via a close collaboration
between public, private, and civic society. Before COVID-19
vaccines, only mumps vaccine was developed within a span of
4 years. No vaccines were even developed against SARS-CoV
after 17 years genome sequencing (2003) was done. The same
applies to MERS, where no vaccine is developed in a span of
6 years after the genome of MERS was sequenced in the year
2013. However, we have already seen 15 vaccines are launched
against SARS-CoV-2 disease.'' The genome was sequenced in
January 2020, and the first vaccine batch (mRNA-1273) was
put into testing in February 2020, and in March 2020, the first
clinical trial was launched.'? So, in a nutshell, the advancement
of understanding of previous outbreaks like MERS-CoV and
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Figure 1. Timeline showing some important vaccines developed from 1900 till date. So far, 15 vaccines have got emergency use approval for SARS-CoV-2.
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Figure 2. The illustration represents the process for (a) traditional vaccine development and (b) accelerated vaccine development in the COVID-19 pandemic against
SARS-CoV-2 shown as compared to the traditional vaccine development timeline for malaria, typhoid, meningitis, polio, measles, and mumps.

SARS-CoV and their high similarity with SARS-CoV-2 led to
rapid vaccine developments against COVID-19. A typical vac-
cine development illustrated protocol is outlined in Figure 2.

3. Approaches for vaccine design

The composition of the rationally designed vaccine includes
antigen, adjuvants, and delivery system. A successful vaccine
design is often not always easy, as sufficient knowledge of the
protection mechanism is always known. Our understanding of
the immune mechanism to fight against the pathogen is
broadly established.> However, specific contributions of dif-
ferent effectors and detailed mechanisms are known only for a
few pathogens. Moreover, a particular pathogen also contains
many antigenic entities. Among these, the selection of the best
possible epitopes is still a challenge in vaccine development.'*
Therefore, the vaccine development strategies still lack univer-
sally acceptable methods, and we generally rely on empirical
approaches to vaccine development. These processes are
tedious, time-consuming, and costlier, which require lots of
infrastructure and human efforts. However, the general direc-
tion toward vaccine development is as discussed below."”
Antigen selection is the most essential and critical step in
vaccine development. In the modern era, because of several
advancements, the traditional and time-consuming methodol-
ogy of antigen selection has now been replaced by modern
approaches, viz., high throughput screenings, in silico, and
genomics/proteomics related profiling techniques.'> Most
importantly, the antigenic protein selected must contain an
appropriate epitope for B cell receptors (BCRs), should also
be suitable for MHC complex within T cell receptors (TCRs)
entities. In this case, sometimes synthetic peptides are cost-
effective and can be considered an important starting point in

vaccine design. Such a form of the peptide-based vaccine is
handy in the pandemic situation. With this approach, large-
scale production is quite possible.'> Moreover, this approach
facilitates the exposure of only a limited and required antigen,
excluding unnecessary exposure of allergens and thus enabling
us to avoid side effects and autoimmune responses. Identifying
a perfect antigenic peptide can be easily facilitated by compu-
tational prediction methods and in silico approaches.
Moreover, some automated tools for synthesizing such a
long-chain peptide are still considered as an approach in vac-
cine development.'® The perfect fit of the BCR epitope is also
considered very important, and for that scientific approaches
are again challenging. It can be realized from the fact that in the
majority of the cases, the crucial part that is associated with the
epitope is fully grown 3D protein is represented by the distinc-
tively situated fractions of the primary structure of the protein.
Therefore, the peptide chain and its proper folding are crucial
for such a form of peptide-based vaccine development
approach. However, concerning this scenario, some prediction
tools, such as BCPREDS, IMMUNOPRED, and PEPOP are the
unique approaches concerning such vaccine-related research
and development.'® Moreover, extensive data handling and
automatization seem very important in vaccine development.
Therefore, machine learning (ML) and artificial intelligence
(AI) have now emerged as essential tools for the development
of vaccines against diverse pathogens, including COVID-19
disease. ML/AI has provided numerous methodologies, such
as gradient boosting decision tree, deep neural network, and
artificial neural network, that may assist in predicting the most
appropriate epitopes in the vaccine development process.'”'®
One of its successful examples is the work of Fast et al.'” that
disclosed the use of artificial neural networks, namely MARIA
and NetMHCPan4 and identified the B-cell and T-cell epitopes



of SARS-CoV-2 virus. Using this method, the research group
registered success in identifying 405 T-cell epitopes with a very
promising presentation score for MHC-I/II and a couple of
neutralizing B-cell epitopes located on the S protein. In another
study by Ong et al.*° the group disclosed the bioinformatics
tools to explore the prospective application of the non-struc-
tural protein as a vaccine candidate for developing preventive
measures against COVID-19 disease. Similarly, according to
Yang et al., DeepVacPred,”’ i.e., the deep neural network-based
approach also seems very promising in the prediction of multi-
epitope for the development of a vaccine against the COVID-
19 disease. Considering these facts, ML/AI is also a fascinating
technique that seems very rationale and can facilitates the
development of a vaccine against several infections, including
COVID-19 disease.

Next, generating and controlling the immunological
response is not a simple phenomenon, and the role of MHC
is also considered very critical in this case. Herein, the protein
or peptide that has been designed and used in vaccine devel-
opment should also display some sequence that works best
with the MHC. Therefore, the immunogenic peptide selection
according to MHC is still challenging. Herein, in vitro assay-
based, TCR epitope identification approach is a critical
approach; however, it faces highly time-consuming, cost-
related difficulties.'® Therefore, in this case, several in silico
strategies are developed to facilitate such research and devel-
opment within a reasonable time and cost-effectively. Some of
the actual databases and tools used herein include IEDB,*
OptiTope,>” and NetMHCcons.**

To further enhance the protective immunity of the vaccine,
adjuvants are essential starting points for the development of
the COVID-19 vaccine. There are two significant effects of
using adjuvants, viz boosting immunogenicity and reducing
the vaccine protein per dose, that we can witness with the usage
of adjuvants in vaccine-based formulations.>> The examples of
the adjuvants are diverse that include microbial products,
saponins, microparticles, liposomes, mineral salts, and many
more. In this context, two different categories of vaccine adju-
vants are immunostimulants and delivery agents; herein, for-
mer categories include cytokines, saponins, Toll-like receptor
(TLR) agonists, and the latter category adjuvants include emul-
sions, microparticles, mineral salts, and other similar entities.?®
The central role of immunostimulants is to activate the anti-
gen-presenting cells and cytokines secretions. In contrast,
delivery agents facilitate the proper delivery of antigen and
the controlled release of the antigen for producing an appro-
priate immune stimulations response. Saponins, steroids, tri-
terpenoid glycosides from the plant, animal, and marine
sources are the most critical example, shows significant immu-
nostimulatory properties.”> So far, adjuvants like alum, MF59,
AS03, CPG 1018 have been used for the development of
COVID-19 vaccines. These are known to provoke distinctive
immunological profiles, thus eliciting the synergistic effect. The
primary molecular targets affected by the adjuvants licensed
vaccines so far may be grouped under three heads, namely,
Toll-like receptors (TLR), Cytosolic pattern recognition recep-
tors (PRRs), and C-type lectin receptors (CLRs).”” They con-
trol the quantity and quality of humoral response along with a
cellular response by producing a high amount of INFy and IL-
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12 in case of Tyl and no production of IL-12 in case of T2
response.”**” In addition to containing the genetic information
of immunogenic proteins, DNA and RNA vaccine also act as
adjuvant and are recognized by various PRRs (Pattern recogni-
tion receptors) which initiate signaling transduction to activate
the immune response.”® Immunological ligands present on
antigen molecules are identified by PRRs to be presented on
antigen-presenting dendritic cells in the antigenic milieu and
internalized for antigen processing and presentation and asso-
ciated with adaptive immune response. PRRs such as TLRs,
nucleotide-binding oligomerization domain (NOD) like recep-
tor (NRLs), and retinoic acid-inducible gene —1 like receptor
(RLRs), which may be cytosolic (endomembrane) and present
on the cell surface of APCs bind to microbial origin PAMPs
such as proteins, lipids, nucleic acids, and carbohydrates.
Interaction between PRRs and PAMPs triggers complex cas-
cades of intracellular signaling, resulting in various chemo-
kines, cytokines, and type 1 interferons (INFs).>! Maturation
of dendritic cell after antigen recognition leads to its interna-
lization stimulated by chemokines and cytokines signals and
finally drain them to the lymph node. The dendritic cells in the
lymph node further present antigen to naive T cells via MHC-I
and MHC-II molecules and also activate B-lymphocytes.
Recognition of processed antigen with MHC by T cell
Receptor (TCR) and associated with other costimulatory mole-
cules CD28 and B7 induced activation and proliferation of T
cell. The cytokines secretion pattern by dendritic cells decides
the subset of T cells as secretion of IL-12 produce Tyl cell
which secretes INFy and is effective against intracellular viral
and bacterial pathogens. IL-4 production leads to Ty2
response, and IL-4 along with other cytokines leads to humoral
response. Activation of B cell taking directly as B cell receptor
(BCR) bind to epitopes on antigenic site of vaccine and start to
proliferate and converts to antibody-secreting plasma cell. B-
cell activation also takes place with T cell’s help that induced
effector function and memory response.’>>> Hence, along with
antigen, adjuvant selection is also considered critical in vaccine
development. Some of the adjuvants their immunogenic
impacts and utility in current COVID-19 vaccines are pre-
sented in Table 1.

A brief outline of vaccine development is provided in
Figure 3.

Once the vaccines are developed, their production initi-
ates. Vaccines are regulated primarily as biologics. In the
United States, the regulation is governed by USFDA (U.S.
Food and Drug Administration) and CBER (Center for
Biologics Evaluation and Research). In European countries,
it is governed by the EMA (European Medicines Agency).
Harmonization of licensing and regulating between the
FDA and EMA ensures safe and effective vaccine delivery
to the market. Vaccine manufacturing, in general, is a
complex process.”* Once the vaccine is approved by regu-
lators firm, and there are 11 long essential steps taking
between 6 and 36 months overall, out of which 70% of
the time is dedicated to quality control.’®> The process
initiates via a. antigen development; b. harvesting; c. pur-
ification; d. inactivation; e. vaccines are assembled; f. for-
mulation; g. filling; h. freeze-drying; i. packaging; j. batch
release; and k. transport.
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Table 1. Adjuvants their immunogenic impacts and utility in present COVID-19 vaccines.

Type of adjuvant Examples

Effect

COVID-19 vaccine examples
(Manufacturers)

Aluminum based  Alum, aluminum hydroxide,
aluminum hydroxide gels,

Alhydroxiquim-II

TLR agonists as CpG, glucopyranosyl lipid A (GLA),

VA WN

N —

. Enhances humoral immune responses;

. Elevates concentration of serum IgG1;

. Enhances the production of viral neutralizing antibodies;

. Development generation of long-lasting memory B cells

. Reduces Th2-type immunopathology associated with a
protein subunit vaccine

. Induce both humoral and cellular immune responses;

. Enhancement of neutralizing antibodies including TLR7, CD4*

. Induce both humoral and cellular immune responses;

. Enhances the effectiveness of T-cell immune responses by
modulating CD4" and CD8* along with neutrophils,

Induces 1gG; and IgG,, antibodies with minor Th2

. Trigger T helper type 1 mediated immune response;

. Increase’s robustness and durability of memory B cells;

Inactivated SARS-CoV-2 virus vaccines;
Covaxin (Bharath Biotech)

Inactivated SARS-CoV-2 vaccines
(Bharath Biotech)

Recombinant SARS-CoV-2 spike (S)
protein or virus-like particles (GSK,
Sanofi)

Recombinant SARS-CoV-2 spike (S)
protein (Novavax)

mucosal and resiquimod
adjuvants CD8" and Th1 stimulation;
Emulsion based  AS03, MF59, STING agonist and 1
adjuvants AS01B 2. Promotes migration of antigen presenting cells;
3
eosinophils;
4.
immunopathology response;
Saponin Matrix M1 1
adjuvants 2. Production of cytotoxic T lymphocytes;
Microparticle Advax 1. Allows long-lasting immune responses;
adjuvant 2
3

. Enhances T-cell IFN-y response and making them last longer;

............................................
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Figure 3. A brief overlay highlighting the approach for vaccine development.

The first step, i.e., antigen development, is achieved by
growing the viruses (or other infectious pathogens) primarily
via using continuous cell lines or chicken fibroblasts.
Thereafter, the desired antigens are harvested, and the purifi-
cation of specific antigens is done. The next step involves
inactivation, where the pathogenicity is suppressed, and the
immunological properties of antigens are retained.
Furthermore, all the antigenic components are combined as a
single unit, and the formulation is achieved using desired
adjuvants. Once formulated, the vaccines are filled, and lyo-
philization is achieved for better stability. The lyophilized vials
are packed, and the batches are released after stringent quality
control before final transportation. Packaging and transporta-
tion are also critical steps, particularly for the vaccines that
maintain their stability at shallow temperatures. Among
COVID-19 vaccine candidates launched so far, Moderna

azzzas®

Vaccine

ssmsEssnsEEREREsangunnnnnnnnnnnnnnnnns’

COVID-19 vaccine requires storage conditions of 20°C,
Comirnaty requiring a temperature of -70°C, whereas
Covishield and Sputnik V require standard refrigeration.

4. A mechanistic overview of vaccines in
development immunity

Developing a safe and efficacious vaccine against infectious
pathogens prevents disease incidence. It prolongs life expec-
tancy by decreasing morbidity and mortality. A highly immu-
nized population provides herd immunity and helps eradicate
infectious disease globally.’® Live attenuated, inactivated, sub-
unit, recombinant, DNA, RNA, and conjugated vaccines are
used clinically to prevent many infectious diseases. The under-
standing of mechanistic vaccination insights, i.e., the interplay
between innate and adaptive immune response by vaccine



molecules, immensely assist in developing safe and efficacious
futuristic vaccines.”” The main goal is to initiate an early innate
immune response and develop both humoral and cellular
responses very similar to our immune system to fight against
infectious pathogens. The mechanism of the vaccine is to
develop immunity include processing, presentation, and acti-
vation of both B and T lymphocytes.”” The Live attenuated and
Inactivated vaccine contains the whole antigen and the subunit
vaccine (protein-based) PAMP and other immune receptors/
epitopes. In contrast, other vaccines may or may not have
PAMP.*” Vaccines injected inside the body by various routes
bring the cellular and soluble components, such as neutrophil,
microphage, dendritic cell, cytokines, chemokines, and other
inflammatory responses to interplay and initiate and activate
an innate immune response. Further, the vaccines reported
(platforms discussed in the next section) against SARS-CoV-2
also trigger similar mechanism(s) as discussed in the subsec-
tions. RNA vaccines mechanistically act by introducing an
mRNA sequence, which is further encoded by host transcrip-
tional machinery to a specific antigen. mRNA vaccines instruct
the host cell for protein synthesis that is further utilized in
immunity development. Protein-based vaccines mimic the
virus proteins once inside the host cells and are utilized there-
fore for antibodies development, conferring immunity.”® The
PS vaccine development has utilized recombinant technology
for synthesizing the most suitable protein antigens capable of
eliciting strong immune responses in the host. PS vaccines
incorporate harmless S protein derived from SARS-CoV-2,
which is recognized by the immune system. It allows the
immune system to create antibodies and upgrades the B and
T cells to assist them during actual infection. In contrast, RNA
or mRNA vaccines contain the codon-optimized sequences or
RNA of a pathogen encoding for the desired protein, in general
S-protein in the case of COVID-19 vaccines. This vaccine
utilizes newer nucleic acid-based technology that applies a
predefined amount of the antigen to the vaccine. Once vacci-
nated, it delivers instructions to the translatory machinery to
synthesize and develop S protein fragments and, in the process,
get itself degraded and never enters the nucleus of the cell. The
S protein is further recognized by the immune system and
prepares them to invade the possible infection with the original
strain of SARS-CoV-2.”” Viral vector vaccines employ geneti-
cally engineered virus DNA that instructs the host cells to
produce proteins that are further deployed for immunity
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development. The last category, i.e., inactivated or weakened
virus vaccine, utilizes inactive or weak virus that is further
recognized by our immune system and confers immunity.

5. Platforms explored for the vaccine development in
COoVID-19

Broadly, vaccines are categorized into two main types: live
(attenuated) or non-live (inactivated), concerned with the
replicating strains of the pathogenic organism or only a com-
ponent of the pathogen or whole pathogen in dead or killed
form. The live vaccines are typically restricted to the popula-
tion with immunocompromised status (HIV patients or those
on immunosuppressive drugs), since these vaccines can elevate
the immune response in an uncontrolled manner via their
replication. At the same time, inactivated vaccines pose no
threat to immunocompromised individuals.*’

The vaccines against SARS-CoV-2 are developed using, a.
using Receptor Binding Domain (RBD) of spike protein (also
includes recombinant spike protein and RBD-based vaccine); b.
inactivated vaccines are grown in a cell culture containing SARS-
CoV-2 (chemically inactivated); c. attenuated vaccine from the
weakened genome of the virus; d. Virus-like particles (VLPs)
displaying spike protein on their surface with no genome; e.
Replication-incompetent vector vaccine that does not propagate
within the vaccinated cells but only expresses spike proteins; f.
Replication competent vector vaccines that can be propagated
within the vaccinated cells and express spike proteins; g.
Inactivated virus vaccines with copies of spike protein and chemi-
cally inactivated; h. DNA vaccines containing the DNA plasmid
that could encode spike genes by interacting with the mammalian
promoter; i. RNA vaccines have RNA that could encode spike
protein within mammalian cells.*' As of September 2021, 117
COVID-19 vaccines are in clinical development, and 194 are in
preclinical development as per the World Health Organization
(WHO) published draft landscape. Among the 117 vaccines
undergoing clinical trials, the major platforms include protein
subunit (42); RNA-based (19); Inactivated virus-based (16); Viral
vector-based (17), among others (Figure 4).

The proposed vaccines are intended to be administered via
oral (3%) or injectable routes (82%) (Figure 5a). The central
route for the latter category (Figure 5b) includes the intrader-
mal, intramuscular, intranasal, or subcutaneous route.

Candidate vaccines in Clinical development as on September 19, 2021
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Figure 4. The graph highlights the vaccines platforms currently in clinical trial utilized in the quest for SARS-CoV-2 vaccine development.
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Figure 5. (a) The pie-chart represents the primary route of administration of vaccines currently in clinical trials; (b) bar graphs represent the major injectable routes

proposed for vaccines in clinical trials as of September 19, 2021.

6. Current COVID-19 vaccines and their status so far

This section includes a discussion on COVID-19 Vaccines
developed using platforms like RNA, DNA; Protein subunit;
Viral Vector; Virus-like particles, and Live-attenuated type.

6.1. RNA vaccines

As RNA encodes for the genetic information for protein synth-
esis and, RNA-based immunization is therefore also antici-
pated the expression of proteins involved in the
immunization process. In 1990, the proof of concept was
provided while experimenting with an RNA, i.e., once the
murine model was inoculated with the mRNA, the desired
immunogenic response was reflected in the same.*>*’ Since
then, several studies have demonstrated the ability of RNA to
initiate both T-cell mediated and antibody-mediated immune
responses.** In contrast to DNA, RNA does not require the
transcription process, and therefore, directly reaches the cyto-
plasm to induce translation of the desired antigenic protein.*’
Additionally, RNA molecules do not show host genome inte-
gration, which is a significant drawback of DNA-based
formulations.*®

Additionally, RNA-vaccine formulation also presents an
intrinsic adjuvant property, but the relative stability of the
formulation is a significant issue in development. Therefore,
several strategies have been utilized to improve the RNA deliv-
ery in a stable form, including lipid encapsulation of RNA
molecules or polymer-based nanoparticle formulation,*’

microinjections, protamine condensation, RNA adjuvants,
RNA patches, and in vitro transcribed (IVT) mRNA in a
complexing agent.*® Moreover, being a versatile platform,
RNA can be inoculated via different routes such as intramus-
cular, intravenous, subcutaneous, intranodal, intradermal, and
intrasplenic routes, and gene gun method.** In general, RNA
vaccines are of two types: (i) Conventional mRNA or non-
amplifying mRNA (simplest form), and (ii) RNA replicons or
self-amplifying mRNA containing viral positive-stranded RNA
vaccine. The conventional mRNA vaccine consists of a desired,
smaller-sized RNA molecule, usually processed through gene
sequencing followed by synthesis, cloning into a DNA plasmid,
and in vitro transcription. Once vaccinated with non-amplify-
ing mRNA4, it immediately undergoes cellular internalization
and initiates protein translation using the host machinery to
produce desired, encoded antigenic protein.

On the other hand, replicons comprise engineered RNA
(~10 kb) that encodes for the factors (e.g., RNA polymerase)
necessary for the amplification of RNA within a target cell. In
general, replicons are more effective as compared to the non-
amplifying mRNA, as replicons can produce a high level of
antigen expression via the encoded sub-genomic RNA.*’ These
replicons can produce virus-like particles when provided in
trans cell culture.” Interestingly, replicons can be designed to
deliver multiple RNA vectors simultaneously, say gene encod-
ing for the antigen of interest and replicate in a single
formulation.’! It offers efficient manufacturability, ease of opti-
mization, and a better safety profile. Considering the self-
amplifying nature, replicons can exhibit a prolonged and



higher antigen expression following a lower dose.”> However,
the manufacturing and stability of the replicons is a significant
problem in this type of vaccine too.

Several pieces of research have aimed to enhance the stabi-
lity and delivery of both the RNA vaccine formulations. For
conventional mRNA vaccines, the incorporation of 5'-cap or
3'poly-A sequences, the derivatization of RNA with pseudour-
idine, and decontamination by chromatography has shown
improved vaccine stability and delivery of the vaccine.**
Nevertheless, considering the greater flexibility in antigen
manipulation and rapidness in manufacturing, RNA presents
itself as a potential platform for developing promising COVID-
19 vaccine candidates. As evident, the Moderna COVID-19
vaccine was the first vaccine candidate to enter clinical trials
within just 10 weeks following the genome sequencing of
SARS-CoV-2. As of September 19, 2021, a total of 24 out of
194 and 19 out of 117 vaccine candidates based on the RNA
platform are undergoing pre-clinical and clinical trials,
respectively.

RNA-based vaccines have advantages, such as rapid synth-
esis (thus suited for modified vaccination), preclusion of inte-
gration with the host genome, potent activation of innate
immune response employing various cellular pathways, includ-
ing endosomal and cytosolic receptor/sensor pathways (such as
TLR3, TLR7, NLRP3, NOD2), possible potentiation of B-cell
mediated immunity, and intrinsic adjuvant effect.** However,
NLRP3 activation could precipitate various disease conditions
that include diabetes (Type 2), Alzheimer’s, Prion, including
other infectious diseases. The specific activation mechanism of
NLRP3 inflammasome is still unequivocal, but the stimulus
associated DAMPs (danger-associated molecular patterns)
which includes uric acid, silica, and PAMPs are commonly
associated with its activation.”

It is also suggested that the RNA vaccine imitates acute
infection concerning antigen-specific rapid immune responses
that recede fast.”* By virtue of intrinsic immunostimulatory
properties, RNA vaccine acts as an optimal adjuvant (in addition
to pathogen-specific immunogen) that activates innate immu-
nity without causing systemic inflammation, thus lacking severe
side effects. Current RNA vaccines constitute purified in vitro-
transcribed ss-mRNA with altered nucleotides that results in
minimized binding to TLR/immune sensors, consequently
restricting unnecessary or extreme production of type I
interferon.”

6.1.1. Representative RNA vaccines

6.1.1.1. Moderna COVID-19 vaccine or mRNA-1273. This
vaccine was developed as a result of a joint venture between
the National Institute of Allergy and Infectious Diseases
(NIAID) and Moderna, Inc. Moderna COVID-19 vaccine (ear-
lier mRNA-1273), which was the first candidate to enter the
clinical trials for the assessment of safety and immunogenicity
profile.** This vaccine contains the genes encoding for the
sequence of pre-fusion stabilized S protein that provokes the
production of antigenic proteins to induce an immune
response within the host. Peak antibody response (usually
dose-dependent) was observed on day 15 following the first
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dose.” Neutralizing antibodies were found to be in the detect-
able range, particularly in half of the recipients after the first
dose and in all recipients after the second injection. It inferred
the necessity of a two-dose regimen. CD4" response was
observed with 25 pg and 100 ug dose cohort, and a reduced
CD8" response with the subsequent vaccination with 100 pg
dose.” On May 11, 2020, mRNA-1273 was granted with fast-
track designation by the FDA.**

Available information on the profile of Moderna COVID-19
vaccine, a ready for use vaccine, suggests it remains stable at —20°
C (—4°F) for up to 6 months during shipping or for long-term
storage. However, once thawed, the vaccine will remain stable
under standard refrigeration conditions (2°C to 8°C) will keep
the product stable for ~30 days with a shelf life of 6 months.**

For administration purposes, recent stability data (pub-
lished on April 1, 2021) recommends keeping the vaccine at
room temperature for 24 hours (previously 12 hours) once
removed from the refrigeration. Furthermore, a punctured
vial can be used up to 12 hours (earlier 6 hours). Moreover,
the Moderna vaccine is not required to be kept at ultra-cold
temperature owing to its specific lipid nanoparticles formula-
tion, properties, and structure. The qualitative composition of
Moderna vaccine formulated as mRNA-lipid nanoparticles
(LNPs) follow as SM-102 (ionizable lipid), PEG2000-
DMG = I1-monomethoxypolyethyleneglycol-2, 3-dimyristyl-
glycerol with polyethylene glycol of average molecular weight
2000 1, 2-Distearoyl-sn-glycero-3 phosphocholine cholesterol
with Tris (tromethamine) buffer and sodium acetate, sucrose,
and water.”® The FDA now authorized the Moderna COVID-
19 vaccine in two multi-dose vial presentations (i.e., 11 or 15
doses in a single vial).** Nevertheless, evidence of long-term
immunogenicity and safety concerns of the vaccine is
anticipated.

6.1.1.2. Comirnaty or BNT162b2. A collaborative approach
from BioNTech and Pfizer led to the development of four
mRNA-based vaccines (viz.  BNTI162al, BNTI162bl,
BNT162b2, and BNT162c2) containing separate mRNA that
encodes for a distinct antigenic protein.** Among these,
BNT162b2 comprising of LNP-encapsulated nucleoside-mod-
ified mRNA encodes for the viral S-protein was considered for
further development, owing to its satisfactory immunogenicity
and tolerability profile.””

In a placebo-controlled, randomized, phase 2/3 trial
(NCT04368728), BNT162b2 was found to be ~95% effective
among individuals with a history of no previous or existing
infection.”® As evident from the large trials, excellent results of
BNT162b2 (brand name: Comirnaty) led to the granting of
EUA in the UK.* Later on 21% December 2020, the European
Commission (EC) approved a conditional marketing author-
ization (CMA) for immunization against COVID-19 in the
population of >16 years of age.”® It has now received CMA,
EUA, or temporary approval in over 40 countries worldwide,
including all the states of the EU.>” Recent data from a pivotal
phase 3 trial revealed the vaccine to be 100% and 95.3% eftec-
tive against severe COVID-19 cases as described by the CDC
and USFDA, respectively. Comirnaty remains stable for
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6 months in an ultra-freeze condition (i.e., —80°C to —60°C) but
shows short stability of 5 days when refrigerated. Despite this,
BioNTech and Pfizer claimed to design dry ice-containing
thermal shippers (temperature-controlled) with controlled
temperatures within —70° to +10°C.

6.1.1.3. CVnCoV. With assistance from the German Federal
government, CureVac has developed an mRNA vaccine known
as CVnCoV to prevent COVID-19. The vaccine consists of
non-chemically modified nucleotides,®® which elicits desirable
immune responses in the mice and hamster models. Phase 1
trial (NCT04449276) from Belgium and Germany showed
CVnCoV to be safe, well-tolerated, and immunogenic in the
participants.®’ A multicentre, phase 2a trial is enrolling in Peru
and Panama to determine the safety and immunogenicity in
691 volunteers (age ranging from 18 to 60 years or >60 years)
(NCT04515147). Similarly, a randomized, multicentre, pla-
cebo-controlled, phase 2b/3 trial is currently undergoing in
Latin America and Europe to assess the efficacy and safety of
CVnCoV in adults (NCT04652102). Additionally, another ran-
domized, phase 3 trial evaluates the immunogenicity and safety
of CVnCoV (2-dose schedule) in Germany (NCT04674189).
Notably, the vaccine is expected to remain stable for a mini-
mum of 3 months under refrigeration (+5°C or +41°F) and for
~24 hours at 25°C in ready-to-use form.

6.2. DNA vaccines

DNA vaccine involves the use of DNA plasmids as a vector to
deliver fragments of the gene that are transcribed to encode
immunogenic antigens within the host cells.®” These vaccines
importantly enable antigen presentation toward MHC mole-
cules that further assist in T-cell recognition. The DNA vac-
cines development against COVID-19 is thought to strengthen
the immune system responses comprising both including cel-
lular and humoral. They are also thought not to interfere or
arouse any imbalance of T cells or Tregs.”’

6.2.1. Representative DNA vaccines

In total, there are 10 DNA vaccines designed to combat the
pandemic, primarily considering the S protein of the virus in
the vaccine development. Among them, the nCoV vaccine by
Zydus Cadila is in phase 3 trial.** INO-4800+electroporation
by Inovio pharmaceuticals is another DNA vaccine that has
undergone phase 2/3 trial stage.”> Moreover, AG0301-
COVID19 is yet another vaccine designed based on the two-
immunization scheme in which two doses should be adminis-
tered intramuscularly within a two-week interval.®> Similarly,
the Covigenix VAX-001 vaccine was developed by Entos
Pharmaceuticals Inc. in collaboration with the Canadian
Institute of Health Research.®® To evaluate the efficacy of this
vaccine, a clinical trial was performed on males and non-
pregnant females of the age group 18 to <55 and 65 to
<85 years. Like GX-19, this is also a phase 1/2 placebo-con-
trolled, randomized, observer-blind, and dose-ranging. INO-
4800 was designed by Inovio Pharmaceuticals.

6.3. Protein subunit (PS) vaccines

The “protein-based” or “subunit” vaccine comprises technolo-
gies to develop viral antigenic parts or fragments eliciting an
effective immune response.®” The PS vaccine development has
used recombinant technology for synthesizing protein anti-
gens. This approach has advantages over other platforms
regarding the robust immune response, less severe adverse
effects, less demanding in terms of production, storage, and
transportation. Still, it demands optimization of adjuvant
required for a more vigorous immune response.®” Since recom-
binant PS vaccines are non-replicating, they are considered a
safer approach. The principle lies in the uptake of recombinant
viral antigen by the adjuvant-stimulated antigen-presenting
cells (APCs) with the subsequent presentation to adaptive
immune cells. This technology has been utilized and tested
widely. The first example of the PS vaccine was anthrax pro-
tective antigen made in the 1960s and licensed in 1970; how-
ever, the PS vaccines for influenza remain famous.®” Currently,
the COVID-19 PS vaccines account for 33% of all vaccine
candidates against COVID-19. Out of 28 PS vaccine candidates
against COVID-19, six have already entered Phase 3 clinical
trials.’® These PS COVID-19 vaccine candidates are using
different antigenic parts, mainly different versions of full-
length structural spike protein or fragment of S protein (S1
domain) that mediates viral binding with angiotensin-convert-
ing enzyme 2 (ACE2) receptor of host cells or the receptor-
binding domain (RBD). The S protein contains three domains:
N-terminal outer domain with subunit S1 and subunit S2, C-
terminal cytoplasmic domain, and a third transmembrane
domain. The S protein has a trimeric structure with three S1
subunits (for viral attachment to host cells) placed on the top of
the stem of three S2 subunits (for virus-cell membrane fusion).
Receptor-binding motif (RBM) of RBD (residues 331-524) in
the S1 subunit is precisely required for initial docking to ACE2.
Following binding to the target cell surface ACE2 receptor and
subsequent catalysis/priming through cellular transmembrane
protease serine 2 (TMPRSS2) protease that leads to cleavage at
a specific site, the S protein prefusion conformation is changed
into a stable post-fusion conformation leading to the S2-
mediated fusion of viral particle and the cell membrane.*
The prefusion forms are usually more immunogenic, and
therefore act as more attractive vaccine targets and are the
strategic core of the COVID-19 vaccine.

6.3.1. Representative PS vaccines

6.3.1.1. NVX-CoV2373. Novavax, a USA-based biotechnol-
ogy company, and the department of health and human ser-
vices have developed a COVID-19 PS vaccine “NVX-
CoV2373.” NVX-CoV2373 contains a stabilized trimeric full-
length purified protein in a prefusion state engineered using
the SARS-CoV-2 coronavirus spike (S) protein genetic
sequence. A modified spike gene was inserted into baculovirus,
allowed to infect Sf9 moth cells, which then expressed spike
proteins spontaneously joined to form spikes. These spike
proteins were then harvested from Sf9 cells and assembled
into nanoparticles using Novavax-patented Matrix-M™



adjuvant and recombinant nanoparticle technology.”” NVX-
CoV2373 is stored at 2°C to 8°C, which makes it easier to
distribute and store as compared to other vaccines, which
need to be kept frozen. Results from Phase 1/2 study demon-
strated that the vaccine candidate “NVX-CoV2373” formu-
lated wusing Matrix-M induced a Thl-biased immune
response when two inoculations on day 0 and 21 of two
dosages, 5 and 25 pg, were performed, showing high antibody
titers. Results demonstrated that NVX-CoV2373 is well-toler-
ated and can generate highly neutralizing antibodies against
the virus.”' Phase 3 clinical trial involving 15,000 volunteers
aged between 18 and 84 (including 27% over the age of 65) in
the United Kingdom (UK) was launched in September 2020.
On December 28, 2020, the PREVENT-19 (PRE-fusion protein
subunit vaccine Efficacy Novavax Trial-COVID-19), a rando-
mized placebo-controlled observer-blinded Phase 3 study
entered a large-scale clinical trial of 30,000 subjects 18 years
of age and older. Phase 3 trial carried out in the UK released the
interim results; the trial-tested two vaccine doses administered
3 weeks apart and reported 62 COVID-19 symptomatic cases
of which 56 belonged to the placebo group, whereas six were in
the vaccine group; and only one in the placebo group displayed
severity, and 32 were with the UK strain. On January 28, 2021,
it was announced that NVX-CoV2373 had met the primary
endpoint with 89.3% vaccine efficacy in UK trials.”” On March
11, 2021, Novavax reported that the UK trial demonstrated a
95.6% efficacy rate as effective against the WT SARS-CoV-2
strain, which is the highest among all vaccines with efficacy
data so far.”*> NVX-CoV2373 has also initiated the pediatric
expansion of the phase 3 trial, where its safety, efficacy, and
immunogenicity will be evaluated in up to 3000 adolescents
from 12 to 17 years in the US.”* Till now, clinical data analysis
has shown that minor occurrences of severe and medically
attended adverse events advocate that Novavax is still better
than other vaccines currently available.

6.3.1.2. SCB-2019. Another PS-based COVID-19 vaccine that
has advanced into Phase 3 trial is “SCB-2019” by Clover
Biopharmaceuticals Inc, a China-based biotechnology company.”*
SCB-2019 comprises of stabilized recombinant trimeric SARS-
CoV-2 Spike protein (S) developed using a patented Trimer-
Tag® technology (Clover Biopharmaceuticals, Chengdu, China)
and a rapid mammalian cell-culture-based expression system
(Chinese hamster ovary cells). The S-Trimer protein subunit vac-
cine has used the full-length WT SARS-CoV-2 spike protein
(subunits S1 and S2) as the antigen and is formulated using two
different adjuvants, ASO; (oil-in-water emulsion) and CpG (TLR9
agonist) plus Alum, and it resembles the natural trimeric viral
spike proteins configuration.”*

These formulations are stable at 2-8°C. Its clinical trials
were started on June 20, 2020 (NCT04405908). The interim
results from Phase 1, randomized, double-blind placebo-con-
trolled trial reported that as compared to non-adjuvanted S-
trimer protein, the vaccine containing S-Trimer protein for-
mulated using ASO; or CpG/Alum adjuvants, when given as
two doses 21 days apart, stimulates robust cellular and humoral
immune responses against SARS-CoV-2 that directly correlates
with the high viral neutralizing activity. The results from this
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study advocate the use of 9 pg AS03-adjuvanted SCB-2019 and
30 ug CpG/Alum-adjuvanted SCB-2019 as preferred options to
be suitable for phase 2/3 trials.”*

6.3.1.3. RBD-Dimer (ZF2001). ZF2001 is a joint venture of
the Institute of Microbiology of the Chinese Academy of
Sciences (IMCAS), and Anhui Zhifei Longcome
Biopharmaceutical has jointly developed a COVID-19 PS vac-
cine “ZF2001” using a tandem repeat dimeric RBD of the
SARS-CoV-2 S protein as the antigen (residues 319-537),
manufactured in CHOZN CHO K1 cell line. It is known that
RBD is responsible for the engagement of ACE2 receptors, and
therefore, targeting it would stimulate immune responses
focusing on blocking receptor binding. Previously, many
RBD-based vaccines have shown efficacy in animal models,
and evaluation of various COVID-19 RBD-based vaccines is
in progress.”” To assess the safety and immunogenicity profile
of ZF2001, two randomized, double-blind, placebo-controlled
phase 1 and phase 2 trials began in China on June 22, 2020 and
July 12, 2020, respectively. No vaccine-associated serious
adverse events were reported in the Phase 1 trial that involved
50 participants. In Phase 2 trial involving 900 participants, 7
reported severe adverse events, viz. one in the 25 and 50 pg
dose in two-dose schedule, one and two in the 25 and 50 pg
dose in three-dose schedule, respectively, and two in the pla-
cebo group in the three-dose schedule; however, none were
considered vaccine-associated. Thus, phase 1 and phase 2 trials
observed that 25 and 50 pg doses of vaccination in two-dose or
three-dose schedules are well-tolerated. Three-dose schedule
performed at days 0, 30, and 60 demonstrated 93-100% ser-
oconversion rate of neutralizing antibodies (97% in the 25 pg
group and 93% in the 50 pg group), with the geometric mean
titers (GMTs) exceeding the magnitude of convalescent serum
samples obtained from RT-PCR-confirmed COVID-19 parti-
cipants. Also, T-helper 1 and T-helper 2 cell-associated cyto-
kines were found to be produced in a balanced proportion that
advocates for a vaccine-mediated cellular immune response.
Data from these trials indicated the use of the 25 ug dose in a
three-dose schedule in an ongoing phase 3 clinical trial
(NCT04646590).”° A study by An et al. reported that ZF2001
protects mice and nonhuman primates (NHPs) by reducing
viral RNA and relieving lung injury via inducing increased
levels of RBD-binding and SARS-CoV-2 neutralizing antibody,
as well as eliciting balanced T-helper 1 and T-helper 2 cell-
mediated cellular responses.”® In a small-sample lab study
involving 12 serum samples from recipients of ZF2001, it was
observed that ZF2001 retained neutralizing activity against the
B.1.351 variant. However, its activity was weaker than com-
pared with the original strain.”” Now, the safety and efficacy of
ZF2001 are being evaluated in the ongoing randomized, dou-
ble-blind, placebo-controlled Phase 3 trials comprising of
29,000 participants aged 18 years and above, which were
started on November 18, 2020. Out of the 29,000 participants,
750 participants aged 18-59 years and 250 participants aged
60 years and above, are scheduled to be enrolled in China;
whereas 21,000 participants aged 18-59 years and 7000 parti-
cipants aged 60 years and above, will be enrolled outside China.
Safety and immunogenicity will be assessed among the Chinese
participants, and efficacy, immunogenicity, and safety will be
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assessed among the participants outside China. To determine
the immunogenicity, the IgG levels of SARS-CoV-2 neutraliz-
ing antibody, as well as RBD-binding antibody, will be ana-
lyzed by blood sampling prior to vaccination, 14 days, and 6
months following the entire vaccination procedure. The esti-
mated primary completion date and study completion date is
April 2021.7®

6.3.1.4. EpiVacCorona. Apart from the viral vector vaccine
“Sputnik-V,” “EpiVacCorona” is Russia’s second vaccine
developed by the Federal Budgetary Institution of Science
Vektor State Research Center of Virology and Biotechnology.
EpiVacCorona is a synthetic peptide vaccine that contains
synthetic peptide antigens of the SARS-CoV-2 § protein con-
jugated to a carrier protein adsorbed on aluminum hydroxide
adjuvant. Phase 1 and phase 2 clinical trials began on July-
August 2020, and they consisted of two stages: stage 1 involved
14 participants aged 18-30 years, and it evaluated the safety,
reactogenicity, and immunological activity; Stage 2 as single-
blind, comparative, randomized placebo-controlled involved
86 participants aged 18-60 years using two intramuscular
vaccine administrations spaced 21-28 days. A two-dose vac-
cine regimen elicited antibody production in 100% of the
participants, and no signs of local or systemic adverse reactions
were observed.”’ As per media reports, participants developed
sufficient protective antibodies to last up to 6 months. Post-
registration phase 3 clinical trials of EpiVacCorona began in
November-December 2020. In a pre-clinical non-human study
(adult male and female rats, including pregnant ones), it was
demonstrated that EpiVacCorona does not possess embryo-
toxic properties and does not affect the offspring’s survival rate.
The study has shown that EpiVacCorona, when administered
twice at 260 ug dose, spaced 14 days apart, protects against the
SARS-CoV-2 virus in hamsters, ferrets, and non-human pri-
mates (African green monkeys and rhesus macaques) by indu-
cing virus-specific antibodies and accelerating the elimination
of virus from upper respiratory tract.”’

6.3.1.5. UB-612. Apart from utilizing the native full-length S-
protein or RBD as antigen, another approach is engineering
multiepitope vaccines synthesized from peptides. US-based
company COVAXX/Vaxxinity has developed a COVID-19
vaccine candidate, UB-612 that includes explicitly multiple
epitopes, such as regions mimicking the SARS-CoV-2 virus
to stimulate B-cell and T-cell responses. Instead of focusing
only on the Spike (S) protein, COVAXX/Vaxxinity’s UB-612 is
rationally developed to target antigen from the S protein, the
RBD, and other epitopes of viral structural proteins enough to
stimulate B-cell and CD8" T-cell memory responses. It con-
tains S1 subunit RBD genetically fused to a single-chain Fc
domain of human IgGl, i.e., SI-RBD-sFc fusion protein, inte-
grated with peptides representing T helper and cytotoxic T-cell
epitopes on S2 subunit, and Membrane and Nucleocapsid
protein parts of SARS-CoV-2. UB-612 is formulated with
CpGl and aluminum phosphate (AdjuPhos®) to induce a
broad T cell response, and it is stable at 2-8°C.** A preclinical
study by Guirakhoo et al. reported that UB-612 is immuno-
genic, shows protection in Adeno-associated virus (AAC)

hACE2 mice, and lacks immunopathology in lungs. Interim
data from Phase I clinical trial evaluating the safety, tolerability,
and immunogenicity profiles of two inoculations of UB-612
across three dose levels viz. 10, 30, and 100 ug in 60 healthy
adults aged 20-55 revealed that UB-612 stimulated robust
antibody responses that were well-tolerated and safe.
Following two doses of 100 pg of UB-612, anti-S1-RBD and
virus-specific neutralizing antibodies were observed to be
induced in 100% of the participants.*’ UB-612 is currently in
a multi-center, placebo-controlled, randomized, observer-
blind Phase 2 clinical trial to examine further the immuno-
genicity, safety, and tolerability in three distinct cohorts viz.
12-18 years old, 19-64 years old, and 65 years and older.

6.4. Viral vector vaccines

Viral vectors are usually developed by substituting the viral
gene with the desired antigen or pathogenic transgene, expres-
sing immune responses within the host for the targeted
pathogen.®” Being a dynamic platform for large-scale manu-
facturing, it also allows a broad spectrum of viral vectors to be
used in vaccine development; e.g., in the case of COVID-19,
vectors like adenovirus, Sendai viruses, rabies viruses, influenza
viruses, parainfluenza viruses, MVA, and Newcastle viruses.*’
Generally, this platform includes both replicating (attenuated)
and non-replicating viral vectors. The non-replicating vectors
tend to infect the host cells to produce the desired antigens
without necessarily generating the new virus particles, whereas
replicating vectors produces both new virus particles and the
antigen of choice.** The lessons learned from the past corona-
virus pandemics (MERS and SARS) have provided the viral
vectors a high benefit for the rapid development. Currently,
two replicating and 16 non-replicating (total 18) viral vector-
based candidates are under clinical trials, another 40 candi-
dates are undergoing preclinical evaluation.

6.4.1. Representative viral vector vaccines

6.4.1.1. COVID-19 vaccine AstraZeneca (former AZD1222).
COVID-19 Vaccine AstraZeneca is a non-replicating viral vec-
tor vaccine that has been developed by AstraZeneca and the
University of Oxford. It is an isolated Y25 derivative of the
replication-deficient chimpanzee viral vector-based candidate
containing the full-length viral S-protein. The phase 1/2 trial of
AZD1222 demonstrated acceptable safety data, immunogeni-
city, and tolerability levels.*> The phase 2/3 trials were con-
ducted across countries, including the UK (COV001 in phase
1/2; and COV002 in phase 2/3), Brazil (COV003 in phase 3),
and South Africa (COV005 in phase 1/2). The interim data on
safety and efficacy in the above-mentioned four trials demon-
strated significant efficacy (~70-4%) after administering two
doses and 64.1% protection after at least one standard dose,
with no safety-related issues.®” On December 30, 2020, the
vaccine (in 4 to 12 weeks dosing interval) was approved by
the UK Medicines and Healthcare products Regulatory Agency
(MHRA) for emergency supply for active immunization in
adults (age =18 vyears). In partnership with the Serum
Institute of India (SII), the vaccine has been authorized for
emergency use in India. It has also been approved for emer-
gency use in Argentina, El Salvador, the Dominican Republic,



Morocco, Mexico, and the European Union (EU) for active
immunization of adults. On February 15, 2021, the WHO has
also granted Emergency Use Listing (EUL) to the COVID-19
Vaccine AstraZeneca (Covishield in India) for active immuni-
zation in individuals aged >18 years to protect from COVID-
19, including the new South African B1.351 variant. Overall,
the vaccine has been granted to either the EUA or CMA in
more than 50 countries. AstraZeneca’s COVID-19 vaccine is
expected to remain stable for at least 6 months in refrigerated
conditions during storage and transportation.*® A randomized,
double-blind, placebo-controlled, multicentre, phase 3 trial
(D8110C00001) conducted in the US was found to be 76%,
85%, and 100% efficacious against symptomatic COVID-19
cases, in severe/acute disease (or hospitalized) and in sympto-
matic COVID-19 subjects aged 265 years, respectively.
However, scrutiny of these data is still awaited.®’

6.4.1.2. Convidecia (earlier Ad5-nCoV). CanSino Biologics
Inc. and Beijing Institute of Biotechnology have co-developed
an Adenovirus Type 5 (Ad5) Vector vaccine, Ad5-nCoV (trade
name: Convidecia), which is a replication-defective Ad5 vector
that encodes for the viral S-protein.88 A non-randomized,
open-label, phase 1 study showed the vaccine candidate to be
immunogenic, safe, and tolerable in healthy subjects. However,
a high dose of the vaccine was found to be effective. Still, it
exhibited higher adverse events, such as fatigue, fever, dyspnea,
arthralgia, and myalgia.®” It was further supported by a rando-
mized, placebo-controlled, double-blind, phase 2 study, which
demonstrated higher tolerability and reduced immune
response among the older subjects. A single-dose vaccine-eli-
cited rapid immune response (within 14 days) and significant
antibody-mediated and cellular-mediated immunity (within
28 days). The interim data from the phase 3 trial of a single-
dose convidecia suggested an overall efficacy of 68.83% after
14 days and 65.28% after 28 days at preventing the sympto-
matic disease. In addition, it has an efficacy of 90.07% and
95.47% at preventing severe disease after 28 days and 14 days,
respectively. In June 2020, the convidecia received approval
from the Health Bureau of the Logistics Support Department of
the Central Military Commission. Convidecia is expected to be
stable in refrigerated conditions. On February 25, 2021, the
National Medical Products Administration of China (NMPA)
granted CMA for Convidecia in China.

6.4.1.3. Sputnik V (Gam-COVID-Vac). Gam-COVID-Vac
was developed by the Gamaleya Research Institute, which contains
two recombinant adenovirus vectors (rAD26 and rAd5) that
encodes for the viral S-protein. Dose one comprises 0.5 ml
rAD26, whereas the second dose consists of 0.5 ml rAD5. A
Russian phase 1/2 trial assessed the safety and immunogenicity
of lyophilized, frozen vaccine formulation in healthy subjects (18-
60 years). The vaccine candidate showed good tolerability and
elicited strong cell-mediated and antibody-mediated immunity
in the participants without precipitating any significant adverse
effects.”® Currently, several phase 3 trials are undergoing in differ-
ent countries, including India (NCT04640233), Venezuela
(NCT04642339), the United Arab Emirates (NCT04656613),
Russian Federation (NCT04741061), and Belarus (NCT045
64716). In a Russian phase 3 trial (NCT04530396), Gam-
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COVID-Vac demonstrated an efficacy of 91-6% against COVID-
19 disease, which was found to be well-tolerated in a large cohort.”
Currently, Sputnik V has been approved in about 59 countries, and
two trials (NCT04713488 and NCT04741061) are evaluating a
single-dose Sputnik V formulation (Sputnik Light). The vaccine
can be kept in refrigerated conditions for easy distribution globally,
including hard-to-reach regions. However, a major drawback that
is associated with Sputnik V is the manufacturing of a second dose.
This is owing to the reason that the rADS5 virus takes a longer time
to grow and may hamper the vaccine supply and availability
during the second jab.

6.4.1.4. Janssen COVID-19 vaccine (Ad26.COV2.S). Janssen
Pharmaceutical Companies of Johnson and Johnson has lever-
aged the AdVac® platform (used earlier for Ebola vaccine
development), particularly the recombinant adenovirus type
26 or Ad26, to design the vaccine candidate, Ad26.COV2.S
for delivery of the desired antigen encoding for the viral S-
protein. The interim result of the placebo-controlled, rando-
mized, phase 1/2a trial (NCT04436276) supported the desired
immunogenicity and safety profile of Ad26.COV2-S in the
participants.”’ Furthermore, a single-dose immunization with
the vaccine successfully elicited neutralizing and binding anti-
body responses as well as cell-mediated immune responses.””
Safety Data from the phase 3 trial (n = 43,783) revealed the
vaccine to be well tolerable, having mild-to-moderate side
effects, such as myalgia, headache, fatigue, nausea, and injec-
tion site pain. On the other hand, effectiveness data from
39,321 participants showed the vaccine to be 67% effective in
protecting from moderate to severe or critical diseases occur-
ring at least 14 days after immunization and 66% effective in
protecting from mild to severe or critical diseases occurring at
least 28 days following vaccination. In addition, it was ~77%
and 85% effective in protecting people from severe or critical
diseases occurring at least 14 days and 28 days following the
vaccination, respectively. Based on these data, on 27" February
2021, the USFDA issued EUA to the single-dose Janssen
COVID-19 Vaccine for use in 218 year’s individuals. On
March 11, 2021, EMA also granted CMA for the Janssen
COVID-19 Vaccine for 218 years of age. This single-dose
COVID-19 vaccine is likely to remain stable for about
24 months at —20°C (—4°F) and at least 3 months under
standard refrigeration.

6.5. Virus-like particles (VLPs) vaccines

Virus-like particles (VLPs) are multiprotein virus-like struc-
tures that resemble the conformation and organization of
native virus particles but are a deficit of viral genetic material.
As aresult, they are noninfective toward host cells, and thus are
safe and suitable vaccine candidates. VLPs are a kind of mod-
ification of protein subunit vaccines that constitute viral capsid
proteins that on recombinant expression within a host cell, self
assemble into a capsid-like structure lacking viral genome as
well as other non-structural virus proteins. As VLPs lack viral
genetic material, they cannot replicate in the host but can
stimulate humoral and cellular immune responses. These non-
infective VLPs act as a scaffold to which various copies of an
epitope can be chemically attached, and these clustered
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epitopes on the surface of VLPs lead to amplified B-cell activa-
tion and subsequent antibody responses. VLPs vaccines have
been successful for various viral pathogens, viz. hepatitis B
virus and human papilloma virus, by virtue of their potential
to deliver the targeted antigens to the immune system effec-
tively, leading to initiation of both humoral and cellular
immune responses.***>** There are two COVID-19 VLPs vac-
cines currently in clinical assessment; a. CoVLP vaccine adju-
vanted with AS03 from Medicago Inc., Canada, and b. RBD
SARS-CoV-2 HBsAg VLP vaccine from SpyBiotech/Serum
Institute of India.

6.5.1. Representative virus-like particles vaccines

6.5.1.1. Coronavirus-like particle COVID-19 vaccine candi-
date (CoVLP). The CoVLP vaccine (NCT04636697) by
Medicago Inc. was developed using plant-based technology
that utilizes transient transfection of a non-transgenic plant,
Nicotiana benthamiana, and a disarmed Agrobacterium tume-
faciens transfer vector to produce VLPs. CoVLP is the first
plant-derived COVID-19 vaccine. CoVLP, a self-assembled
VLP, comprises recombinant spike (S) glycoprotein trimers
embedded into the nanoparticles’ lipid bilayer. The CoVLP
vaccine can be stored at 2-8°C and is administered with the
GlaxoSmithKline (GSK) adjuvant AS03 system composed of a-
tocopherol, squalene, and poly-sorbate 80 in an oil-in-water
emulsion. This adjuvant system has been reported to stimulate
a transient innate immune response at the inoculation site in
animal models and in human peripheral blood, and this innate
immune response strengthens the adaptive response toward
vaccine antigen, eliciting high response magnitude, durability,
and antibody avidity.”>*® Results from Medicago’s Phase 1
study showed that AS03 notably magnified both cellular and
humoral responses to CoVLPs, and the vaccine was found to be
safe and tolerable. The phase 1 study was initiated in July 2020
to assess the safety, tolerability, and immunogenicity profiles of
two doses (21 days apart) of 3.75 pg, 7.5 pg, or 15 ug of CoVLP
vaccine; all formulations were found to be well-tolerated with
mild-to-moderate adverse events. Following the booster dose,
neutralizing antibodies in the CoVLP+AS03 groups were
observed tenfold higher than titers in Covid-2019 convalescent
sera. Also, both S protein-specific IFN-y and IL-4 cellular
responses were increased.”” Based on Phase 1 trial results, a
two-dosage schedule of adjuvanted CoVLP (3.75 pug) entered
into Phase 2/3 clinical trials in November 2020. None of the
peer-reviewed data from the interim report of phase 2 of the
ongoing Phase 2/3 randomized, placebo-controlled trial regu-
lated at multiple sites in Canada and the USA showed that
CoVLP+AS03 was well-tolerated and adverse events were mild
or moderate in healthy adults aged 18-64 (“Adults”) and in
older adults aged 65+ (“Older Adults”). CoVLP+AS03 stimu-
lated an excellent humoral response in “Adults” than “Older
Adults” after the first dose, but this effect was subjugated in
both age groups following the second dose. In both age groups,
a single dose of CoVLP+AS03 stimulated significant IFN-y and
IL-4 responses, and the booster dose resulted in a further
increase in significant IFN-y and IL-4 responses. However,
the IFN-y and IL-4 cellular responses were more assertive in
“Adults” than “Older Adults.” CoVLP + AS03 has been in
Phase 3 clinical trial since mid-March and is being conducted

in North America, Latin America, and Europe. The data ana-
lysis for the third population, i.e., “Adults with Comorbidities,”
and assessment of the efficacy is currently ongoing, and will be
released once available.”

6.5.1.2. RBD-HBsAg-VLPs-Covid vaccine. The RBD-
HBsAg-VLPs-Covid vaccine (ACTRN12620000817943) is
based on the RBD domain of SARS-CoV-2 conjugated to the
hepatitis B surface antigen (HBsAg) VLPs. Currently, it is in
Phase 1 and 2 clinical trials.”

6.6. Attenuated live vaccine

Live attenuated vaccines are obtained by cultivating a living
microbe under laboratory conditions and generate a weakened
form of the virus that is incapable of causing disease in a
healthy individual. The attenuated microbe’s inherent ten-
dency to stimulate the immune system by triggering toll-like
receptors (TLRs), CD4, CD8 T, and B cells develop a robust
and long-lasting immunological response that is effective in
preventing infection.'® Various live attenuated vaccines, such
as Bacillus Calmette-Guerin (BCG), measles vaccine, Rubella
vaccine, and polio vaccine (OPV) have proven protection
against several infections.'”"'%? Recent studies show that
COVID-19, the suppressed immune system plays a crucial
role in disease occurrence.'’” Thus, a live-attenuated vaccine
that innates the immune response may increase resistance to
infection caused by SARS CoV-2. The COVID-19 live attenu-
ated vaccine produces by deleting or mutating the SARS-CoV
virulence gene, which hindered replication to a limited extent,
such as the deletion of structural E protein, targeting Non-
structural protein (nspl, nspl6), deletion of 2’-O-methylase
gene, and codon deoptimization.'” "% Currently, many live-
attenuated vaccine projects are undergoing COVID-19 disease.
The most critical example includes the vaccine developed by
the Serum Institute of India with Codagenix, Inc., i.e., the
COVI-VAC (CDX-005) vaccine. There are many other exam-
ples, but none of these have yet entered clinical trials."”” "%

A brief compilation of different platforms including RNA,
DNA, and PS. Viral vector and VLP vaccine undergoing
advanced phase clinical trials are compiled in Table 2. The
data is compiled as per the information provided in the
COVID-19 vaccine tracker and landscape last assessed on
September 19, 2021.

6.7. Bacillus Calmette-Guerin (BCG) vaccine

The BCG vaccine is an attenuated live strain of Mycobacterium
bovis used to protect against tuberculosis infection.'” Many
studies have shown that the BCG vaccine has positive nonspe-
cific effects (NSEs) on the immune system in addition to treat-
ment against tuberculosis."'® The NSE’s effect of BCG is
primarily elicited by potentiating both innate and adaptive
immune responses.’'! This enhanced immune response offers
protection against various respiratory viral infections, such as
Salmonella, Shigella, malaria, and respiratory syncytial viruses,
and forms the basis of its use in certain types of bladder cancer,
melanoma, etc. These live attenuated vaccines cause metabolic
and epigenetic changes in the immune system, resulting in an
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Table 2. A brief compilation of different platforms including, RNA, DNA, PS. Viral vector and VLP vaccine undergoing advanced phase clinical trials (Phase 2/3 and 3) as
per information provided in COVID-19 vaccine tracker and landscape last assessed on September 19, 2021.

Clinical

Vaccine name Developers Doses (Route) trial
RNA vaccines

mRNA-1273 Moderna and National Institute of Allergy and Infectious Diseases 2 (IM) Phase 4

Comirnaty Pfizer/BioNTech and Fosun Pharma 2 (IM) Phase 4

mRNA-1273.351 Moderna and National Institute of Allergy and Infectious Diseases 3 (IM) Phase 4

CVnCoV CureVac AG 2 (IM) Phase 3

ARCoV Academy of Military Science, Walvax Biotechnology and Suzhou Abogen Biosciences 2 (IM) Phase 3
DNA vaccines

nCov Zydus Cadila 3 (ID) Phase 3
PS vaccine

UB-612 Vaxxinity 2 (IM) Phase 3

Recombinant SARS-CoV-2 vaccine (CHO Anhui Zhifei Longcom Biopharmaceutical and Institute of Microbiology, Chinese 2 (IM) Phase 3

Cell) Academy of Sciences

SCB-2019 + AS03 or CpG 1018 Clover Biopharmaceuticals Inc./GSK/Dynavax 2 (IM) Phase 3

FINLAY-FR-2 Instituto Finlay de Vacunas 2 (IM) Phase 3

EpiVacCorona Federal Budgetary Research Institution State Research Center of Virology and 2 (IM) Phase 3

Biotechnology

NVX-CoV2373 Novavax 2 (IM) Phase 3

VAT00002 Sanofi Pasteur and GSK 2 (IM) Phase 3

COVAX-19° Vaxine Pty Ltd./CinnaGen Co. 2 (IM) Phase 3

MVC-COV1901 Medigen Vaccine Biologics and Dynavax and National Institute of Allergy and Infectious 2 (IM) Phase 3

Diseases

RBD (baculovirus production expressed in ~ West China Hospital and Sichuan University 2 (IM) Phase 3

Sf9 cells)

Recombinant SARS-CoV-2 vaccine (59 Cell)

Nanocovax Nanogen Pharmaceutical Biotechnology 2 (IM) Phase 3

CIGB-66 Center for Genetic Engineering and Biotechnology (CIGB) 3 (IM) Phase 3

GBP510 SK Bioscience Co., Ltd. and CEPI 2 (IM) Phase 3

Razi Cov Pars Razi Vaccine and Serum Research Institute 3 (IMand IN) Phase 3
Viral vector

COVID-19 Vaccine AstraZeneca (AZD1222)  AstraZeneca + University of Oxford 1-2 (IM) Phase 4

Convidecia (Ad5-nCoV) Cansino Biological Inc. + Beijing Institute of Biotechnology 1 (IM) Phase 4

Janssen COVID-19 Vaccine (Ad26.COV2.S)  Janssen Pharmaceutical Companies 1-2 (IM) Phase 4

Gam-COVID-Vac (Now Sputnik V) Gamaleya Research Institute 2 (IM) Phase 3
VLP vaccine

Coronavirus-Like Particle COVID-19 (CoVLP) Medicago Inc. 2 (IM) Phase 2/3

enhanced immunological response known as trained
immunity."'>'"> Recently, there have been several published
articles on the global ubiquity of COVID-19 that indicated that
countries with BCG vaccination programs have a less COVID-
19 mortality risk than countries without such a policy. Miller et
al. and Hegarty et al. reported an epidemiological report that
indicated a correlation between BCG vaccination policy and
reduced COVID-19 morbidity and mortality.““’115 Further,
Dayal et al. compared the case fatality rates (CFR) between
countries with a significant effect of COVID-19 and countries
where BCG revaccination policies promote a defensive
immune response in the population against severe COVID-
19. The data obtained from the findings further support the
countries with a mandatory BCG vaccination program that
offers protection against COVID-19, probably avoiding
progression.''® The numerous epidemiological correlations
hypothesized that the impact of the BCG vaccine against
COVID-19 infection is currently generating much buzz.
Nevertheless, there is still no evidence that the BCG vaccine
policy protects against the COVID-19 virus. Two clinical trials
have been registered, with several more are in the pipeline to
see whether Bacillus Calmette-Guerin might reduce the occur-
rence and seriousness of COVID-19.''” Furthermore, Fu et al.
corroborate the current evidence on BCG’s vaccine defense
against COVID-19. Various clinical scenarios and model spe-
cifications using data obtained from Johns Hopkins University

Coronavirus Resource Center and BCG program data from the
World Atlas BCG Policies and WHO/UNICE for analysis. The
study revealed a preventive effect of the BCG vaccine in the
early phases of the pandemic, but no such data in the latter
stages. They also found that in the early stages of a pandemic,
vaccinated young people may have a protective effect, while the
older population may not. Thus, clinical trials conclusively
confirm BCG’S defense against COVID-19.""®

6.8. Intranasal vaccine

Mucosal, as well as systemic immune response, varies upon
usual infection and one that is induced via vaccine injection.
The protection mechanism of the lower human respiratory
tract mainly includes IgG, whereas IgGl has a prominent
role. The natural protection of the upper respiratory tract is
also achieved by the secretory IgAl (sIgAl) also. A further
dominating factor for the systemic immune response after
the natural infection is IgGl, and for the mucosal immune
response, it is by sIgA1.'"” However, IM vaccination tends to
facilitate only the serum IgG and ignoring the trigger of muco-
sal IgA-based immunity response, leaving the individual vul-
nerable to upper respiratory tract infections. Therefore, the
Intranasal vaccination seems highly useful, providing scope
to trigger mucosal antibody responses that are ignored by the
IM vaccination route. Still, systemic immune responses are
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Table 3. Intranasal vaccines are currently undergoing clinical trials. The data is compiled as per information provided in the COVID-19 vaccine tracker and landscape last

assessed on September 19, 2021.

Doses Clinical
Vaccine name Platform used Developers required trial
DelNS1-2019-nCoV-RBD-  Viral vector (Replicating)  University of Hong Kong, Xiamen University, and Beijing Wantai Biological 2 Phase 2
OPT1 Pharmacy
COVI-VAC Live attenuated virus Codagenix/Serum Institute of India 1-2 Phase 1
CIGB-669 Protein subunit Center for Genetic Engineering and Biotechnology (CIGB) 3 Phase 1/2
AdCOVID Viral vector (non- Altimmune, Inc. 1-2 Phase 1
replicating)
BBV154 Viral vector (non- Bharat Biotech International Limited 1 Phase 1
replicating)
MV-014-212 Live attenuated virus Meissa Vaccines, Inc. 1 Phase 1

often found not that optimum after this type of vaccination.
However, considering these facts, we can say that mucosal
immunity is very critical in controlling the SARS-CoV-2 infec-
tion and transmission rate. Moreover, intranasal vaccination is
noninvasive (needless) with high ease of administration, ideally
suited for children and adults and has the flexibility of scalable
manufacturing, and may be able to meet global vaccine
demand, particularly in developing countries with high
populations.'® There are currently six vaccines in the clinical
phase administered via the intranasal route (Table 3). One
recent example is BBV154, developed by Bharat Biotech as an
intranasal vaccine. The vaccine utilizes the Adenovirus vector
platform and has proven its protective efficacy against SARS-
CoV-2 (ChAd) in mice, hamsters, and rhesus macaques, sug-
gesting a high viral clearance on respiratory airways (both
upper and lower). The vaccine is currently at Phase 1."*° The
details of other vaccines to be administered via nasal route are
compiled in Table 3.

7. Vaccine’s efficacy and SARS-CoV-2 variants

Vaccine efficacy (VE) is concerned with relative risk reduction.
It was first designed by Yule and Greenwood in the year 1915
to elucidate the efficacy of typhoid and cholera vaccines.'*!
Herein VE is an important parameter that is the percentage
representation given by the following mathematical equatio:n

(Risk among the unvaccinated group — risk among the vaccinated group)

VE = x 100

Risk among the unvaccinated group

In this case, the nearer the value to 100, the greater the
efficacy/effectiveness of the vaccine.

VE is frequently calculated on a set of a population, and
usually, its value differs among the different population(s)
under study. Thus, it does not allow the calculation of the
efficacy of the same vaccine among the different populations
across the globe, thus probably giving misinterpreted results.
The best way to measure VE is in clinical trials, particularly
randomized type and double-blinded. For example, the
Sinopharm (BBIBP) has shown a VE of 78.1% tested in the
United Arab Emirates and Bahrain. A VE of 65.3% has been
reported for CoronaVac tested in USA and Indonesia popula-
tions. While Covishield reported the VE of 74.2% when tested
in the UK population. Further, to improve the VE, the majority
of COVID-19 vaccines are proposed to be given in more than 1
dose. A closer look at the WHO vaccine landscape (Figure 6)
for COVID-19 vaccine candidate revealed that only 15 vaccines

(14%) had been reported with a single-dose regimen, 70 vac-
cines (65%) with 2 doses, and one vaccine (1%) with 3 doses
have been reported so far. More than one dose of the vaccine is
prescribed owing to the development of incomplete immunity
after the first and possible wear-off in acquired immunity after
a certain time lapse hence a booster dose is recommended.-
122123 protective immunity to COVID-19 gets plateaued with a
single vaccine dose, and the second dose helps to boost it. The
first dose of vaccine primes the immune system to recognize
and fight against COVID-19 infection, but after a specific time
period, when it is rechallenged with a second dose, it reinforces
the protection by generating a large number of antibodies (cell-
mediated immunity) and stimulating memory cells to remem-
ber and help to produce antibodies in case of reinfection.
Clinical trial results indicate that the second dose significantly
increases the production of antibodies and thus, provides a
more robust immune response against COVID-19 infection.'**
Data from the Pfizer/BioNTech vaccine trial found 52% effec-
tiveness against symptomatic COVID-19 from 12 days follow-
ing the first vaccine dose, which subsequently increased to 95%
after administering the second dose.”® A similar pattern was
observed with the Oxford/AstraZeneca vaccine where 76%
protection was achieved against symptomatic COVID-19
from 22 days after the first vaccine dose, which raised to 81%
following a second dose that was given 12 weeks after the first
dose."*® Also, a recent study observed that from 21 days after

Percentage share of doses among Covid-19 vaccine candidates

1 dose
Not declared yet 15%
21%

u1 dose
2 doses
3 doses
Not declared yet

3 doses
1%
|
= 2 doses

63%

Figure 6. Percentage share of doses regimen of Vaccine candidates against SARS-
CoV-2.



the administration of the first dose of Pfizer/BioNTech and
Oxford/AstraZeneca vaccine, COVID-19 infections reduced to
66% and 61%, respectively; however, in individuals who had
received second vaccine doses, these figures further declined to
80% and 79%, respectively.'*® All of these reports suggest that
getting a second dose reinforces the immune response and is
critical for maximum protection against COVID-19 infections.
Even after this, limitations remain; first, the antibody response
wanes over time, and secondly, the emergence of variants
renders the original vaccine less effective, which also indicates
toward the need for consideration of booster shot. Recently, a
preprint reported that the Pfizer/BioNTech vaccine’s efficacy
apexed at 96.2% at 7 days to 2 months following the second
vaccine dose and then reduced to 83.7% at 4 months.'”’
Another recent preprint from Israel suggests that the third
vaccine dose is effective in reducing the risk of confirmed
infection and severe illness by 11.4 and >10-fold, respectively,
and also indicates the possibility of reducing delta variant
infection employing booster doses.'*®

Although the recommending booster doses have equivocal
feedbacks both by the FDA and CDC, more research data is
still required to make an unbiased decision. However, both
have presented their recommendation for booster shots among
the immunocompromised population.

At the present time, there are numerous reports that SARS-
CoV-2 is evolving at a rapid pace, and the vaccines might
become inactive or ineffective for its variants."*> Scientists
suspect the variants in the S-Protein of SARS-CoV-2 may
increase virus shedding and further may enhance the affinity
toward the ACE2 receptor. This, on the other hand, could
impair or damage the virus-neutralizing antibodies (NAbs)
binding sites of S-protein, thus compromising the vaccine’s
efficacy. As reported, the virus undergoes evolution at a rate
of ~1.1 x 1073 substitutions/site/year (i.e., one substitution
every 11 days).””® Recently variants, namely, B.1.526;
B.1.526.1; B.1.525; P2 (B.1.1.28.2); B.1.617; B.1.617.1;
B.1.617.2; B.1.617.3; B.1.1.7; P.1 (B.1.1.28.1); B.1.351; B.1.427;
B.1.429 among other have been reported in various countries
across the Globe. These variants are formed owing to single-
point mutations in the RBD domain of S-protein. D614G is a
prevalent mutation found in all these reported strains. Whereas
L452R is the one other mutation identified in B.1.526.1,
B.1.427, and B.1.429, whereas E484K is found in B.1.525, P.2,
P.1, and B.1.351, B.1.526, and B.1.1.7 variants."'

Among the reported variants so far, significant attention has
shifted to the delta variant (B.1.617.2), which is characterized
by numerous point mutations within the spike protein.'** The
significant mutations identified so far include T19R, L452R,
D950N, D614G, P681R, T478K, and one deletion (A157-158).
The mutation L452R and T478K so far have been associated
with a muted antigenic response toward the neutralizing
antibodies."”> Mutation P618R has been further associated
with the cleavage of S1 and S2 subunits of the spike protein,
allowing the enhanced interaction with host cells, leading to
increased replication, consequently causing higher viral load
and increased transmissibility.'**'>> As per the reports of the
CDC, the delta variant is considered to be two times more
contagious than its previous counterparts. Unvaccinated indi-
viduals are more prone to being affected by the delta variant,
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but at the same time, the efficacies of the reported vaccines
drastically drop against this reported strain.'>> Further, the
viral load is reported to be a thousand times much higher
than the original variant. The studies so far have pointed to
the need for at least two doses of vaccines that could be
effective against hospitalization once infected by the delta
strain. As far as the literature is concerned, data on vaccine
efficacy against delta variants are limited.

Comirnaty (BNT162b2 vaccine) and Covishield (ChAdOx1
nCoV-19 vaccine) have been reported to be effective (Table 4)
against delta variants. Few other vaccines are also undergoing
phase trials to evaluate their efficacy against the delta variant. In
this league, Janssen (Ad26.COV2.S) was found to reduce its
efficacy by only 1.6 folds when tested against delta variants
possessing L452R and T478K mutation in the RBD domain."**
A study conducted in Qatar to evaluate the vaccine efficacy
(phase 3) of Moderna (mRNA-1273 vaccine) against delta var-
iant found 57.4% (=14 days after the first dose and no second
dose) and 80.2% (=14 days after the second dose).’*® Novavax
(NVX-CoV2373 vaccine), in its phase II study disclosed that
when given as booster dose, it increased the neutralizing anti-
bodies titer value by four folds after the initial vaccination. A six-
fold increase in cross-reactive functional antibodies in compar-
ison to primary vaccines was reported against the delta variant.-
%7 Further studies conducted on the Sputnik-V vaccine efficacy
against delta variant found it to be 83% efficacious.”®
Furthermore, a recent study highlighted that delta variants are
approximately six-fold less sensitive toward neutralizing anti-
bodies (in vitro) obtained from recovered individuals and eight
folds less sensitive toward the antibodies elicited during post-
vaccination in comparison to wild-type SARS-CoV-2."*’

Many studies are currently on the way to test the efficacy of
approved vaccines against these variants, although they are not
quite as effective with the original wild type Wuhan strain.'*’
The efficacy of the vaccines reported so far against some var-
iants of SARS-CoV-2 is compiled in Table 5.

8. Side effects and adverse events associated with
the COVID-19 vaccines candidates

Apart from possessing antigenic components, vaccines carry
various adjuvants that may elicit some of the side reactions or
toxicological effects in the host. To ensure the safety of vac-
cines, they undergo rigorous preclinical toxicological studies.
The primary evaluation studies include a. assessing the dose-
effect (single or repeat doses); b. effect on reproductive and
developmental for ensuring safety, particularly in pregnant

Table 4. Efficacy of launched COVID-19 vaccines against the delta variant strain of
SARS-CoV-2.

Covishield
Comirnaty (ChAdOx1 Moderna Janssen
(BNT162b2 nCoV-19 (mRNA-1273  (Ad26.
Vaccines vaccine) vaccine) vaccine) COV2.5)
B.1.617.2 Single 35.6% 30.0% 57.4% _
(Delta) dose
Double 88.0% 67.0% 80.2% _
dose
Folds decrease in 1.6 folds

neutralization
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Table 5. Efficacy of approved COVID-19 vaccines against the variants of SARS-CoV-2 in comparison to original wildtype Wuhan strain.

AstraZeneca/Covishield

Sputnik-V

Comirnaty

Janssen

Novavax
89.3%

Moderna

Spike protein substitution

Vaccines

81.5%

91.6%

95%

72%

94.1%

NA

SARSCoV-2

(Wild type)
Variants (WHO Label)

75%

Found effective in

90%

70%

86%

2.3-6.4 folds | in

69del, 70del, 144del, N501Y, A570D, D614G,

B.1.1.7 (Alpha)

lab studies

3.1 in
neutralization

neutralization
| in neutralization

P681H, T716l1, S982A, D1118H
D80A, D215G, 241del, 242del, 243del, K417N,

10%

75%

57% (South Africa); 66% (Latin

60%

B.1.351 (Beta)

America); and 72% (USA)
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women and neonatal; ¢. mutagenicity testing; d. carcinogeni-
city evaluation; and e. safety assessments.'*' This is further
ensured by some vital factors but not only limited to study
designs, which include the suitable models for in vivo and in
vitro assays required for the optimum establishment of safety,
purity, and potency of the vaccine candidates. However,
COVID-19 vaccines have been launched in a short span of
time. All of them had undergone rigorous assessment in terms
of safety and toxicity before their recommendation for emer-
gency approval (15 in total) or received approval by regulatory
agencies. However, no long-term studies have been conducted
for the toxicity analysis so far. The six approved vaccines so far
by the WHO or other regulatory agencies include Sinopharm
(BBIBP); CoronaVac, Comirnaty; Moderna; Sputnik V;
Covishield, and Johnson & Johnson. The assessment of the
three major used COVID-19 vaccines (Comirnaty,
Covishield, and Moderna) by EMA disclosed no significant
toxicities during their repeated doses in the non-clinical ani-
mal. The study was conducted for a short time span and the
parameters that were assessed included toxicity, genotoxicity,
genetic and reproductive developmental toxicity. However, the
adverse reactions reported for vaccines against COVID-19 so
far may be categorized into local reactions, which include sore
arm, red arm, erythema, and swelling that usually occurs at the
site of injection.'*> The second category includes nonspecific
systemic effect arousing as a result of activation of the immune
system. The reactogenicity causes headaches, fever, chills,
myalgia, diarrhea, and/or fatigue. These are associated with
the majority of the approved vaccines and are considered of
low concern. Furthermore, some fatal severe adverse reactions
are also reported (although rare) with the majority of the
approved vaccines. The significant adverse severe reaction
includes anaphylaxis, myocarditis, and thrombocytopenia.-
143144 A5 per the meta-analysis report of Wu and group pain
at the injection site and tenderness are the most common local
reactions whereas fatigue and headaches are chiefly associated
with the systemic reactions. The meta-analysis classified the
local and systemic reactions on the type of platforms used that
portrayed the RNA (including mRNA), and virus-like particle
vaccines are primarily associated with these reactions.'**

Considering the severe reactions, anaphylaxis which is a
severe life-threatening allergic reaction, can be caused by the
administration of any vaccine due to hypersensitivity reactions
of the immune system. The majority of anaphylaxis cases have
been reported by the administration of mRNA vaccines,
BNT162b2 and mRNA-1273, with 4.7- and 2.5-times higher
chances, respectively.'*> The data is expected to increase as the
immunization rate increases. Sixty-six cases (63 of 66 were
women) of anaphylaxis were reported among 17,524,676
mRNA vaccinations. The majority of these cases are thought
to be linked to the adjuvant polyethylene glycol (PEG) utilized
in their production. The severe subsequent reaction that is
reported with COVID-19 vaccines is myocarditis associated
with heart inflammation. This is associated again with the
mRNA vaccines, BNT162b2 and mRNA-1273.146 As per the
reports (latest September 1, 2021) of the Vaccine Adverse
Event Reporting System (VAERS), 1,404 reports of myocarditis
have been reported in the age group of 30 or fewer years,
particularly after the second dose.'*’



Next, one of the rare but fatal adverse reaction thrombosis
with thrombocytopenia syndrome (TTS) is reported.'*® The
cases were initially reported by the EMA following the adeno-
virus vaccine, AZD1222 (ChAdOx1) or Covisheild vaccine
leading to 30 deaths as of March 2021."* Similar incidents
were noticed in the US following the administration of another
adenovirus vaccine, Ad26.COv2-s or Janssen (Johnson &
Johnson’s) that reported six deaths among 6.8 million vacci-
nated individuals. This led the USFDA to pause the adminis-
tration of Ad26.COv2-s in April 2021."°*"*" The analyses of
vaccine-induced immune thrombotic thrombocytopenia
(VITT) cases on individuals in Germany revealed that throm-
bocytopenia was associated with heparin degradation, a critical
biological that prevents blood from clotting inside the body.
The immunochemical tests confirmed the detectable levels of
heparin—platelet factor 4 (PF4), which is a chemokine (CXCL4)
and a positively charged tetrameric protein that binds polya-
nionic and negatively charged molecule heparin and promotes
blood coagulation.'>® As of September 2021, 45 confirmed
cases of TTS upon administration of Janssen vaccines had
been reported, particularly in females younger than 50 years.
The heparin-induced thrombocytopenia earlier was thought to
be linked with adenovirus DNA platform that induces the PF4
linked antibodies, but the report of two confirmed cases of TTS
after the administration of Moderna vaccine (356 million
doses) dampens this possibility, leaving a quest for new
research in this area. Further, death is rarely associated with
post-vaccination, US has reported 7,439 deaths (0.0020% of the
total US population) as of September 7, 2021, after the admin-
istration of 375 million COVID-19 vaccine doses.'>

Further, the long-term safety data on the vaccine is limited
for individuals with comorbid conditions or for pregnant and
lactating women. However, long-term studies are underway for
the approved vaccines to assess their safety in all groups since
adverse effects mediated by an immune or nonimmune
mechanism cannot be ruled out. Additionally, the vaccine
produces different titer concentrations of antibodies in the
vaccinated individuals. However, the individuals having a sup-
pressed or compromised immune system by use of certain
immunosuppressant or prevailing diseases conditions like
HIV or cancer (leukemia and lymphoma in particular) or
autoimmune disease or those recently underwent organ trans-
plant may not be protected after vaccination.'”*'>> A research
by Brian and the group disclosed the efficacy of BNT162b2
(Pfizer-BioNTech) and mRNA-1273 vaccine on solid organ
transplant recipients. The group reported that 436 transplant
recipients (median age 55.9 years) received BNT162b2 (52%)
and mRNA-1273 (48%) vaccine. Among 436 vaccines, recipi-
ents have prescribed combination or single doses of immuno-
suppressants drugs, which include tacrolimus received by 83%
of recipients, corticosteroids by 54%, mycophenolate by 66%,
azathioprine by 9%, sirolimus by 4%, and everolimus by 2% of
the total recipients. The group further disclosed that only 76
out of 436 individuals were able to produce the detectable
antibodies after a median of 20 days. The mRNA-1273 vaccine
was found to be more efficacious (69%) than those who
received BNT162b2 (31%). The current study indeed points
to the high vulnerability of organ transplant recipients toward
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COVID-19 infection, despite vaccination. The study also over-
lays the need for antibody testing and thorough immunophe-
notyping of vulnerable populations.'*®

Further, the same group analyzed the effect of the second
vaccine (mRNA-1273) dose on 658 participants. The study
revealed that 357 individuals were found with detectable levels
of antibodies (median titer value 142.1 U/mL) after the second
dose.'”” Although the study showed significant improvement
in neutralizing antibodies production but cannot deny the fact
that this population is still vulnerable to acquire the infection.
Therefore, considering this there is a need to administer the
booster doses to such a vulnerable population or the use of
monoclonal antibodies may be considered. The attenuated live
viruses’ vaccine should be avoided for these compromised
populations. Further, for efficient use of vaccines to the vulner-
able population, there is a need to identify the neutralization
titer, estimate the protective neutralization level, and analyze
the duration of immune defense post-vaccination.'”® Still, the
research is undergoing to understand the effectiveness of the
vaccine in immunocompromised patients, and favorable
results are still awaited.'>

9. Challenges, limitations, and future direction for
COVID-19 vaccines

Any claim on safety or toxicity for current vaccines will be a
premature statement.'> However, in order to issue an EUA,
the FDA seeks the benefit-risk assessment and considers the
authorization of those products that prove to have potential
benefits in the treatment and which at the same time outweigh
their potential risks. To conclude safety and efficacy, a two-
month median follow-up and assessment is done to improve
the confidence level. Although 2 months of follow-up is insuf-
ficient to thoroughly analyze the outcome of the vaccine in the
long term but may provide factual data to authorize their use in
pandemics where saving lives becomes an utmost priority.'® It
is, therefore, worth waiting for long-term safety data and, at the
same time, recognize the benefits and risks of COVID-19
vaccines without considering the unmotivated biases and solely
on the basis of available scientific shreds of evidence to date.'**

Moreover, there are additionally a few challenges associated
with the current COVID-19 vaccines. The significant challenges
for current COVID-19 vaccines may be broadly grouped under
three categories: a. Vaccine policies associated challenges;'®" b.
challenges associated with vaccine production;'®* and c. anti-
vaccine attitude. The challenges associated with the policies
include but may not limit to a. consideration of research and
development initiatives by innovative financing and funds
grants including the open market for vaccines; b. requirement
of coordinated uniformity in clinical trials to address the diver-
sity in the population (race, age, sex, comorbidity, etc.) around
the globe for efficacious outcomes; c. regulating the transparency
in the vaccine outcomes from different trials further influenced
by the variants; d. thorough monitoring of vaccine efficacy and
potential adverse effects post-vaccination; e. ensuring the vac-
cine equity and distribution; f. sufficient vaccine production for
the underdeveloped and developing countries and their safe
transportation and storage; g. overcoming the vaccine hesitancy;
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h. alternative research plan to be set up for the population most
vulnerable even after vaccination (e.g., immunocompromised
population); i. International collaboration; and j. Global immu-
nization. Moreover, some of the challenges associated with
vaccine production include a. vaccine safety in a larger popula-
tion with diversity and long-term safety and efficacy establish-
ment; b. high-end research to monitor the vaccine platform
from DNA, RNA, or mRNA (newer platform) as these platforms
did not display much success in the past infections; mass pro-
duction of vaccines; c. efficient quality control; d. expanded
safety analysis; and e. regulatory approvals.

Apart from these, another major challenge includes anti-
vaccine attitude or vaccine hesitancy. Due to overwhelming
cases of unwillingness and uncertainty among individuals to
receive the vaccination, it is further adding hurdles to manage
the pandemic in the long term. The primary reasons for these
are attributed to miscommunication, unawareness, distrust in
health agencies, and safety hesitancy among individuals.'®>'%*

Next, the WHO established the COVID-19 Vaccines
Global Access (COVAX) facility to facilitate procurement
and equitable distribution of COVID-19 vaccines among
every country affected by the virus irrespective of their
income repute. The COVAX was itself collaborated with
ACT-Accelerator vaccine partners, which includes CEPI and
GAVI (Global Alliance for Vaccines and Immunization), and
UNICEF shares the distribution responsibilities. The core
goal for the setup of the Vaccine Alliance was to relieve the
economic burden and at the same time ensure protecting the
health system and population of the countries. This is thought
to be achieved by a. accelerating the development of vaccines;
b. provides financial support to the promiscuous vaccine
candidate; c¢. mitigate the financial risks of investors via
push and pull financing mechanisms; d. ensuring equal access
to vaccines around the Globe, and e. ensuring the transparent
allocation and use.'*>'°°

The COVAX initially identified ‘prioritized groups,” which
include health care workers, older adults, and those with severe
conditions. The COVAX initially received enough vaccines to
vaccinate 20% of the total population of the country belonging
to the mentioned groups during their Phase 1. Phase 2 was
concerned with sending doses to prioritized countries with
high risk. This includes countries with a high COVID-19
positivity rate, having vulnerable health systems, and main-
taining a humanitarian buffer that includes vulnerable popula-
tions, including refugees, asylum workers, and workers
employed therein.'®® Tt is also proposed that COVAX will
cover 92 low and middle economic countries through its
Advance Market Commitment initiative. To ensure the pro-
curement of vaccines by these countries, they should be in
possession of the National Deployment and Vaccination Plan
(NDVP). NDVP is proposed to be an operational plan to
ensure implementing and monitoring COVID-19 vaccinating
strategy in that particular country (“one-country plan”). Once
an NDVP plan is submitted by a country, it is reviewed and
recommended by COVAX Facility, including WHO, UNICEF,
and regulating partners to ensure the proposed plan is good
with well-equipped facilities including trained technical hands
as it will help in mass immunization, with low wastage and at
the least possible time. The significant points that will be

foreseen for the implementation of NDVP include a.
Regulatory preparedness; b. planning and coordination
between governance and management; c. costing and funding
providing a realistic budget; d. strategy for vaccinations, target
population in the order of priority; e. plan for supply and
strategy for waste management; f. allocation of technical
humans for immunization and their training; g. strategy and
proper layout vaccine acceptance and demand accordingly; h.
safety assessment of vaccines; i. monitoring of immunization
data and disease surveillance."”” COVAX is principally funded
by Western countries and private groups and has led to a
revenue gathering of 6268 million USD as per the last reports.
In a recent report by the WHO, 172 countries and numerous
COVID-19 vaccine candidates are part of the vaccine Global
Access Facility. India, through the GAVI alliance, has also
joined COVAX." India will procure 145 million vaccine
doses (previous target 240 million) via the COVAX NVDF
protocol. The dose numbers were affected likely due to the
ban of vital raw materials by the US and pertaining IPR issues.-
108199 However, the US Government, in its latest statement of
May 5, 2021, announced its intention to support the WTO
(World Trade Organization) in waiving off the IPR’s on
COVID-19 vaccines. This if implemented, could do wonders
in overcoming inequity in the global distribution of COVID-19
vaccines. This could essentially assist in, a. saving countless
lives by involving a high amount of COVID-19 vaccine pro-
duction and fast distribution; b. manufacturers would be kept
on a check to ensure they do not block the production of raw
material ((glass vials, resin, tubing, filters, and disposable bags),
or other goods required for vaccine production; c. less compe-
titive production ensuring the vaccines at affordable prices by
all, and; d. ensure transparent negotiations among various
countries.!”® Moreover, the WHO has also urged the member
states and current vaccine manufacturers to collaborate with
the WHO in sharing their intellectuals through the WHO’s
COVID-19 Technology Access Pool (C-TAP) and the mRNA
technology transfer hub”. These hubs formed by the WHO are
meant to ensure transparent and voluntary sharing of the
license, technology data, and trade secrets. However, no phar-
maceutical companies have come up with the initiative and did
not sign up the memorandum.'”!

Other limitations that are coming up include whether or not
developed antibodies after COVID-19 infection or immuniza-
tion by vaccines could provide long-lasting immunity to the
individuals? The answer to this was a mere NO! It was further
understood that no evidence was there to support once a
person infected will be immune to the subsequent infections.
The durability of immunity, antibody titers vary from indivi-
dual to individual post-infection and may further alter with
time leading to the waning of antibodies at disproportionate
rates. Moreover, antibody titers also vary with antigen isotype,
emerging variants, and disease severity. The severe cases are
correlated with elevated antibody titers; however, the kinetics
of their waning remain the same. It has been estimated that IgA
and IgM levels begin to wane after post-60 days, and IgG levels
have been seen to degrade after 90 days of the COVID-19
infections. Although the humoral immunity may be measured
by antibody testing, there exists no reliable method to deter-
mine the T-cell mediated cellular response that plays an



integral role in maintaining the immunity. Moreover, consid-
ering nonscientific parameters, antibody tests could have
numerous statistical limitations, could give inaccurate or
false-positive results.

Besides the drawback, antibody testing could immensely
assist in identifying and managing the patient care as various
evidence of medical sequelae, multisystem inflammatory syn-
drome, systemic hyper inflammation (cytokine storm), coagula-
tion defects (micro clots), and neurological damages, and
neurocognitive deficits have been associated with mild to severe
COVID-19 infections. The antibody testing could also immen-
sely assist in determining the immune responses to the immu-
nization by different vaccines. Of particular note is an antibody-
dependent enhancement (ADE) that is generally associated with
the low antibody levels that could enhance the possibility of
reinfections via binding to non-neutralizing antibodies and
thus enhancing the SARS-CoV-2 interaction and entry within
host cells. The authors are of the opinion that antibody testing
should be solely limited to a tool for assessing overall public
health in spite of the individuals. The antibody testing should be
used to a. analyze whether the sufficient titer value of antibody
has been formed after vaccination; b. analyses whether the titer
concentration is maintained up to what duration or time span; c.
understanding how the variants are invading the immune
response elicited by the vaccination and how it is influencing
the herd immunity thereof.

Moreover, the induction of specific memory T and B cells is
foremost crucial for the long-term protection against SARS-
CoV-2 infection. It is noteworthy that T cells, specifically
CD4" T cells are essential to recognize the specific viral epitopes
and may provide an everlasting resistance against reinfection.
They also allow in provoking potent B cell responses allowing
the antibody affinity maturation and maintaining the serum
levels IgG and IgA. However, stimulation and proliferation of
B cells will come to a halt once the viral clearance has been
done.'” Currently, no significant research has been done to
elucidate whether infection with SARS-CoV-2 ensures durable
immunity or protects against reinfections.'”” It is also not sure
whether reinfection can be asymptomatic. Moreover, antibody
titers (memory status) also vary with antigen isotype and disease
severity. The severe cases are correlated with elevated antibody
titers leading to the production of more neutralizing antibodies
comprising chiefly of IgM, IgG, and IgA. However, the kinetics
of their waning remains the same. It has been estimated that IgA
and IgM levels begin to wane after post-60 days, and IgG levels
have been seen to degrade after 90 days of the COVID-19
infections.'’* The neutralizing antibodies may not be in detect-
able quantities, but the humoral immunity is found to remain
intact, and that could prevent the severity of the reinfection but
could not wholly safeguard against it. Many recent studies have
pointed toward some level of protection against reinfection, but
the durability of the developed immunity is what needs to be
sought. Further, the receptor binding domain (RBD) of SARS-
CoV-2 is the primary site for the interaction of neutralizing
antibodies developed via immunization, whereas the infection
with SARS-CoV-2 induces neutralizing antibodies to RBD and
against the spike or nucleocapsid proteins. Available data sug-
gest that, in recovered COVID-19 patients, a single dose can
significantly increase and develop antibody and memory B-cells,
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but after the second dose, no significant increase in antibodies
and memory B-cells was observed. Still, the studies are ongoing
to determine whether the vaccines could provide everlasting
immunity, or whether they will wane with time, giving the
possibility of the booster doses.'”> Recently, booster doses of
Janssen (Johnson and Johnson) and Pfizer-BioNTech COVID-
19 Vaccine have been authorized by USFDA for certain popula-
tion(s). Furthermore, the effects of innate or passive immunity
against the SARS-CoV-2 variants are debatable. Thus, consider-
ing the current scenario, it is recommended to get vaccinated
after recovery from COVID-19 as a single dose is sufficient to
develop memory B-cells.

Another significant limitation to be sought is the comorbidity
status. It is pretty evident that older adults, especially those living
with comorbidities and who are frail have been affected by
COVID-19 and even in the post-vaccination state. A case-control
study reported'”® that frailty was associated with the first dose of
vaccination, mainly among the older subjects (above 60 years)
and in the individuals living in highly deprived regions. On the
other hand, individuals with BMI <30 kg/m? (without obesity)
had shown a lower rate of infection following the first dose
vaccination. In the disease profile analysis, this study reported
that comorbidities, including heart diseases, lung diseases, and
kidney diseases, were significantly associated with the increased
odds of post vaccination infection (especially after the first dose).
From the vantage point of the impact of age on vaccination, a
study reported that the ChAdOx1 nCoV-19 vaccine (now
COVID-19 Vaccine AstraZeneca) is better tolerated in older
participants than younger adults. For instance, subjects receiving
two standard doses of the ChAdOx1 nCoV-19 reported that 88%
(n = 49) participants aged 18-55 years, 73% (n = 30) participants
aged 56-69 years, and 61% (n = 49) participants aged >70 years
experienced at least one local reaction including pain at injec-
tion-site and tenderness; and 86% (n = 49) subjects in 18-55 year
group, 77% (n = 30) in the 56-69 year group, and 65% (n =49) in
the =70 years experienced at least one systemic reaction includ-
ing headache, fatigue, fever, and myalgias.”* However, the sig-
nificant limitations of the study include single-blind design, and
its inclusion (few subjects above 80 years of age), and exclusion
(particularly in people with substantial underlying chronic dis-
ease and frailty) criteria. On the contrary, another study suggests
a significantly lower absolute mean titer in elderly participants
(>80 years) as compared to the younger group (<60 years). After
the second dose of vaccine, about 31.3% of the elderly subjects
showed no detectable neutralizing antibodies as compared to the
2.2% in the younger group.'””

Moreover, cross-reactivity, the ability to react with structu-
rally similar heterologous antigens, remains a debatable topic
in context with the vaccination and emerging SARS-CoV-2
variants. Variants are allegedly capable of escaping the host
immunity even after vaccination. Of note, the B.1.351 variant is
capable of escaping the immunity obtained from earlier infec-
tion and immunization with certain COVID-19 vaccines (e.g.,
COVID-19 Vaccine AstraZeneca).”® Also, the Comirnaty vac-
cine and the Moderna COVID-19 vaccine demonstrated a
reduction in antibody neutralization by two-thirds'”® and six-
fold'”’ respectively, with the B.1.351 variant compared to prior
variants. Although most of the vaccines are effective against the
B.1.1.7 variant, antibody neutralization has been observed to be
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modestly reduced with the mRNA vaccines.'”” A study exam-
ined the IgG antibody levels elicited by the AstraZeneca and
Pfizer/BioNTech vaccine against S-protein from the wild type
(Wuhan), B.1.1.7, B.1.351, P.1., and B.1.617.2. Interestingly, the
results suggest 85% and 100% pan specificity to all the S-
variants by the AstraZeneca and Pfizer/BioNTech vaccine,
respectively.'® Even though the mutation profile of the P.1
variant is almost similar to B.1.351, there are no specific studies
conducted to evaluate the efficacy of vaccines against the P.1
variant. Extensive studies are anticipated to determine the
effectiveness of these vaccines against the emerging variants
and establish a robust “one-for-all” platform.

Undoubtedly, there are likely to be many more circulating
SARS-CoV-2 variants that require robust genomic surveillance
to detect them, mainly to detect the infected jurisdiction.
Genomic sequencing and initiatives like ‘New Variant
Assessment Platform’ is anticipated to be helpful in detecting
SARS-CoV-2 variants."®" Nevertheless, the frontline vaccine
producers, including Moderna, AstraZeneca, and Pfizer/
BioNTech, are planning to produce booster doses of vaccines
to protect against variants of concern, including B.1.351.'*
Apart from these, the regulatory authorities are also adapting
swiftly to facilitate rapid regulatory vaccine pipelines, for
instance, the guidance and implemented policy laid by the
FDA to streamline the vaccine regulation.'®® Optimistically,
contributions from all these sectors will garner resources at
an expeditious pace for the good of humanity.

Further, if a variant of the present SARS-CoV-2 becomes
more severe in the future, it could again put a burden on
vaccine development and the need to get vaccinated (or boos-
ter doses) each year, similar to the influenza vaccine. This
further put us in the situation to ask, ‘Where do we go? we as
a unit need to analyze and come up with solutions. The critical
consideration to ponder will include but is only limited to A.
Will, the long-term safety and efficacy studies on vaccines, will
be favorable? If not, are we prepared with ‘Plan B’? B. What will
be the fate of antibody stability and durability, including their
half-life, in the long run? Will they get worn out? C. What will
be the fate of current vaccines against variants of SARS-CoV-2?
Will they maintain their efficacy? D. How would the mixing of
two different vaccines or vaccine cocktails impact efficacy, or
will it elicit a toxic response; E. Should we need to be concerned
over unnatural sequences in the genome of SARS-CoV-2,
could they initiate a new pandemic altogether? F. How to
streamline the vaccine equity? G. Do we value money more
than human lives? Considerations should be made to make
IPRs transparent during such pandemics.

There is no doubt about the concern for global immuniza-
tion. Each and every individual needs to be immunized at a
rapid pace to control the pandemic irrespective of equity and
IPR issues. Failing to which restoring the social and economic
health is back on track will become an intimidating task.

10. Conclusion

As of September 2021, 117 COVID-19 vaccines are in clinical
development, and 194 are in preclinical development, as per
the World Health Organization (WHO) published draft land-
scape. Among the 117 vaccines undergoing clinical trials, the

major platforms include protein subunit (42); RNA-based (19);
Inactivated virus-based (16); Viral vector-based (17), among
others. A closer look at the WHO vaccine landscape revealed
that 15 vaccines (15%) had been reported with a single-dose
regimen, 74 vaccines (63%) with 2 doses, and one vaccine (1%)
with 3 doses intended to be administered via Oral (3%) or
injectable routes (85%). So far, 13 vaccines have been approved
for early or limited use, while 8 have been approved for full use
against SARS-CoV-2 by at least one of the stringent regulatory
authorities (SRA) recognized by WHO. To date, USFDA
recognized to approve the Pfizer-BioNTech (Comirnaty)
COVID-19 vaccine for its full use in individuals of 16 years
of age and older. Comirnaty is the only vaccine that is available
under the EUA for the age group between 12 and 15 years,
along with the approval to be used as a booster or third dose in
specific immunocompromised individuals.

However, vaccines are developing at a tremendous pace, but
still, the wealthiest countries (27) have 28% of the total vaccines
and possess only 10.8% of the total world population, suggest-
ing uneven access to vaccines or vaccines inequity. Considering
vaccination with income status, 54.8% population residing in
high-income countries, 49.5% population residing in upper-
middle countries, followed by 10.3% population of lower-mid-
dle-income countries and 0.6% for low-income countries
population has been fully vaccinated. To overcome the dispar-
ity, the WHO has set up COVAX to facilitate procurement and
equitable distribution of COVID-19 vaccines irrespective of
their income status, and has also initiated NDVP still the
total of 60% contributions have been made only by three
countries that include the USA, China, and India. Further,
there are unequivocal concerns over the license, technology
data, and trade secrets of big vaccine manufacturers and high-
income countries. Though WHO has urged member states and
current vaccine manufacturers to collaborate with the WHO in
sharing their intellectuals through the WHO’s COVID-19
Technology Access Pool (C-TAP) and the mRNA technology
transfer hub”. However, no pharmaceutical companies have
come up with the initiative and did not sign up the memor-
andum, which is a sign of concern again.

Apart from this, safety and efficacy data for all the
approved vaccines are based on a two-month median fol-
low-up and assessment that overlooks the benefit-risk assess-
ment and considers the authorization of those products that
prove to have potential benefits in the treatment and which at
the same time outweigh their potential risks. However, 2
months of follow-up is insufficient to thoroughly analyze the
outcome of the vaccine in the long term but may provide
factual data to authorize its use in pandemics where saving
lives becomes an utmost priority. It is, therefore, recom-
mended to wait for long-term safety data and, at the same
time, ascertain the benefits and risks of COVID-19 vaccines
without considering the unmotivated biases and solely on the
basis of available scientific shreds of evidence to date.
However, our current evacuation plan should be to vaccinate
the entire globe to bring the current pandemic to a halt.
However, this seems to be a distant dream so far, as only
13.7% global population has been vaccinated that covers the
countries with the highest incomes that are getting vaccinated
30 times faster than lower-income countries. The vaccine, in



conjunction with COVID-19 appropriate behavior, may yield
speedy control of the pandemic. Otherwise, vaccines alone
may decrease the severity of the disease but may not decrease
the number of new cases of infection. How long the antibo-
dies are generated in response to vaccines will further deter-
mine how soon the booster dose(s) are needed.

In the last 21 months since the declaration of the pandemic
due to SARS-CoV-2, our understanding of COVID-19 and
emerging variants of the virus, and the rapid development of
COVID-19 vaccines (including mRNA vaccine introduction
for the first time in vaccine history) resulted in a positive
impact. With the constant efforts of interdisciplinary colla-
boration of scientific and policy-making bodies of the whole
world will eventually find solutions to the challenges and
restore normal conditions.
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