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Abstract

Vaccination against coronavirus disease 2019 (COVID-19) is one of the most effective tools to curb the
pandemic. Multiple vaccine candidates based on different platforms are available for emergency use presently.
However, in common all the vaccines target spike protein, which is a dominant immunogen of severe acute
respiratory syndrome corona virus 2 (SARS-CoV-2). Adequate immunogenicity and efficacy are demonstrated
by many of the vaccines in clinical phase III trials. The emergence of the new variant of concern is believed
to be associated with less susceptibility to the post-infection or post-vaccination mounted immunity. It is a
global concern currently threatening the progression of the vaccination drive. Nevertheless, the results of
the presently available phase III clinical trials promote COVID-19 vaccination to prevent disease severity and
COVID-19 related deaths. Cross-immunity towards the new variants of concern especially against the South
African variant is yet to be explored and managed adequately.
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Introduction

Vaccination against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the most pursued
method to combat coronavirus disease 2019 (COVID-19) pandemic. Soon after a detailed exploration of
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the genetic sequence of SARS-CoV-2, various scientists and biopharmaceuticals collaborated to investigate
the possible vaccine candidates against COVID-19. Currently, there are 87 vaccine candidates in clinical
development, and 187 vaccine candidates in preclinical development [1]. The development of COVID-19
vaccines is progressing at an unprecedented pace, with the transition into immediately advanced trial
phases seamlessly. Keeping in mind the safety of trial participants, the trials were assessed for the safety and
efficacy of vaccines right from the beginning by independent teams before approving the advanced phases
of clinical trials [2]. The present article reviews the immunologic basis for the development of COVID-19
vaccines, research evidence advocating for COVID-19 vaccines; and different vaccine platforms and their
immunogenicity against SARS-CoV-2. Lastly, we also provide an overview of the new variants of SARS-CoV-2
and the safety profile of vaccines against COVID-19.

Immunologic basis for the development of COVID-19 vaccines

SARS-CoV-2 is a large, enveloped virus containing segmented, positive sense, single-stranded RNA (ssRNA).
It belongs to the family Coronaviridae and the order Nidovirales. It is composed of four structural proteins:
spike (S), envelope (E), membrane (M), and nucleocapsid (N). The spherical surface of the virus is decorated
by club-shaped spike projections called S protein [3]. S protein is a class I, trimeric, fusion protein that helps
the virus to adhere to the host cell surface receptor [4, 5]. It comprises two subunits S1 and S2 (Figure 1). The
S1 subunit holds receptor-binding domain (RBD) which recognizes and facilitates the adhesion of the virus
to its angiotensin-converting enzyme 2 (ACE-2) receptor expressed by host cells. The S2 subunit comprises
the fusion peptide, heptapeptide repeat (HR) sequence 1 and 2, a transmembrane domain, and cytoplasm
domain. By causing membrane fusion, it facilitates viral entry into the host cell for replication [4-6]. Genomic
studies have revealed RBD and S2 subunit protein as highly conserved antigenic determinants of
SARS-CoV-2 [7, 8]. It has been shown that antibodies directed against S protein only can neutralize the virus
and prevent infection [9]. This fueled the idea of the development of universal vaccination targeting the S
protein. However, non-neutralizing antibodies to other structural proteins (E, M, and/or N proteins) and
weakly neutralizing antibodies are also likely to have a role in the antiviral immune response. Hence, the
inclusion of these proteins as vaccine antigens may also help to induce a more balanced response in the form
of both humoral and T cell-mediated immunity. Also, the inclusion of viral enzymes such as RNA-dependent,
RNA polymerase may further ensure that the vaccine has a widespread action especially in the case of
emerging variant strains as these proteins are also highly conserved in the virus [10, 11].

Figure 1. Schematic representation of the SARS-CoV-2 structure and its S protein subunits

Immune response against SARS-CoV-2

The SARS-CoV-2 infection has been shown to activate both innate and adaptive immune systems [12].
After the entry of SARS-CoV-2 into the body and its binding to ACE-2 receptors, expressed by host type-2
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pneumocytes and also macrophages and T cells, the virus starts its proliferation [13, 14]. Soon the innate
immune arm responds and pattern recognition receptors (PRR) like endosomal Toll-like receptors (TLRs)
and retinoic acid-inducible gene (RIG) like receptors. The binding of PRR stimulates certain adapter
proteins which in turn activate downstream transcription factors, e.g., interferon regulatory factor (IRF)
causing initiation of production and release of interferons (IFNs). In addition, PRRs also activate other
signaling molecules such as nuclear factor-kappaB (NF-kB), and activator protein 1 (AP-1) that lead to the
release of many cytokines, i.e., interleukin 6 (IL-6), monocyte chemotactic protein-1(MCP1), chemokine
(C-X-C motif) ligand 1 (CXCL1), CXCL5, and CXCL10/interferon-gamma-inducible protein 10 (IP-10) and
chemokines [15, 16]. The chemokines released then recruit more innate immune cells predominantly
macrophages, dendritic cells (DCs), natural killer (NK) cells, and neutrophils. These cells then produce
more chemokines including IP-10, monokine induced by interferon-gamma (MIG), and MCP-1 that attract
lymphocytes and thus initiate the adaptive immune response. Also, the SARS-CoV-2 S protein binding ACE2
receptors and recognition via TLRs, e.g.,, TLR3, 7, and 8 initiate activation of signaling pathways such as
interferon regulatory factor 3 (IRF3), NF-xB, Janus kinase/signal transducer and activator of transcription
(JAK/STAT) leading to IFN type I and other cytokines production by the cells like monocytes which in turn
leads to differentiation of T cells towards CD4 T helper cells. Though cytokines released under the influence of
NF-kB facilitate optimum immune response in SARS-CoV-2 infection it exaggerates the inflammation thereby
leading to excessive lung injury [17].

Cytokine profile in SARS-CoV-2 infection is unique as it causes the release of pro-inflammatory cytokines,
e.g., IL-1B, IL-1 receptor antagonist, IL-6, IL-7, IL-8, IL-9, tumour necrosis factor alpha (TNF-a), basic
fibroblast growth factor (FGF), granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage
colony-stimulating factor (GM-CSF), IFNy, MCP-1, macrophage inflammatory protein-lalpha (MIP-1a),
MIP-1, platelet-derived growth factor (PDGF), vascular endothelial-derived growth factor (VEGF), etc,
which facilitate evasion mechanisms of SARS-CoV-2 such as skipping IFNs production and other antiviral
actions [18]. There is a profound increase in IL-6 in response to SARS-CoV-2 which binds to its surface as
well as soluble receptor gp130 and further enhances the activation of the JAK/STAT pathway. SARS-S protein
decreases the expression of ACE-2 receptor causing increased local production of angiotensin II which in
turn further enhances the production of IL-6 by activating the JAK/STAT pathway [19]. Hence, they both
complement their functions and initiate a vicious cycle of inflammation [20].

Within a few days of SARS-CoV-2 infection, the adaptive immune arm also becomes functional
predominantly in the form of generation of neutralizing antibodies generated by B cells as a result of T
cell-dependent germinal center interactions. These antibodies by binding to the viral envelope or capsid
antigens efficiently neutralize the virus in their extracellular stage and prevent their entry into the host cells.
Also, these antibodies may opsonize the viruses and facilitate their phagocytosis. However, virus, if evades
capture by the neutralizing antibodies and succeeds in getting entry into host cell then T cell-mediated
immunity, counteracts the virus multiplication. The CD8* T cells by recognizing the virus antigen take the
charge and by their cytotoxic actions they kill and eliminate the virus [21]. Meanwhile, viral antigen captured
by the antigen-presenting cells (APCs) is processed and presented to CD4* helper T cells resulting in activation
of T cell-mediated adaptive immune response to combat the infection [22]. There is the further release of
inflammatory cytokines and differentiation of cytotoxic CD8" T cells. The helper cells also activate B cells
thereby causing the production of antiviral immunoglobulin G (IgG), IgM, and IgA antibodies. Also, there is
the secretion of a large amount of pro-inflammatory cytokines, e.g., TNF-a, IL-6, and IFN-a/y, by both innate
and adaptive immune cells. This cytokine storm as a result of the accumulation of different immune cells in
the lung causes alveolar damage and edema which is responsible for hypoxia and acute respiratory distress
syndrome (ARDS) [23].

When the virus is cleared, SARS-CoV-2 specific effector cells undergo apoptosis or are reprogrammed to
differentiate into CD4* and CD8* memory T cells. They persist in the body for years and can elicit an efficient
immune response on reinfection. This forms the basis of the use of a vaccine that targets these cells and helps
in rapid viral clearance after the second exposure.
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Studies targeting serological evaluation reveal the production of antibodies against S, M, E, and N
proteins of SARS-CoV-2. However, the neutralizing antibodies which block virus interaction with the receptor
are induced only against the S protein (Figure 2) [24]. The studies have shown fatal outcomes with SARS
patients having deficient antibodies against S protein [25]. S protein or its different regions, therefore, are
pragmatic immunogen(s) to be used in vaccination against COVID-19 infection. Further, studies also noted
the short-term nature of neutralizing antibodies against SARS-CoV-2. The neutralizing antibody response on
average peaked at 4 months and thereafter showed a declining trend [24].

Figure 2. Schematic representation of the SARS-CoV-2 S protein binding with the ACE-2 receptors of host cells with no neutralizing
antibodies in sera (Figure 2A), while circulating neutralizing antibodies against the SARS-CoV-2 S protein prevent binding and
internalization of the SARS-CoV-2 (Figure 2B)

Previous SARS epidemic studies have shown persistence of CD8" memory T cells for years together
on follow-up, adding to the complimentary protective role in the long term [24]. The DNA-based vaccine
designs have reported the generation of both B and T cell responses against SARS infection in animal
models [26, 27]. A vaccine having encapsulated mRNA encoding full-length S protein of SARS-CoV-2 has
also been developed [28]. Few studies have also advocated for the mucosal immune response (secretory
[gA) against effective prevention of coronavirus infection at the entry site. It has led to the development of
intranasal (IN) vaccine application [29]. However, studies showed suboptimal systemic immune response
following IN vaccination. All these studies make one realize that an ideal universal vaccine design against
SARS-CoV-2 must elicit mucosal, humoral, cellular, and long-term memory B cell immune response and it also
should possess cross-protective immunity (against S2 subunit) to deal with SARS-CoV variants [30].

Immune response to COVID-19 vaccines

The efficacy of any vaccine is determined by the strength of the immune response generated after vaccination.
So far most of the approved vaccines for COVID-19, e.g., nucleic acid-base, recombinant viral vector,
inactivated virus all have been claimed to elicit strong humoral as well as cellular responses. Their main
goal is to generate SARS-CoV-2 neutralizing antibodies as well as memory cells [31]. The recombinant viral
vectors work like an endogenous antigen. Their cellular response is exhibited through APCs like DCs which
capture these molecules, break them into smaller peptides and generate antigenic peptides. These peptides
along with major histocompatibility complex class I (MHC-I) then presented to naive T cells and help in their
priming and hence the initiation of the adaptive immune response against the virus [30]. The activated T cells
then stimulate B cells which differentiate into plasma cells to produce neutralizing antibodies. Also some of
the B cells rather than producing antibodies become quiescent and later on differentiate into memory B cells
and generate immunological memory against the virus [32]. These long-lived plasma cells travel to reside
in bone marrow niches and can continue to produce antibodies for decades. Primed T cells also promote
activation of cytotoxic cells which helps in the rapid clearance of virus and infected cells. Similarly, CD8*
memory T cells produced can proliferate rapidly after pathogen encounters and modulate the elimination of
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infected cells. This has been shown by the detection of CD4* memory cells and CD8* T cells primed for S, N,
and M proteins in recovered patients of COVID-19 [33]. Similarly, these patients also have detectable levels of
neutralizing antibodies against these proteins [34].

Vaccination in immunocompromised individuals

Most vaccines available for COVID-19 don’t use any live virus rather they use killed, inactivated, purified
organism or their protein and/or polysaccharide components hence their replication in the recipient is a
remote possibility even in immunocompromised individuals. However, extra precautions may be required in
case a live vaccine becomes available for COVID-19 particularly in patients with T cell defects. An important
concern in these individuals is the generation of the weak immune response against the vaccine and that also
depends on the type of immune defect, age of the patient, therapy, and probably type of vaccine received [35].
Also, infections are a common cause of mortality, and the efficacy of the COVID-19 vaccine in these patients is
unknown hence there is much apprehension in the general population regarding safety and associated risks.

Most patients in this category are those having an immune-mediated inflammatory disease or those
on immunosuppressive drugs due to one or another reason. Patients of autoimmune disorders fortunately
so far have not shown an increased risk of COVID-19 complications but a recent report on Pfizer/BioNTech
and AstraZeneca/Oxford COVID-19 vaccines showed after the first dose only 70% of immunocompromised
patients had coronavirus antibodies in contrast to 95% of their non-immunosuppressed counterparts.
Also, the vaccine was effective against symptomatic infection in only 4.0% of immunocompromised
subjects however after the second dose the effectiveness increased to 73.0% with Pfizer and 74.6%
with AstraZeneca [36].

The patients with autoimmune disorders particularly those on Rituximab or methotrexate have also been
found to have diminished immune response after vaccination particularly the low production of neutralizing
antibodies against the neoantigens [31]. Recent data has also shown lower antibody responses against the
SARS-CoV-2 S protein in recipients of solid-organ transplantation, patients on hemodialysis, chemotherapy,
or immunotherapy for malignancies, and those given infliximab for inflammatory bowel disease [37-43].

COVID-19 vaccination in pregnancy and lactation

SARS-CoV-2 infection during pregnancy is likely to be severe and may result in preterm delivery or even
pregnancy loss. In view of lack of enough evidence and data on safety of vaccination during pregnancy, the
WHO till the beginning of 2021 was hesitant in recommending vaccination during pregnancy. However, due
to persistent support by the various professional bodies in favor of vaccination of pregnant females including
the American College of Obstetricians and Gynecologists and the Society for Maternal-Fetal Medicine; Center
for Disease Control and Prevention (CDC) recently recommended COVID-19 vaccination during or before
pregnancy [44]. Apart from immunizing the pregnant female, the other advantage of vaccination during
pregnancy is transmission of immunity to the newborn, though it still needs more research and evidence. The
gestational age at which SARS-CoV-2 specific maternal antibodies are produced influences their detection in
the cord blood, hence an earlier vaccination during pregnancy may give optimum results [45, 46]. Similarly,
during lactation, it is unlikely that the vaccine lipid would enter the bloodstream and reach breast tissue; and
even if it does, it is less likely that the intact nanoparticle or mRNA will enter the breast milk. In the unlikely
event of mRNA present in milk, it is expected to be digested by the child and unlikely to cause any biological
effect [47]. Hence, CDC considers vaccination safe even during breastfeeding [46].

Duration of protection

There is limited literature to comment on what is the maximum duration of protection from any of the
COVID-19 vaccines. However, in a recent study by Gaebler et al. [48] on recipients of at least one dose of
mRNA vaccine it was found that there was a 50-fold increase in neutralizing capacity of anti-SARS-CoV-2
antibodies produced after vaccination and such antibodies may continue to evolve even up to one year.
Another study on survivors of SARS-CoV-2 infection reported an even stronger immune response in terms
of enhanced neutralizing antibodies, T cell immunity, and antibody-producing memory B cell response to
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S protein. These patients were followed up to 42 weeks of infection and up to 12 weeks of the first dose
of the covid-19 vaccine [49]. However in a study on unvaccinated health care workers, it was found that
their neutralizing antibodies were less active and less protective against SARS-CoV-2 variants [50]. Hence
whatever data is available, it clearly states that individuals irrespective of their infection status should get
vaccinated as it gives a bulletproof jacket against the virus.

Combined vaccines against COVID-19

The concept of mixing vaccines means giving the same or similar antigens of a microbe through two
different types of vaccines. One vaccine is given as the first dose is utilized to prime the immune system
and subsequent dosages of another vaccine are used as a booster of the immune response. The evidence
for mixing COVID-19 vaccines and their impact is scarce as studies are still going on and their results are
awaited. Recently, a few trials have been carried out to assess the efficacy of two vaccines if combined. A study
reported Pfizer-BioNTech booster dose over Oxford-AstraZeneca was able to heighten the humoral immune
response and antibodies produced could recognize and inactivate SARS-CoV-2 [51]. A randomized, phase
II trial called ‘CombiVacS’ has found 150 times antibodies and a four-fold increase in the cellular immune
response against SARS-CoV-2. In this study on 676 individuals, BNT162b2 (an mRNA vaccine) was given as
a second dose after primary vaccination with ChAdOx1-S [52]. Few other ongoing observational trials are
also finding similar results [53, 54]. Even if all these reports show a positive outcome one cannot ignore the
risks and adverse effects involved in vaccine mixing, i.e., increased fever, headache, joint pain, malaise, etc.
Thus, a thorough evaluation of safety and efficacy versus adverse effects should be done before advocating
combination vaccines. Recently, CDC has recommended and US Food and Drug Administration (US FDA) has
authorised the third or booster dose of Pfizer after 6 months of completion of its second dose, the reason being
the decrease in its efficacy after few months. Thus booster dose may be important especially for individuals
with compromised immune system [55].

Evidence advocating for COVID-19 vaccines

Besides being highly contagious, COVID-19 can cause serious and life-threatening complications in all age
groups. Social distancing, use of sanitizers and use of mask do provide some protection from virus exposure
and spread but a more effective mechanism is required that can boost our immune system which can eliminate
the virus on its entry into the body. The only such option available at present to keep us safe is a vaccine.
Both past and present experience that we have gained through human and murine studies is helping us in
designing an effective vaccine against SARS-CoV-2.

Natural infection (human) and animal research evidence

SARS-CoV-2 specific antibodies and cell-mediated immunity is set into the role to combat the circulating
virions in COVID-19 infection. The majority of the patients develop antibodies against the RBD of
immunodominant antigen (S protein) of SARS-CoV-2, and these antibodies are associated with antigen
neutralizing activity [56]. The humoral response is directly proportional to the severity of COVID-19 infection,
and the immunity declines over time after few months of infection [57, 58]. Several studies have shown
initial short-lived antibody response against SARS-CoV-2 [59, 60], and subsequent development of higher
affinity antibody-secreting long lived plasma cells and memory B-cells [60-62]. A US based study, consisting
longitudinal follow-up (at 1.3, 6.2 and 12 months after infection) of the 63 COVID-19 recovered subjects, and
subset of vaccinated subjects (n = 26, 41%), has explored the neutralizing breadth against SARS-CoV-2 over
one year of period which is described subsequently [63]. It reported maintenance of anti-RBD antibodies
above the geometric mean half-maximal neutralizing titer (NT50) between 6 to 12 months; however, nearly
30-fold raised anti-RBD IgG titers are seen among the vaccinated subjects. in contrast anti-nucleoprotein
(anti-N) antibodies showed decremental trend irrespective of vaccination status between 6 to 12 months.
Further, the researchers were also determined the neutralizing activity against a few variants of concern
(B.1.1.7, B.1.351), and it found to be lower immune responsive towards variants of concern than against the
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wild-type SARS-CoV-2. After vaccination there was high neutralizing titers development among the concerns
of variants [63].

There was 8-fold increase in RBD specific memory B cells among vaccinated subjects, and in contrast
there was 1.35-fold lower response (when compared to assay at 6 months) among unvaccinated participants
at 1 year of follow-up. Authors also revealed that continued clonal evolution of anti-SARS-CoV-2 antibodies
over 1 year period with resultant monoclonal antibodies against a wide group of variants [63].

Congener viral research evidence

Previous vaccine trials against SARS-CoV-1 and Middle-East respiratory syndrome coronavirus (MERS-CoV)
targeting S protein, were utilized as ready reference evidence for rapid development and clinical use of
the COVID-19 vaccines [64, 65]. The development of “vaccine enhanced disease” which means increased
production of non-neutralizing antibody responses following vaccination against SARS-CoV-1 and MERS-CoV,
was an alarming issue from the animal study research [66]. However, a vaccine-enhanced disease-associated
eosinophilic syndrome was not reported in a human trial with vaccines against SARS-CoV-1 and MERS-CoV.

Epidemiological study evidence

An observational study describing COVID-19 break on a fishing vessel was associated with a high attack
rate (85.2%) with single variant SARS-CoV-2. There were three subjects with prior COVID-19 pneumonia and
neutralizing antibodies, and who experienced no symptoms as compared to the other infection naive subjects
in the fishing vessel [67]. A population-based study from Italy reported lower incidence (n = 5, 0.31% [95%
confidence interval (CI), 0.03-0.58%]) of reinfection in post-COVID survivors (n =1579) [68]. Additionally, the
same study also reported high incidence rate of new infection [n = 528/13496, 15.1% (95% CI, 14.5-15.7%)]
among uninfected subjects in same population. The incidence density for 100,000 person days was 15.1%
(95% CI, 0.06-0.08%) compared with 1.0 (95% CI, 0.5-1.5%) for re-infection [68]. A case control study
has revealed 2.34 (95% CI, 1.5-3.4%) times the odds of reinfection among the unvaccinated subjects when
compared with fully vaccinated subjects, and additionally it also reported no significant association of
reinfection with partial vaccination status [69].

Mechanisms of action of different vaccines

The efficiency of a good vaccine is determined by its ability to generate long-term antibody responses by
inducing plasma cells, in addition to the B cell and T cell memory. This immunological memory also known
as ‘trained immunity’ by overcoming virus induced immune suppression and facilitating adaptive immune
activation offers early viral clearance.

Broadly vaccines can be grouped in to 2 categories: live attenuated and subunit vaccines [70]. The
attenuated vaccines work in a similar manner to the infectious agent. So far, no live attenuated vaccine is
available for use against COVID-19. The recombinant virus vectors behave like an endogenous antigen. They
are processed by APC and presented to T cells via MHC-I and generate cell mediated immune response. The
RBD of S protein of these vaccine candidates contains major antigenic determinants which also induces
production of neutralizing antibodies [71]. Adenovirus vector vaccines also work in similar fashion and
induce potent antibody and cell mediated immune responses (72). DNA vaccines after entry in to the body
are recognized by the innate immune sensors, e.g., stimulator of interferon genes (STING)/TANK-binding
kinase 1 (TBK1)/IRF3 pathways, absent in melanoma 2 (AIM2) inflammasome, etc. which then activate both
humoral and cellular immune responses [73]. Similarly, mRNA-based vaccine is recognized by various cell
surface, endosomal or cytosolic receptors, e.g., TLR, RIG-I, nucleotide oligomerization domain (NOD)-like
receptors, etc. [74]. Hence, the initial trigger to stimulate the immune system though different the end result
for all types of vaccines is the same that is stimulation of immune system in more or less similar manner as
done by the pathogen but without any harmful effects.

After vaccine injection the protein antigen or immunogen is recognized by the pattern recognition
receptors, e.g., TLR present on a APC like DCs which engulf and process the vaccine antigen. The activated APC
then move to draining lymph nodes. The APC then with the help of MHC-II molecules present the processed
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antigen to naive CD4* T cells resulting in their activation. T cells then activate and promote development
of B cells within the lymph node. During this B cells mature, undergo gene recombination process and
differentiate in to plasma which after class switching produce large amount of high affinity vaccine antigen
specific antibodies. This causes rapid increase in serum neutralizing antibody levels within first 2 weeks
of vaccination. Simultaneously, some of the B cells become quiescent and differentiate in to memory B
cells and develop immune memory. The APC through MHC-I and with the help of CD4* T cells also activate
cytotoxic T cells. Some of these CD8* T cells become effector cells which others are reserved as CD8* memory
T cell. These memory cells during encounter with SARS-CoV-2 rapidly proliferate and facilitate elimination
of pathogen [75].

COVID-19 vaccine platforms

Several different approaches are utilized to develop COVID-19 vaccines. These include, inactivated virus
vaccine, live attenuated virus vaccine, recombinant virus vector vaccine, vector-based vaccines, DNA and
mRNA based COVID vaccines. Inactivated virus vaccine is the easiest and a relatively rapid platform hence is
most commonly employed for development of human vaccines. The different platforms of COVID-19 vaccines
in preclinical and subclinical use are enlisted in Table 1.

Table 1. COVID-19 vaccine types available for current preclinical/clinical application and their manufactures

No. Vaccine types Mechanism of vaccine development Manufacturer

1 Inactivated SARS-CoV-2 grown in cell culture Sinopharm + China National Biotec Group, Co +
Chemical inactivation of the virus Wuhan Institute of Biological Products,
Combined with alum or another adjuvant COVAXIN (Bharat Biotech International Limited)

2 Live attenuated  Genetically weakened SARS-CoV-2 -
SARS-CoV-2 grown in adverse conditions
Virulence is lost with maintained immunogenicity

3 Recombinant Viral proteins (RBP, S protein) expressed on NVX-CoV2373 (Novavax)
virus vector mammalian cells, yeasts, or plants
4 Virus vector Genetically engineered vaccines -

Use vectors uncommon to cause human
infections, e.g., chimpanzee adenovirus

4.1 Replication Engineered, to not replicate in vivo and express ~ Ad26.COV2.S (Janssen/Johnson & Johnson)
incompetent the viral protein ChAdOx1 nCoV-19/AZD1222 (AstraZeneca/
vector University of Oxford/Serum Institute of India)

Gam-COVID-Vac (Sputnik V) (Gamaleya Institute)

4.2 Replication Engineered to express the spike protein and -
competent vector replicate within the vaccinated individual

5 Nucleic acid Exogenous nucleic acid is detected by innate -
vaccines immune receptors which generate robust immune

response
DNA Plasmid DNA with mammalian expression Zydus Cadila (ZyCoV-D) [102]

promotors and the target gene

RBP: receptor binding protein; -: not applicable/not available

Immunogenicity and safety profile of the COVID vaccines in clinical use

A high efficacy and safety of vaccine are the two critical factors for widespread acceptability and successful
implementation of an immunization program against the COVID-19 pandemic [76]. Immunogenicity and
safety of a vaccine are determined by several factors, i.e., type of vaccine, dose, timing of dose, route and site
of administration, and vaccine handling conditions. Hence, it is worth discussing these aspects of potentially
useful vaccines available against COVID-19 [77]. There are no absolute contra-indication for the COVID-19
vaccination, except to the subjects who showed anaphylaxis or allergic reactions towards the components of
COVID-19 vaccine.

Vaccine-induced immune thrombocytopenia (VITT) is the most commonly reported adverse event
following immunization (AEFI) with ChAdOx1 nCoV-19 vaccine [78]. Arterial and venous thrombosis are
the other AEFI reported with ChAdOx1 nCoV-19 vaccine [78]. Breakthrough infection following vaccination
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is another challenge that possibly results from the viral exposure during the period of inadequate immune
response formation towards the vaccine, or if the viral infection is caused by varaints of concern that evade
the immune response generated by the vaccine [78]. Nevertheless, the vaccines are shown to reduce the
severity of the disease and the need of hospitalization. The different vaccine candidates, administration
details and efficacies of vaccines approved for emergency use are enlisted in Table 2.

Table 2. Vaccines in clinical use/phase Il trial, their routes of administration, dose, immunogenicity, safety profile, and
authorized country

Vaccine Vaccine platform Immunogen Dosage Route Interval Efficacy Overall efficacy Current EUA
BNT162b2 mMRNA SP 30pug,2 IM 21 days 88.9% 52% after 1st Us, EU,
Pfizer-BioNTech doses after 1st  dose; 94.6% Canada,
(US) dose after 7 days of and UK
[81-86] 2nd dose
mMRNA-1273 mRNA SP 100 ug, 2 IM 28 days 100% 92.1% after 14 us, EU,
Moderna (US) doses after 14  days of 1st dose; Canada,
[87-89] days of  94.1% after 14 and UK
2nd dose days of 2nd dose
Ad26.CoV2.S Recombinant, SP 5x10" IM - 85% 72% in the US; US, EU, and
Janssen/ replication viral after 28  66% in Latin Canada
Johnson & incompetent particles, days; America; 57% in
Johnson (US) human adenovirus single 100% South Africa (at
[90, 91] serotype 26 dose after 49 28 day)
vector days
ChAdOx1 Replication SP 5x10" IM 4t012 100% 64.1% after 1st UK, WHO/
(AZS1222) deficient viral weeks after21  dose; 70.4% Covayx, India,
AstraZeneca/ chimpanzee particles, days of  after 14 days of and Mexico
Oxford (UK) adenoviral vector 2 doses 1st dose 2nd dose
[92-94]
Gam-COVID- Recombinant GS 10" viral IM 21 days 100% 87.6% after 14 Russia,
Vac (Sputnik V) adenovirus particles, after 21 days of 1stdose; Belarus,
[97] 2 doses days of  91.1% after 7 Argentina,
1st dose days of 2nd dose Serbia, Egypt,
Algeria, UAE,
and Palestine
Covaxin Whole-virion SP 6 g of M 4 weeks 81% - India
(BBV152; inactivated whole (phase
Bharat Biotech virions, 2 Il interim
and Ocugen) doses results)
[98] after 2nd
dose

GS: glycoprotein spike; SP: spike protein; IM: intramuscular; EUA: Emergency Use Authorization

BNT162b2 (Pfizer-BioNTech COVID-19 vaccine)

It is a lipid nanoparticle-containing nucleoside-modified mRNA-based vaccine, which encodes the
membrane-anchored, full-length SARS-CoV-2 S protein. It is administered via the IM, two doses at three
weeks apart [79]. A randomized placebo-controlled, observer-blinded, dose-escalation phase 1/1I trial was
conducted on the American population. There was the dose-dependent generation of neutralizing antibodies
following BNT162b2 vaccine administration, and the geometric mean of the neutralizing antibodies in the
study group was similar to the geometric mean of antibodies found in the convalescent plasma following
mild to moderate COVID-19 infection [80]. Cross-immune response was also reported against other variants
such as B.1.429, and B.1.35 (South Africa variant). A phase III clinical trial has reported a 95% efficacy rate
in preventing symptomatic COVID-19 infection at or after 7 days following the second dose of BNT162b2
vaccination [81]. The mild adverse events including local site reactions, headache, fever, fatigue, and myalgia
were commonly reported particularly after the second dose of vaccination [82]. Anaphylaxis and Bell’s
palsy were the rare major adverse events reported following BNT162b2 vaccination [83, 84].

mRNA-1273 (Moderna COVID-19 vaccine)

It is also a lipid nanoparticle-containing nucleoside-modified (encoding S protein) mRNA-based vaccine and
administered via IM route, two doses at four weeks apart. Dose-escalation, open-label phase I trial, reported
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a similar level of neutralizing antibodies in adult and older age group population, and geometric mean titer of
the neutralizing antibodies was higher in a vaccinated group as compared to the geometric mean of antibodies
in convalescent plasma donor sample [85]. The persistence of the high titers of neutralizing antibodies over
6 months following mRNA-1273 vaccination has been reported [86]. It showed an efficacy of 94.1% after
14 days following vaccination in phase III clinical trials [87], while adverse events were only mild including
injection site pain and redness, headache, fever, fatigue, and myalgia. Anaphylaxis and Bell’s palsy were the
rare major adverse events related to the vaccination.

Ad26.COV2.S (Janssen COVID-19 vaccine)

It is a replication-incompetent adenovirus 26 vector-based vaccine, encoding full length, membrane-bound
S protein (perfusion-stabilized conformation). It is administered as a single dose via IM route. Double-blind
randomized phase 1/II results showed high rates of neutralizing antibody production in subjects aged 18 to
85 years. However, the level of neutralizing antibody titers was slightly lesser than the level of antibodies
in convalescent plasma [2]. Phase III clinical trials reported an efficacy of 66.9% against the development
of moderate to severe COVID-19 infection after 14 days of vaccination [88]. Injection site pain, myalgia,
headache, and fatigue were the commonly reported mild adverse events following vaccination. Urticaria,
thromboembolic events, and tinnitus were noted in a small fraction of vaccinated subjects as compared to a
placebo group.

ChAdOx1 nCoV-19/AZD1222 (University of Oxford, AstraZeneca, and the Serum Institute of India)

[tis areplication-incompetent chimpanzee adenovirus vector-based vaccine with S protein as an immunogen.
Two doses are administered at an interval of 4 to 12 weeks apart. Single-blind, randomized control phase
[/1I trial has revealed high titer of neutralizing antibody at 28 days following vaccination irrespective of age
strata in adults [89]. The cellular immune response is also detected following vaccination. Interim analysis
of the multinational phase III trial has revealed a 70.4% efficacy rate at 14 days following 2nd dose of
vaccination [90]. Fatigue, headache, and fever were the commonly (~8%) reported adverse events. The safety
surveillance system has reported very rare events of vascular thrombosis (cerebral venous sinus thrombosis
and splenic venous thrombosis), and severe thrombocytopenia particularly in women of between 30 to 60
years among vaccinated subjects. However, the adverse vascular events were lesser than the thrombotic
events in the general population. In a recent study, Greinacher et al. [91] demonstrated immune thrombotic
thrombocytopenia mediated by platelet-activating antibodies against platelet factor 4 (PF4) in 11 patients
who developed thrombotic events following “ChAdOx1 nCov-19” vaccination.

Authors are of the opinion that, even though rarely, the recombinant vector-based vaccines might be
inducing COVID-19 like illness, and prothrombotic events as observed in COVID-19. It can also explain why
some people develop fever and turn reverse transcription-polymerase chain reaction (RT-PCR) positive after
first or second dose of vector vaccine. Occasional sudden deaths secondary to thrombotic events have also
been reported following this vaccination [91]. However, this hypothesis needs to be validated by further
research on animal studies and conducting autopsies in patients with sudden death after taking “ChAdOx1
nCov-19” vaccine [91]. As of now, thrombotic events are conspicuously being reported only following
vector-based vaccine administration.

NVX-CoV2373 (Novavax)

It is a nanoparticle, recombinant protein vaccine containing S protein and Matrix-M1 adjuvant. It is
administered intramuscularly, two doses at 21 days of interval. Randomized placebo-controlled phase I/II
trial reported high levels of neutralizing antibodies following the adjuvant vaccine as compared to the mean
antibody titer of convalescent sera from hospitalized subjects [92]. Phase III trial showed 89.3% of efficacy
at 7 days after the 2nd dose of vaccination [93]. Fatigue, headache, and myalgia were the commonly reported
adverse events following vaccination.
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Gam-COVID-Vac/Sputnik V (Gamaleya Institute)

It is a two-replication incompetent adenovirus vector-based vaccine containing the gene that encode
full-length S protein. It is administered in two doses at an interval of 3 weeks apart, via IM route. An
open-label, randomized phase I/Il clinical trial reported high neutralizing antibody titer following
vaccination. Interim analysis of the phase III trial results showed a 91.6% of efficacy rate at 21 days
following 1st dose of vaccination [94]. Flu-like symptoms were the most commonly reported adverse
events following vaccination.

Covaxin (BBV152; Bharat Biotech and Ocugen)

It is an an inactivated whole-virion SARS-CoV-2 vaccine, administered in two doses via IM route, 4 weeks
apart. Interim analysis of the phase III trial results showed 81% overall efficacy after 2nd dose [95]. Local
injection site swelling, malaise, headache, and fever are the minor adverse events reported after vaccination.

Viral mutation and COVID-19 vaccines

Mutations in the SARS-CoV-2 genome result in the development of new viral variants which are different from
the predominant virus isolated from the population. Viral variants cause decreased efficacy of the vaccines
and results in low protection against severe infection. The B.1.1.7 (UK variant), B.1.351 (South Africa variant),
and B.1.1.28 (Brazil variant) are the most common variants of concern reported to date. BNT162b2 and
mRNA-1273 vaccines showed maintained neutralizing antibodies against B.1.1.7 strain in vitro studies,
however, significant reduction of neutralizing antibody level encountered with B.1.351 [96-98]. Based on the
in vitro studies a few researchers advised the development of a new strain-specific vaccine against the South
African variant. Ad26.COV2.S vaccine has produced consistent high neutralizing antibodies against the native
strain and new variants, including B.1.351 strain [99]. ChAdOx1 nCoV-19/AZD1222 vaccination halted in
South Africa due to its minimal efficacy (~21.9%) against protection against B.1.351 infection [100]. A double
mutant strain called Lineage B.1.617 has recently been reported from India, and vaccination with BBV152
(Covaxin) has been found to offer a reasonable protection against it [101].

Conclusion

Vaccination is the most critical strategy to curb the COVID-19 pandemic. Most phase III clinical trials have
shown adequate efficacy of the vaccines against the development of COVID-19 infection and severe disease.
The neutralizing antibodies are short-lived, and there is evidence of long-term memory immune cells in
circulation following the previous coronavirus epidemic (SARS, MERS). Longitudinal vaccine trials are yet
to confirm the productivity and duration of memory B cells following SARS-CoV-2 infection. However, the
emergence of new variants of concern may result in hampered susceptibility towards post-infection or
post-vaccination mounted immunity, and threaten the progress of vaccination drive. A universal vaccine
design must account for cross-immune response against the new variants in addition to the predominant
SARS-CoV-2 strain.
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