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Abstract

The transmission of SARS-CoV-2 has caused serious health crises globally. So far, 7 vaccines that are already being assessed
in Phase IV clinical trials are, Comirnaty/ Pfizer; Spikevax/Moderna (m RNA vaccine); Vaxzevria or Covishield; Ad26.
COV2.S; Ad5-nCoV (adenoviral vector-based vaccine); CoronaVac and BBIBP-CorV (inactivated virus vaccine). Besides,
there are about 280 vaccines that are undergoing preclinical and clinical trials including Sputnik-V, Covaxin or BBV152, and
NVX-CoV2373. These vaccines are being studied for their immunological responses and efficiency against COVID-19, and
have been reported to demonstrate effective T and B cell responses. However, the long-lasting immunity of these vaccine
regimens still needs to be investigated. An in-depth understanding of the vaccine efficacy and immune control mechanism is
imperative for the rational purposing and implementation of the vaccines. Hence, in this review, we have comprehensively
discussed the immune response induced in COVID-19 patients, as well as in the convalescent individuals to avoid reinfection.
Moreover, we have also summarized the immunological responses and prophylactic efficacy of various COVID-19 vaccine
regimens. In this context, this review can give insights into the development of effective vaccines against SARS-CoV-2 and
its variants in the future.

Keywords COVID-19 - convalescent individuals - immune response - clinical trial - vaccine regimens

Introduction cleaves the S2 subunit at some definite regions, resulting

in the activation and internalization of the virus inside the

The novel coronavirus, now called severe acute respira-
tory syndrome coronavirus-2 (SARS-CoV-2), recently has
been the main reason behind the extreme health crisis all
around the globe. On March 11, 2020, WHO considered it
a global pandemic. This particular beta coronavirus which
uses ACE-2 (angiotensin-converting enzyme 2) receptor to
enter the human host was initially reported in the Wuhan
city of Hubei province, China [1, 2]. COVID-19 occurs in
two phases, the first phase includes an increase in the levels
of SARS-CoV-2 infection and transmission, where the RBD
region of the S1 subunit binds with the ACE-2 receptor of
the host cell and blocks the RAS system, further TMPRSS2
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host cell. While the second phase is associated with a drastic
increase in the levels of cytokines, impairment of the tissues
due to increased SARS-CoV-2 organotropism, aggressive
inflammation, and systemic failure, probably as a result of
unusual RAS system signaling that comprises the ACE /
ATIR / ANGII and ACE-2/ANG (1-7)/MASR proteins [3].

The SARS-CoV-2 associated with the COVID-19 dis-
ease display various symptoms from cough, fever, dyspnea,
and respiratory failure to sometimes no symptoms at all
[4]. To overcome the severity of this disease various vac-
cines have been approved viz., m RNA vaccines (Comir-
naty/ BNT162b2/ Pfizer and Spikevax/ mRNA-1273/ Mod-
erna) adenovirus-based vaccine (Vaxzevria /AstraZeneca/
Covishield, Sputnik V, Ad5-nCoV), Inactivated vaccine
(BBIBP-CorV, Covaxin), etc. Vaccines works on the prin-
ciple of immunological memory which helps an individ-
ual to overcome a particular infection for several years, it
works by inducing the development of memory B and T
cells for that particular virus which further stimulates an
efficient immune response in a short span to clear the virus
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as soon as it enters the host, thus preventing the reinfection
[4]. The reinfection can be prevented for several years as in
the case of diseases like chickenpox, measles, and mumps,
by exploiting the natural immunity to generate extensively
stable neutralizing antibodies [5]. In the case of COVID- 19
infection, vaccines have played a critical role in prevent-
ing this pandemic to a great extent, further individuals with
reports of the previous infection, and unvaccinated individu-
als displayed a higher rate of reinfection [6]. Hence it was
declared by the CDC that all the eligible individuals should
be offered COVID-19 vaccines [6]. However, the vaccinated
individuals can be reinfected due to the high rate of muta-
tions in the original strain of SARS-CoV-2 [7]. Furthermore,
the reinfection in fully vaccinated individuals also depends
on the immunological response of the host towards the vac-
cine. In the present review, we have extensively discussed
various immunological responses in COVID-19 affected and
recovered individuals. Moreover, we have also presented the
protective efficacy and immunological responses of the vari-
ous vaccine regimens against COVID-19.

Disease Progression and Protection
in Patients

Both innate and adaptive immunity, in general, intend to
impede the viral infection and remove the infected cells.
However, the immune responses in mild and severe SARS-
CoV-2 patients are different. Despite the variation present
among these patients, now it is evident, that following the
initial infection a range of consequences can be observed.
Although some patients with milder symptoms have been
reported to experience a wide range of distressing symp-
toms for several months following the initial infection [8,
9]. This condition when the symptoms persist even after
three months post-infection is referred to as long COVID
syndrome [9]. Autonomic dysfunction expressed as postural
orthostatic tachycardia syndrome, consistent fatigue, aber-
rant thermoregulation, myalgia, digestive problems, and skin
manifestations are among the symptoms of this disease [9].
Another condition that has been reported post-SARS-CoV-2
infection is the Multisystem inflammatory syndrome (MIS).
This condition can occur after 2—6 weeks post-SARS-CoV-2
infection and was first identified in children (MIS-C) [8, 10,
11], and lately in youngsters (MIS-A) [12]. However, with
aging, there are more complications associated with the
immune response viz., weakened non-lymphoid and lym-
phoid tissues that play a crucial role in the host immunity.
There is a decline in the levels of naive T and B cells with
the degeneration of the primary lymphoid organs, conse-
quently lesser amount of T and B cells reach the second-
ary lymphoid organ which is the site for antigen encounter.
Moreover, the extrapulmonary and pulmonary organs have
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been reported to be accumulated by the proinflammatory
cells and mediators [13]. The progression of COVID-19
infection associated with the compromised innate and adap-
tive immunity has been described in Fig. 1.

Innate Immunity in Disease Progression
and Protection

SARS-COV-2 or the novel coronavirus enters the human
host via ACE-2 receptors [14]. As soon as it enters the host,
it starts replicating, subsequently transmitting the infection
to other cells, which induces pyroptosis in the infected cells,
and consequently, the release of the DAMPs (Damage-asso-
ciated molecular patterns) [15]. These DAMPs are recog-
nized by the PRRs (Pattern recognition receptors) viz., TLRs
(Toll-like receptors) TLR3, TLR7, TLR8, TLR9, and some
sensors of viral infection (MDA-5 and RIG- I), which leads
to the production of the type I IFN (interferon) i.e, IFN-o
and IFN-p that are protective interferon against any viral
infection [9, 16, 17]. These responses, further result in the
transcription of the NLRP3 gene (NLR family pyrin domain
containing 3), and induction of various cellular responses
(Calcium influx, aggregation of protein, ROS production,
and release of danger-associated pattern), which together
activates various inflammasome complexes particularly the
NLRP3 inflammasomes [18]. Moreover, these inflammas-
omes induce the activation of caspase-1 dependent cleav-
age, which results in the activation of the proinflammatory
cytokines (IL-1p and IL-18), and gasdermin-D (pore-cre-
ating protein) mediated pyroptosis, thus the magnitude of
NLRP3 activation can be related to the severity of the novel
coronavirus [19]. In addition, an increased amount of the
enzyme Lactate dehydrogenase (released during pyropto-
sis) has also been observed in the blood of severely infected
COVID-19 patients [9].

Some studies have suggested that SARS-CoV-2 is
susceptible to the type-I IFN response [20, 21]. Besides,
further investigations are required to understand the role
of various genes that regulate the induction of the IFN
response. The probable reason behind the less severe
symptoms or no symptoms at all is because in such indi-
viduals type I interferons are released as soon as the
DAMPs are recognized, resulting in viral inhibition [22].
In elderly people or people with weak immune condi-
tions, IFN-I production is delayed, which results in the
activation of various inflammatory cells viz., neutrophils,
monocytes, and macrophages. Subsequently, a large num-
ber of proinflammatory cytokines are released by these
cells, this condition is termed as the cytokine storm that
has been reported to cause severe damage to the lung
alveoli resulting in a condition named severe acute res-
piratory syndrome. This condition further results in a
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Fig. 1 Immune responses and protection against SARS-CoV-2: (i, ii, iii) SARS-CoV-2 binds to the ACE-2 receptor and gets internalized via
endocytosis with the help of TMPRSS2. (iv) Inside the host cell Viral RNA is recognized by TLR3 and some sensors of viral infection (MDA 5
and RIG- I), (v) which induce production of IFN-I, and (vi) activation of various cellular responses (ROS production, calcium influx), (vii) lead-
ing to the production and activation of NLRp3 inflammasome, which further activates caspases that cleaves pro-IL-1p, pro-IL-18, and gasdermin
D, leading to their activation (IL-1p, IL-18, and gasdermin D). (viii, ix) Macrophages also produce cytokines that activate enough amount of NK
cells, (x, xi) leading to the production of IFNy, IL-2, and granzyme B, which causes pyroptosis of the infected cell. (xii) However, the viral RNA
can also use the host machinery to form new virions, (xiii) which can be recognized by the APCs leading to their presentation to the T cells,
which activates Th and Tc cells. (xiv) Th cells produce IFNy, IL-2, and TNF a, (xv, xvi) which activate the B cells to produce spike-specific and
neutralizing antibodies resulting in the virus clearance. (xvii) The cytokines produced from Th cells also induce the Tc cells to produce perfor-
ins, (xviii) which leads to pyroptosis of the infected cell and protection against the disease.

decrease in blood pressure, and consequently damages
multiple organs [23]. In a study involving 5,279 patients,
it was observed that C reactive protein and D- dimer were
elevated, in the early stages of the patient that required
ventilator support or were deceased due to this virus [24].

The granular lymphocytes include the Natural killer
or NK cells that are involved in the eradication of the
cells infected with the virus. People severely infected with
COVID-19 were reported to have decreased quantity of
NK cells in the PBMC (Peripheral blood mononuclear
cells) in contrast to the people of the same age that were
not severely infected [25-27]. In general, NK cells are
absent from the lung cells, but SARS-CoV-2 infection
in the lungs induces the macrophages and monocytes to
release the chemoattractants, as a result, NK cells migrate
towards these chemoattractants and infiltrate into the
lungs via CXCR3 receptor (chemokine receptor) [15, 28,
29]. However, the cytotoxicity of NK cells may decrease
most likely due to the declined levels of granzyme B in
severely infected COVID-19 patients [30].

Adaptive Inmune Response during Infection
and Protection

Adaptive immunity includes the B and T lymphocytes
that correspond to the humoral and cell-mediated immune
response. As soon as the virus enters the host, the viral
peptides are presented by the MHC-I of the nucleated cells
to the TCR (T cell receptor) of cytotoxic T (Tc or CD8 T
cells) cells, causing apoptosis of these cells. Moreover, the
proteins secreted by these viruses are also presented by the
MHC II molecule to the helper T cells (Th or CD4 T cells),
resulting in the secretion of IL-2 and IL-6 molecules which
leads to the proliferation of the virus-specific B lymphocyte,
consequently, forming the plasma and memory B cells. The
plasma B cells further secrete the IgG, IgM, and IgA anti-
bodies to neutralize the virus [31]. However these responses
build up in their fair share of time and in the case of SARS-
CoV-2, this type of antibody response takes about 19 days
to develop following the symptom onset, which is trailed by
the seroconversion (the development of specific antibodies
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in the blood serum as a result of infection or immuniza-
tion, including vaccination) of IgM and IgG antibodies [32].
Besides, the spike-specific IgA and IgM antibodies were
also reported to develop in COVID-19 patients. The IgA
antibodies started expanding in the initial week and at 20-22
days these antibodies reached their highest concentration,
and the IgM antibodies were at their peak by 10-12 days and
then declined 18 days after the symptoms occurred [33]. In
addition, following the symptom onset, an increase in the
spike-specific IgG titers was observed during the initial three
weeks, and later a decrease was observed from the eighth
week in some COVID-19 affected individuals [34]. How-
ever, reports suggest that in 2-4 months, the patients with
moderate COVID-19 symptoms, showed a swift decrease
in the level of spike-RBD-specific IgG titers, signifying
that the humoral immunity induced by SARS-CoV-2 is not
long-term [35, 36]. A very similar observation was reported
against the nucleocapsid protein of SARS-CoV-2 [37]. Fur-
thermore, lower IgG titers were found to be associated with
an elevated level of virus clearance compared to the high
IgG titers [38]. Moreover, 3-4 weeks following the acute
SARS-CoV-2 infection, symptomatic SARS-CoV-2 indi-
viduals have been reported to show an elevated level of IgG
titer compared to the asymptomatic individuals [39].

Various studies have suggested a decline in the count of
CD4 and CDS8 T cells in COVID-19 patients [40—42]. In acute
COVID-19 infections, CD8 T cells declined drastically [41,
42], but in mild infections, the level of both the CD8 and CD4
cells was slightly higher or normal [1, 43]. There have been
studies that reported the increased expression of NKG2A in
cytotoxic T and NK cells but decreased level of granzyme b
[44]. Besides, the proportion of NKG2A+ cytotoxic lympho-
cytes was reported to decline in SARS-CoV-2 patients, which
means that the expression of NKG2A can be associated with
the impaired cytotoxic lymphocyte function and increased
progression of SARS-CoV-2 in the initial stages [15, 44]. The
studies conducted so far suggest that SARS-CoV-2 infection is
associated with both reduced levels and impaired function of
T lymphocytes. But, to understand the definite T cell response
in SARS-CoV-2 infection more studies involving the apparent
CD4 and CDS8 T cell responses, and understanding the effec-
tor and central memory T cell generation, are required. Hence,
the virus-specific cytotoxic T cell response is crucial in under-
standing the cell-mediated destruction of SARS-CoV-2 which
is difficult to measure.

Immunological Responses in COVID-19
Recovered Patients

Immunological memory plays a crucial role to recog-

nize and elicit an immune response to the previously
encountered pathogen effectively and quickly. Therefore,
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comprehending whether any immunological response
occurs against SARS-CoV-2 would be crucial for over-
coming this pandemic [45]. Various investigations have
suggested that individuals who recovered from this dis-
ease were found to have an elevated level of neutralizing
antibodies (NA), Th1 cytokine-producing CXCRS5+ circu-
lating TFH cells (T follicular helper cells), proliferating
CXCR3+ CD4+ memory cells, CXCRS5- non-TFH cells,
IFN-g-producing CD8+ T cells, proliferating CXCR3+
CD4+ memory cells and IgG+ classical MBCs (memory B
cells) with BCRs (B cell receptors) that produced neutral-
izing antibodies [45]. Moreover, there have been reports
which suggest that specific memory Tc cells were also
present in the convalescent patients. These components
of the immune system have been crucial against many
other human viral diseases [5, 46, 47]. In addition, an
elevated level of plasma and memory RBD-specific IgG+
antibodies were maintained for at least three months post-
COVID in some patients [48—50]. Neutralizing antibodies
that prevent the virus from binding to the host receptor
also play an important role in combating SARS-CoV-2
[51]. In addition, the neutralizing antibodies were found
to be at their peak in the serum of the patients even after
3 to 5 weeks from their recovery, and the magnitude of
this peak can be associated with the disease severity [52],
however, these antibodies decay rapidly in the patients
that recovered in a short period [45, 53-55]. When the
half-life of these neutralizing antibodies was analyzed for
initial 70 days after infection an early half-life of about
55 days was observed [56]. Moreover, when this analysis
was done for the initial 8 months after the infection half-
life of about 90 days was observed [57]. Therefore, the
short half-life of serological antibodies and short life span
of antibody-secreting cells is the reason behind the rapid
decay. However, longer-term follow-up studies will unveil
further slowing of decay of the titers to reach a stable level
analogous to the humoral immune responses elicited in
other viral pathogens [5, 58]. These neutralizing antibod-
ies even in their lowest concentration (where they cannot
restrain the viral entry or its early replication) can act by
slowing down the division and the severity caused by the
virus [59]. However, understanding how neutralizing anti-
bodies work against the SARS-CoV-2 infection needs to
be further investigated.

Memory B cells play a crucial role by acting rapidly and
activating the protective antibodies as they re-encounter
SARS-CoV-2. Various studies insinuate that the SARS-
CoV-2 specific memory B cells accumulate for some
months following the initial infection [45, 56, 57, 60, 61].
The expanding levels of antibody somatic mutations pro-
pose that the continuous activity in the germinal center
drives the affinity maturation of the antibody reactions
with time [60]. The steady maintenance of the affinity
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developed by the memory B cells could help in eliminating
subsequent diseases, albeit the memory B cells' protective
nature in SARS-CoV-2 resistance is yet to be resolved.

There have been studies that described the T cell response
against the spike protein of SARS-CoV-2 or any other anti-
gen of this particular virus [56, 57]. Comparable half-lives
of about 120-139 days for spike-specific CD4+4+ memory T
cell reactions and a high recurrence of convalescent peo-
ple that possess CD4+ T cell responses for about 6 months
following the symptom onset were observed in some stud-
ies [56, 57]. Moreover, CD8 + T cell responses are also
activated during the SARS-CoV-2 infection, and in com-
parison to the CD4+ T cell, they exhibit a longer half-life
[56, 57]. Even though the role of T cells to overcome the
SARS-COV-2 infection is unclear, however, some studies
report strong T cell responses due to mild infection [62].
In addition, the progression of the germinal center B cells
is supported by the CD4+ T follicular helper cells (TFH),
which further activate the antibody responses. TFH cells
responses specific for the spike protein of SARS-CoV-2, pre-
cisely the TFH cells with CCR6 phenotype, are associated
with the production of the neutralizing antibodies in patients
that overcame the infection [63]. However, the lymph nodes
present at the site of infection are yet to be studied for par-
ticular phenotype and presence of the TFH cells, moreover,
the factors involved in the production of these TFH cells are
still unknown, but they play a crucial role in the generation
of sustained antibody response, consequently developing
immunity. Thus, T-cell responses to the SARS-CoV-2 anti-
gens are probably present in ample amounts in convalescent
people, to trigger an enhanced response during reinfection.
The function of T-cell responses in human re-exposure to
SARS-CoV-2 is unknown, but by correlating with various
other viral infections, these cells may limit the division of
this particular virus within the upper respiratory tract which
would decrease viral load and serious illness during re-expo-
sure [57, 64]. However, it is not clear which response, either
humoral or cellular response is sufficient to develop protec-
tion against SARS-CoV-2 reinfection.

Various Vaccine Regimens
against SARS-CoV-2

SARS-CoV-2 vaccines have been reported to induce an
efficient immune response in order to overcome and reduce
the mortality caused by the COVID-19 infection. Different
vaccine candidates under clinical and preclinical trials are
the m RNA vaccines, viral vector-based vaccines, inacti-
vated pathogen vaccines, etc. (Table 1). So far, 7 vaccines
are already being assessed in Phase IV clinical trials (Fig. 2),
namely: 1) Comirnaty, a nucleoside modified m RNA vac-
cine developed by Pfizer/BioNTech and Fosun Pharma; 2)

Spikevax, an m RNA vaccine that is encapsulated in the lipid
nanoparticle developed by Moderna and National Institute
of Allergy and Infectious diseases; 3) Vaxzevria, a recom-
binant ChAdOx1 adenoviral vector encoding spike protein
of SARS-CoV-2 developed by AstraZeneca and University
of Oxford; 4) CoronaVac, an inactivated virus vaccine, pro-
duced in Vero cells developed by Sinovac Research and
Development Co. §5) Ad5-nCoV, a non-replicating adenovi-
rus type 5 vector vaccine, developed by CanSino Biological
Inc./Beijing Institute of Biotechnology, 6) Ad26.COV2.S,
a recombinant, replication-incompetent adenovirus type 26
vectored vaccine encoding the spike protein, developed by
Johnson and Johnson, and 7) BBIBP-CorV, an inactivated
SARS-CoV-2 vaccine, developed by Sinopharm, China
National Biotec Group Co, and the Beijing Institute of Bio-
logical Products. In addition, over 280 vaccines are still in
preclinical and clinical development. Vaccines indeed are
reliable for maintaining high level of safety and efficacy
against a range of diseases. However, pain at the site of
injection, malaise, and fever due to systemic or local inflam-
matory responses are among the most common side effects,
although the frequency of these adverse effects varies with
age [65]. There have been rare cases of severe side effects
reported in response to the SARS-CoV-2 vaccines viz., only
less than 0.001% of individuals were reported to display
myocarditis, and anaphylaxis [65]. Similarly, in the case of
adenoviral vectored vaccine thrombocytopenia syndrome,
Guillain Barre syndrome, and capillary leak syndrome
were observed in very few individuals [65]. Moreover, vari-
ous adverse effects of these vaccine regimens have been
described in detail in Fig. 3.

BNT162b2/ Comirnaty (Pfizer/ BioNTech)

An American company, Pfizer in association with a Ger-
man-based company BioNTech and Shanghai-based Fosun
Pharma developed Comirnaty which is an mRNA vaccine,
formulated in the lipid nanoparticles [71]. So far, millions of
people around the world have administered this vaccine and
it has been reported to be about 95% effective in preventing
COVID-19 in volunteers with and without prior signs of
COVID-19 [71]. There have been studies that suggest the
occurrence of sufficient T and B cell responses against this
vaccine in humans [72], but the occurrence of the innate
immune response still needs to be studied. The mRNA
encoding the spike protein of SARS-CoV-2 has alterations
that make the spike protein stable in an antigenically pre-
ferred, prefusion conformation [71]. Lipid nanoparticles pre-
vent the degradation of this non-replicating RNA and release
it into the host cells when injected intramuscularly. As it
enters the host cell, translation occurs and SARS-CoV-2
spike protein is formed, which is further expressed on the
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Adenovirus-Based Vaccines

1. AZD1222/ Vaxzevria (AstraZeneca)

+ First dose: Significant T cell
response

+ Second dose: Neutralization
antibody titer increased 28
days post the booster dose

¥ Y
Neutralizing
Antibodies

2. Ad5-nCov (CanSino Biologics)

« Single dose induce
ficant humoral and

ar immune responses
within 28 days

3. Ad26.COV2.S (Johnson and Johnson)

!ﬁ m « First dose: single dose
s D4 and CDS T
cell response

increas

\YAA Y4

Neutralizing ~ * Second dose: Drastic increase

Antibodies in the Neutralization and anti
spike antibodies but lower in
comparison to the recovered

Anti spike comparison to the recovered

antibodies individuals

Cytokines produced

by Th cell Adenovirus-

/ \\ m RNA vaccines
" )

activate Te cells
°

perforins

Virus clearance

Inactivated

* 6 weeks following
immunization elevated
antibody titer
1. CoronaVac
( Sinovac)

© / /r\\Based vaccines

o)

cines
ines

« Four days following

vaccination. robust

humoral response
2. Covaxin/BBV15 (Bharat Biotech)
3. BBIBP-CorV (Sinopharm)

‘\74.

S,

response | ©

Plasma B cells

/ﬁé

Virus clearance = A
= A

7
Neutralizing
@ Antibodies

L

Inactivated Virus Vaccines

%
cytokines

Innate
immune 9 Beells

Y

e
Sy

A
Memory cells

= ?

IeM

m RNA Vaccines

1. BNT162b2/ Comirnaty
(Pfizer/ BioNTech)
« First Dose: IgG titer increased at 21 days
« Second Dose:IgG titer drastically
increased at 7 days but decreased between
7 to 63 days but still higher than recovered
patient
« Neutralizing antibodies increased by 7 days
*f stabilized at 21 days and decreased later

Ky

“D4 and CD8 T cells increased

2. mRNA-1273/ Spikevax
(MODERNA/NIH)
3 YN « Neutralizing antibody
titer similar to those of
recovered patients

« Cytokines that induce CD4
T cell response decreased.
but increased CD4 T cell
response

+CD8 T cell response only
in 100 pg dose

CDS T cells

Fig.2 SARS-CoV-2 Vaccines in development: Adenoviral vector vaccine (Vaxzevria, Ad5-nCov, and Ad26.COV2.S) - The adenovirus is
designed to contain information encoding the wild type spike protein. As this modified adenovirus DNA enters the host cell, it uses the host
machinery to translate the viral antigens which are presented to the T cells, leading to the activation of both Th and Tc cells. The Th cells
produce cytokines that activate the B cells and Tc cells. The B cells differentiate into plasma B cells and memory B cells. The plasma B cells
produce spike-specific IgG and IgM antibodies along with the neutralizing antibodies that play a major role in virus clearance. The Tc cells pro-
duce perforins that are also involved in virus clearance. mRNA-based vaccines (Comirnaty, and Spikevax)- The vaccine consists of an mRNA
encapsulated in a lipid nanoparticle and has the information required to synthesize a stable prefusion of the spike protein. This m RNA when
inside the host cells uses its machinery to translate the viral antigens, which are presented to the T cells, and thus activate the adaptive immune
response against the Spike protein. Inactivated virus vaccine (CoronaVac, Covaxin, and BBIBP-CorV) - The inactivated whole virus when
inside the host cell are presented by the APCs to the T cells which activate the adaptive immune response. The role of innate immune response
and memory B cells in virus clearance still needs to be investigated.

1. BNT162b2/ Comirnaty

!

Anaphylaxis (4.8/million)
Myocarditis (6-27/million)
Lymphadenopathy (784/million)
Appendicitis (50/million)

Herpes zoster infection (158/million)
Pericarditis (4.9 cases/million)

Bell’s Palsy (26/million)

6. CoronaVac

!

Bell's palsy (8.7- 38/million)
Encephalopathy (0.1/million)
Anaphylaxis (2/million)
Thromboembolic Events (1.15/million)

Guillain Barre syndrome(0.29/million)

2. mRNA-1273/ Spikevax

!

Anaphylaxis (2.5- 5.1/million)
Myocarditis (20.4/million)

Pericarditis (14.8/million)

7.NVX-CoV2373

!

Injection site reaction; pain;
tenderness; erythema;

swelling; fever; headache; fatigue;
malaise; myalgia; arthralgia;

nausea

3. AZD122)/ Vaxzevria

!

Thrombocytopenia syndrome (14.9-
20.5/ million)

Capillary Leak Syndrome (0.24/
million)

Myocarditis (0.24/ million)
Pericarditis (2.1/million)
Anaphylaxis (3.3/ million)

Guillain-Barre syndrome (1.4/million)

8. Covaxin (BBV152B)

!

Cough, fever, shortness of breath,
nasal congestion, headache,
conjunctivitis, muscle or body pain,
sore throat, loss of taste or smell,
and diarrhoea

4.Ad26.COV2.S

!

9.Ad5-nCoV

!

muscle pain, and headache

5. Sputnik V

!

The most frequent symptoms

Thrombosis with thrombocytopenia
(3/million)

Guillain-Barre syndrome
(12.9/million)

were local pain, asthenia,

headache, and joint pain

10. BBIBP-CorV

!

Dizziness, fatigue, headache, nausea,

Fatigue, pain at vaccination site,

vomiting, allergic dermatitis, and

fever

Fig.3 Main adverse effects of various SARS-CoV-2 vaccine regimens. As illustrated, there have been rare cases of these severe side effects.

host cell’s surface. Hence in response to this brief expression
of the spike protein, neutralizing antibody response and cell-
mediated immune responses are stimulated, in order to pro-

vide protection against the SARS-CoV-2 infection [71]. In

@ Springer

a non-random, open-phase I/ II (NCT04380701) study that
was conducted in Germany, Comirnaty has been reported to
elicit a potent antibody reaction in healthy individuals from
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19 to 55 years of age [73]. Patients were divided into differ-
ent groups to receive various concentrations of the vaccine
(1 pg, 10 pg, 20 pg, or 30 pg) in two doses over a gap of
21-days. The geometric mean concentration (GMC) of the
spike-specific IgG was reported to increase in all these dose
groups at 21 days following the initial administration, and,
a strong improvement in response was observed at 7 days
following the next dose. Although following the second dose
the GMC of the Spike-specific antibodies dropped from 7
to 63 days but were still significantly higher in comparison
to the sera of SARS-CoV-2 recovered patients. Moreover,
after 7 days following the second dose (10-30 pg) of Comir-
naty an elevation in the levels of SARS-CoV-2 50% neutral-
izing geometric mean titer (GMT) was observed. When a
follow-up was done for 63 days from the second dose it was
observed that about 21 days following the second dose the
GMT declined slightly before stabilization [73].

The Comirnaty immunized serum has been reported to
neutralize all the strains, specifically the modified SARS-
CoV-2 with the spike mutations (including N501Y) that
were present in the highly transmissible South African and
United Kingdom variants [74, 75], and induced a dramatic
increase in the spike-specific CD4 and CDS8 T cells response
in most of the immunized individuals [73].

The ability of a vaccine to elicit a specific antibody
response against its epitopes is not a mere criterion to
demonstrate its effectiveness to develop immunity against
SARS-CoV-2. Hence, the efficacy and safety of Comirnaty
were validated in a broad range of multinational, placebo-
controlled, observer-blinded, efficacy trials (NCT04368728)
with 43,548 participants [76]. In terms of efficacy, among
participants with no previous proof of infection, 8 cases were
reported to be infected after 7 days from the second dose of
the vaccine, and 162 cases were reported from the placebo
group. Overall, Comirnaty has shown 95% efficiency in the
prevention of COVID-19. Interestingly, between the first and
second doses, 39 cases of COVID-19 were reported from the
Comirnaty vaccinated group, and 82 cases of COVID-19
were observed in the placebo group, hence, a 52% efficacy
was observed in this period. This signifies that the vac-
cine provides early protection, which occurs 12 days from
the first dose. In addition, the individuals vaccinated with
Comirnaty were assessed for the NA GMT against the South
African (Beta) and the United Kingdom (Alpha) variant of
SARS-CoV-2. The virus was designed to include subse-
quent mutations in their spike protein: N501Y in Alpha and
Beta variants; 69/70-deletion + N501Y + D614G in Alpha
mutant; and E484K + N501Y + D614G in Beta mutant. It
was observed that the mutant type induced the neutraliza-
tion titer similar to that of the wild type in a similar dura-
tion i.e., two to three weeks post-immunization. However,
neutralization GMT against SARS- CoV-2 Beta mutant
with three mutations (E484K + N501Y + D614G) was less

in comparison to that against the N501Y mutant or Alpha
mutant with three mutations (69/70 deletion + N501Y +
D614G) [74]. Apart from these variants, WHO recognized
Omicron as the variant of concern, hence it is crucial to
develop a vaccine against this particular variant as it is
distantly related to the previously reported variants [77].
Moreover, a study has been conducted on the health care
workers, who received a third dose (booster) following 6-9
months of the second dose. It has been reported that cross-
protective neutralizing antibodies were present against the
Omicron and other variants of SARS-CoV-2 in the individu-
als vaccinated with Comirnaty, but the titer of these antibod-
ies was less in Comirnaty vaccinated individuals compared
to individuals vaccinated with Spikevax [77, 78]. Moreover,
the cellular response against SARS-CoV-2 has also been
roughly estimated and it was observed that in 95.2% of the
participants RBD-specific CD4+ T cell lymphocytes were
activated and the magnitude of this T cell response was
directly proportional to the GMC of the anti-RBD antibodies
and the GMT of NA. Moreover, in 76.2% of the immunized
individuals, a definite CD8+ T cell response was observed
which was directly proportional to the CD4+ T response
but this was not the case for GMT of NA. Both of the RBD-
specific T lymphocytes (CD4+ and CD8+) released IFNg+
and IL-2. In addition, the intracellular cytokine examina-
tion revealed the presence of the functional and pro-inflam-
matory response in both CD4+ and CD8+ T lymphocytes,
with a Th1 orientation consisting in the production of TNF,
IL-1b, and IL-12p70, but neither IL-4 nor IL-5 [73, 79].

mRNA-1273/ Spikevax (MODERNA/NIH)

Moderna Therapeutics an American company from Cam-
bridge, Boston in association with the National Institute of
Allergy and Infectious Diseases (NIAID) created the first
vaccine candidate for clinical trials in 63 days from the
SARS-CoV-2 genome sequencing. The vaccine consists of
an mRNA encapsulated in a lipid nanoparticle and has the
information required to synthesize a stable prefusion of the
spike protein. This m RNA when inside the host cell uses
its machinery to translate the viral antigens, which are pre-
sented to the T cells and recognized directly by the host
B cells, thereby activating the adaptive immune response
against the spike protein. The initial phase of administra-
tion of mRNA 1273 began with 45 healthy volunteers aged
18-55 years. They initially were administered at different
doses of 25 pg, 100 pg, and 250 pg. The second shot was
given 28 days following the initial one. The reports from
the Phase I study demonstrated that the production of the
neutralizing antibody titers and the dose-dependent humoral
immune responses were similar to that in the convalescent
individuals [80]. Doses of 25 pug and 100 pg were reported
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to induce CD4+ T cell response but the levels of cytokines
involved in the expression of Th 2 cells were in low concen-
tration (which were found to be detrimental during SARS
and MERS vaccine development efforts) [81, 82]. Moreover,
the CD8+ T lymphocyte was only activated by a 100 pg
dose. There have been no stage 4 adverse effects (disabling
or life-threatening) reported for this vaccine and is well tol-
erated. A small phase I trial that included 40 older people
in two age groups (56-70 years and 71 years or older) was
also conducted. The volunteers received the highest tolerated
doses i.e., 25 pg or 100 pg of Spikevax. These individuals
generated a similar immune response to that of the 18-55 age
group. Hence, it signifies that Spikevax can induce immu-
nogenicity even in the lesser immunocompetent and most
vulnerable age groups. A dose of 100 pg has been shown to
elicit strong cell-mediated and humoral immune responses,
thus employing it in phase IV vaccine studies. Moreover,
the efficacy and safety of this vaccine candidate were con-
firmed to be 94.1% [83]. Moreover, when the third dose of
this vaccine was administered as a booster dose to the health
care workers, 6 to 9 months after the second dose, the spik-
evax has been reported to be effective against Omicron, and
other variants of SARS-CoV-2, and the concentration of the
cross-neutralizing antibodies were higher in individuals vac-
cinated with Spikevax, compared to that of the Comirnaty
vaccinated individuals [77, 84].

AZD1222/Vaxzevria (AstraZeneca/Oxford
University) or Covishield

Vaxzevria, manufactured by Oxford University and the Brit-
ish pharmaceutical company AstraZeneca is a viral vector
vaccine. This vaccine candidate was among the first that
started the clinical trials. It is the only vaccine to use an
incapacitated chimpanzee adenovirus (ChAdOx1), therefore
there would be no existing immunity in humans against this
vector due to little or no exposure to this simian virus. The
ChAdOx1 vector is designed to contain information encod-
ing the wildtype spike protein [66]. A phase I study was
conducted where patients were parted into two groups, a
group with a large number of participants that received a
single dose of Vaxzevria and a small group with 10 par-
ticipants who received two doses 28 days apart. The mean
neutralization titer showed an elevation in the second group
that received the booster dose [85]. The antibody titers were
comparable with that of the average convalescent samples,
however, the comparative study was difficult due to the lack
of data reporting the exact titers of the convalescent indi-
viduals. Interestingly, IFN-y ELISPOT assays also suggest
that this vaccine also induces a significant T-cell immune
response [4]. Moreover, the presence of anti-spike IgA and
IgG were reported in the sera of vaccinated individuals, i.e.,

@ Springer

post-vaccination robust B cell responses were observed [86].
Cytokines like IL-2 and IFN-y were found to be elevated
in individuals who received ChAdOx1 in comparison to
the controls, moreover, a decrease in the level of IL-13 and
IL-4 was observed [87]. The increase in the level of Thl
cytokines viz., IFN-y, IL-2, and TNF-a in comparison to the
Th2 cytokines have also been reported, and it has also been
demonstrated that Vaxzevria generated the Thl response
predominantly [87]. Phase I/II trials of Vaxzevria have also
been conducted in the population aged 18- 55 years, and it
has been reported to be well tolerated in these individuals,
further Vaxzevria also elicited a strong cellular and neu-
tralizing antibody response against the S protein of SARS-
COV-2 [86]. Moreover, in Phase II/III clinical trial involving
volunteers of different age groups viz., 18 to 55 years 56 to
69 years, and 70 years and older, it has been reported that
spike-specific T cell responses were induced and reached
their peak on the 14th-day post-vaccination. In addition to
this the spike specific neutralizing antibody response was
maintained and peaked at 28 days post the booster dose, in
all the age groups. Moreover, it has been reported to be well
tolerated in all age groups [88].

CoronaVac (Sinovac Research
and Development Co)

Inactivated vaccines have been extensively used for more
than a decade. The infectivity of the virus is inactivated
which makes it harmless along with maintaining its immu-
nogenic nature to induce an immune response [67]. Coro-
naVac, the formaldehyde-inactivated SARS-CoV-2 vaccine,
developed by the China-based Sinovac Research and Devel-
opment Co. is presently being evaluated in Phase IV of the
clinical trial. CoronaVac has been observed to induce 92.4%
seroconversion in some individuals following 2 weeks and
97.4% following 4 weeks of the second dose [89]. In addi-
tion, 6 weeks following the immunization also an elevated
titer of antibodies was observed [90]. In Chile, Phase III
clinical trial in health care workers, suggested an elevated
level of seroconversion in the neutralizing and anti-S1-RBD
IgG antibodies, along with a strong T cell response in these
individuals [91]. Coronavac is highly efficient in preventing
the occurrence of COVID-19 disease in individuals between
18 to 59 years of age [92]. Moreover, around 14 days after
vaccination, 89.7% of the volunteers were reported to pro-
duce anti-RBD antibodies, and about 92% of the seroposi-
tive (The presence of detectable levels of a specific marker
within the serum is considered seropositivity, while the
absence of such levels is considered seronegativity) indi-
viduals were reported to develop protective neutralizing
antibodies. Further, the mean neutralizing antibody titer
was evaluated in these volunteers and it was found that the
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neutralizing antibodies were more significant for the P.1
and P.2 variants in comparison to the B.1.128 variant [92].
Further, Phase I/II trials were conducted in the older aged
group i.e., 60 years and older with two different doses viz.,
3 pg and 6 pg, in a two-dose regimen (0 and 28 days apart).
The neutralizing antibody response was much stronger in
the 3 and 6 ug group compared to the group that received a
dose of 1-5 pg. Moreover, these responses were similar to
the immune responses developed in the adults (18-59 years
) that received a similar dose [93].

Ad5-nCov (CanSino Biologics)

Ad5-nCoV developed by the Chinese company CanSino
Biologics from Tianjin, in association with the Institute of
Biology of China’s Academy of Military Medical Sciences
is an adenoviral vector vaccine. This vaccine uses the human
adenovirus serotype 5 vector (Ad5) to express the S protein
in the host cells [66]. As the vector is a human adenovi-
rus, there may be a pre-existing immunity already present
against this vector, which can also hinder the development
of an immune response against the presented antigen [66].
In a Phase II trial (double-blinded randomized placebo-
controlled), the volunteers between 18 to 83 years of age
received, either of the two doses (5 x 10'° or 1x 10'!) of this
particular vaccine or placebo, and 28 days post-vaccination
more than 95% of the individuals from both the dose groups
were observed to produce the anti-RBD and neutralizing
antibodies against SARS-CoV-2 [69]. Further, in both the
dose groups, specific T cell responses were confirmed via
the interferon-y ELISpot assay [69].

Ad26.COV2.S (Johnson, and Johnson)

Johnson and Johnson Pharmaceuticals has a subsidiary
viz., Israel-based Janssen Pharmaceuticals that develops
the Ad26.COV2.S vaccine. This vaccine is an adenovirus
26-based viral vector vaccine (replication-defective) that
expresses the stable SARS-CoV-2 prefusion S protein.
CanSino differs from Ad26.COV2.S in the adenovirus sero-
type [66]. Since very few individuals have been exposed to
the Ad26 serotype in comparison to the ubiquitous Ad5 sero-
type, therefore, the already present immunoreactivity against
this vector must not reduce the immunogenicity of the devel-
oped vaccine. Secondly, this vaccine requires a single dose
[66], and stimulates the induction of anti-spike antibodies
and neutralizing antibodies, which have been reported to dis-
play lower mean titers than in the recovered individuals [94].
A single dose of this vaccine has been reported to induce

the production of CD4 and CD8 T lymphocytes. Moreover,
further studies are being conducted regarding the response
developed due to the second dose and this might drastically
increase the level of the nAb titers, similar to the other vac-
cines [4]. Hence, all of the viral vector vaccine candidates
show similarities in terms of safety and induced immuno-
genicity [4]. Although, in contrast to the RNA-based and the
adjuvant protein-based vaccines, they are slightly inferior
[4]. In addition, Phase I/II trials involving 805 volunteers
between 18 to 55 years, and more than 65 years were con-
ducted at different dose levels in one or two-dose schedules
including a high dose of 1x1011 viral particles or a low dose
of 5x1010 viral particles per milliliter or placebo. Both low
and high doses showed similar effects. In individuals aged
18 to 55 years the immunogenicity was observed to decline
following the second dose. In addition, on 29 days follow-
ing the initial dose neutralizing antibodies were observed in
more than 90% of the volunteers and by day 57 this value
reached 100 % (independent of dose and age group). Moreo-
ver, the levels of antibodies were reported to increase and
were stable till day 71, and following the second dose, these
levels were further reported to increase. Besides, in around
76- 83% of the cases from the individuals aged 18 to 55
years and 60- 67% of the cases from 60 and above age group
were reported to display CD4+ T-cell response, further, in
this age group a clear skewing towards the robust CD8+
T-cell response was observed [95].

BBIBP-CorV (Sinopharm)

BBIBP-CorV is an inactivated SARS-CoV-2 vaccine (Vero
cell) developed by Sinopharm, China National Biotec Group
Co, and the Beijing Institute of Biological Products [70].
This vaccine induces an effective immune response of about
79.34% [66] and is tolerable in healthy individuals. Moreo-
ver, a strong humoral immune response is induced even on
the fourth day from the first dose of the vaccine, and 100
% seroconversion was reported on the 42nd day [70]. The
neutralizing antibody titer was elevated in the individuals
that were administered with the BBIP-CorV in the two-dose
schedule of 0 and 21 and O and 28 days in comparison to
the two-dose schedule of 0 and 14 days and the single-dose
schedule [70]. Phase I/ II trial study showed that this vac-
cine was immunogenic, safe, and well-tolerated in healthy
individuals. Moreover neutralizing antibody responses
were reported in all the recipients from the two age groups
between 18- 59 and more than 60 years at different doses of
2 pg, 4 pg, and 8 pg [70]. However, more studies need to be
reported to give insights into how this inactivated vaccine is
being evaluated for the control and prevention of COVID-19.
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Sputnik V or Gam-COVID-Vac developed by Gamaleya
Research Institute of epidemiology and microbiology Mos-
cow, Russia is a viral vector vaccine, which uses different
adenoviral vectors in the prime dose (Ad26) and the booster
dose (Ad5) [66]. A phase I and II trial that included 38 par-
ticipants suggested that this vaccine can induce a strong
humoral and cell-mediated immune response (Tc and Th cell
activation) in all the volunteers [96]. Further, a study includ-
ing 22,714 participants reported the efficiency of this vac-
cine to be 91.4%, where about 20 individuals in the placebo
group were reported to be severely infected with COVID-19
and none of the severe cases were reported in the vaccinated
individuals, concluding that the vaccine is 100% efficient
against severe cases of COVID-19 [97]. Moreover, Covaxin
or BBV152, developed by the Bharat Biotech International
Limited, along with the National Institute of Virology of
Indian Council of Medical Research, India is an inactivated
whole virus vaccine. To prepare this vaccine f-propiolactone
has been used to inactivate the whole virus, which was fur-
ther propagated in the CCL81 Vero cell lines [66]. Clinical
trials have been successfully conducted in India, and it has
been reported to induce a strong humoral response four days
following the initial immunization. Moreover, seroconver-
sion has also been reported 42 days following the immuniza-
tion [68]. Further, NVX-CoV2373 is a subunit vaccine that
is developed by Novavax from Maryland, it is the recombi-
nation of the Spike protein and saponin-based Matrix-M1
adjuvant [98]. Novaxax induces an elevation in the level of
B, T, NK, and dendritic cells in the draining lymph nodes.
Moreover, an elevated level of spike-specific antibodies and
neutralizing antibodies have also been reported following the
initial dose of immunization [99, 100].

Conclusion

In this review, first, we have extensively discussed the lev-
els of IFN-I response, degree of antibodies produced, and
CD8/ CD4 T cell responses in mild and acute SARS-CoV-2
infection. These variations in acute and mild infections can
aid in the development of effective remedies and vaccine
design to overcome this pandemic. Moreover, we have also
discussed the immunity developed in recovered patients. The
short lifespan of the neutralizing antibodies in the recovered
individuals suggests that the reinfection may be frequent in
the upcoming months or years. However, strong B and T
cell responses are induced during the infection, hence these
responses will surely aid in the mitigation of the deadly
SARS-CoV-2 transmission, and inhibit the reinfection in
long term.
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Vaccines play a central role in the development of herd
immunity. In the context of COVID-19, the major charac-
teristics, immunological responses, and efficacy of the avail-
able vaccines have been described extensively in this review
(Table 1). Almost all of these vaccine candidates provide
protection against this infection by inducing an effective
neutralizing antibody response. However, the effects of
these neutralizing antibodies are not long-lasting, so rapid
and efficient vaccination programs are essential to inhibit the
transmission of SARS-CoV-2. The efficacy and safety profile
of the vaccine candidates that are in Phase IV of the clinical
trial are being carefully monitored by the global scientific
community, and are reported to be highly effective against
this particular infection, viz., m RNA based vaccines like
Comirnaty and Spikevax were 95% and 94% efficient respec-
tively, and the viral vector vaccine like sputnik V, was 91.4%
effective, moreover, the inactivated pathogen vaccine like
BBIBP-CorV was 79.34% effective [66, 67, 71, 83, 97]. Due
to the effectiveness of these vaccine candidates, the COVID-
19 restrictions are slowly being removed in the majority of
the countries where the vaccination program has reached its
final stage, which might be a promising approach in bring-
ing this global pandemic to an end. Whether these vaccines
are effective against the variants of the SARS-CoV-2 still
needs much investigation. However, m RNA vaccines and
AZD1222 displayed high protective efficacy against Alpha,
Beta, and Gamma variants of SARS-CoV-2 [101, 102]. Fur-
ther Ad26.COV2.S and m RNA vaccines resulted in a lower
possibility of viral culture positivity, and a rapid decrease of
the viral load for the delta and a range of other variants [65].

SARS-CoV-2 vaccines came into the market as an emer-
gency, hence, the PPP (public-private partnership) could
be helpful for the distribution of various vaccines and to
conduct the immunization program around the globe to
overcome this deadly pandemic. The declarations by the
scientific community rely on reports that involve various sta-
tistical and biological approaches in their studies. Moreover,
Scientific research should be transparent and reproducible.
The global distribution of the vaccines and the international
collaboration to develop these vaccines in different countries
is a great step in terms of humanity and will surely play a
vital role to end this pandemic. In addition, vaccination cam-
paigns are really important in order to induce herd immunity,
which could mitigate the threat of COVID-19 pandemic.
Hence, rapid production and supply of various vaccines are
crucial[103]. Besides, mixing different vaccine to achieve an
elevated level of immunity can also be an approach to over-
come the shortage of vaccines in poor countries. In addition,
the mixing of different vaccines can also help to overcome
the havoc caused by the new emerging variants or the vari-
ants of concern (VOC) that are becoming partially resistant
to the vaccines available in the market today [104]. There
have been reports which suggest that the mixing of vaccines
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has induced an elevation in the levels of neutralizing anti-
bodies, along with strong IgG response, and robust cellular
immunity [105-107] . Hence, this mix and match strategy
is being applied in both the developing and developed coun-
tries to vaccinate the individuals of their country with an
effective vaccination strategy [108]. There have been studies
where the mixing of the Vaxzevria and Comirnaty vaccine
induced a more robust immune response compared to that
induced by the two doses of either of these vaccines [105,
109-111]. Further, a single dose of Vaxzevria when fol-
lowed by a booster dose of Pfizer reported to induce an 11.5
times elevation in the level of IgG and spike specific IgA
immunoglobulins compared to the individuals who received
the two doses of Vaxzevria [112]. Moreover, humoral and
cell-mediated immune responses particularly the levels of
spike specific IgG, neutralizing antibodies, spike specific
CD4, and CDS8 T cells were reported to increase significantly
in the individuals who received the first dose of Vaxzevria
followed by the second dose of an mRNA vaccine viz.,
Comirnaty or Spikevax [106]. A phase II trial in Spain when
Vaxzevria was given as a first dose, followed by the booster
dose of the Comirnaty vaccine, resulted in 150 times eleva-
tion in the levels of antibodies after fourteen days of the
booster dose [105]. Besides, these mix and match strategies
along with boosting the immune response showed the least
side effects [109, 110]. Furthermore, the fractional dosing
(half or lesser dose) of different vaccine regimens would
speed up the vaccination program in underdeveloped coun-
tries [103]. In addition, the fractional dosing strategy might
be more economical particularly when the worldwide stock
of these vaccines is restricted or in the early phase of devel-
opment for the new emerging variants that could pose an
increased threat to the global public health, hence providing
insights into the development of a potential cost-effective
vaccine against SARS-CoV-2.
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