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Abstract
In the current scenario of the coronavirus pandemic caused by Severe Acute Respiratory 
Syndrome Coronavirus 2 (SARS-CoV-2), considerable efforts have been made to control 
the pandemic by the development of a strong immune system through massive vaccination. 
Just after the discovery of the genetic sequences of SARS-CoV-2, the development of 
vaccines became the prime focus of scientists around the globe. About 200 SARS-CoV-2 
candidate vaccines have already been entered into preclinical and clinical trials. Various 
traditional and novel approaches are being utilized as a broad range of platforms. Viral 
vector (replicating and non-replicating), nucleic acid (DNA and RNA), recombinant protein, 
virus-like particle, peptide, live attenuated virus, an inactivated virus approaches are the 
prominent attributes of the vaccine development. This review article includes the current 
knowledge about the platforms used for the development of different vaccines, their working 
principles, their efficacy, and the impacts of COVID-19 vaccines on thrombosis. We provide 
a detailed description of the vaccines that are already approved by administrative authorities. 
Moreover, various strategies utilized in the development of emerging vaccines that are in the 
trial phases along with their mode of delivery have been discussed along with their effect on 
thrombosis and gastrointestinal disorders.
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Introduction

A recently emerged Coronavirus disease 2019 (COVID-19) is associated with a novel 
virus called Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). It is 
a beta-coronavirus that caused high morbidity and fatality throughout the globe [1]. 
According to the recent annotation (GenBank: NC_045512.2), SARS-CoV-2 is an 
enveloped virus having single-stranded RNA of ∼30  kb, where conserved structural 
proteins (membrane protein, spike protein, nucleocapsid protein, envelope protein, and 
six accessory proteins) are encoded by shorter single guide RNA (sgRNAs) [2]. The 
COVID-19 disease is declared a global pandemic on March 11, 2020, by the World 
Health Organization (WHO), due to its severe outbreak and frightening levels of trans-
mission. As of June 24, 2022, the COVID-19 pandemic had resulted in 547,492,681 
confirmed COVID-19 cases across 193 countries, which led to 6,347,816 deaths reports 
to the WHO. SARS-CoV-2 is attached to the receptors angiotensin-converting enzyme 2 
(ACE2) that are chiefly present in epithelial tissue of lungs, intestine, and cardiovascular 
systems [2]. ACE2 receptor not only acts as SARS-CoV-2 receptors but also facilitates 
the transmission of the virus [3]. The primary symptoms of COVID-19 include fever, 
dry cough, fatigue, and running nose but it is also characterized by pneumonia, lympho-
penia, exhausted lymphocytes, and a cytokine storm [4]. In infected patients, formations 
of antibodies are reported; however, there is no clear evidence that these antibodies are 
protective or pathogenic against the virus to prevent reinfection.

The absence of effective clinical treatment for COVID-19 disease and its extremely 
contagious nature lead to the instant demand for the development of vaccines to bring 
the world towards normalcy. At relatively low-cost vaccines are crucial to dampen the 
disease load in large populations and can be proved as a potent tool to mitigate the impact 
of COVID-19 [4]. Both conventional and next-generation approaches are being utilized 
as a broad range of platforms for the development of vaccines. These approaches are 
viral vector (replicating and non-replicating), nucleic acid (DNA and RNA), recombinant 
proteins, virus-like particle, peptide, and live attenuated and inactivated viruses [5]. 
Apart from these above-mentioned platforms, some developing vaccines are trying to 
traffic the antigen into the body and others are using the body’s own cellular machinery 
for making the viral antigens [6].

In this article, we have discussed fourteen candidates of vaccines across two platforms 
that were approved for vaccination to defend against COVID-19 infection with different 
efficacy mentioned in Table 1. Furthermore, approximately 85 vaccines are under different 
phases of the clinical trial and some of them are mentioned in Table  2. On 16 March 
2020, human clinical trial of the first COVID-19 vaccine candidate gets started [6]. At 
the end of 2021, around two billion vaccine shots are aimed to be delivered globally 
by WHO. To date, June 24, 2022, more than 12.02 billion vaccine doses have been 
administrated globally. In the landscape for the COVID-19 vaccine, numerous candidates 
are in their developmental phase to attain a similar goal to stop transmission and gain 
immunity against the virus (Table  2). This review presents an overview of the types, 
development, mechanisms, efficacy, and safety of the use of several vaccines of COVID-
19 administrated in the different age groups of population along with their adverse effects. 
In this manuscript, we explored a total of fourteen vaccines developed from different 
conventional and novel platforms of vaccine development, which are approved and 
authorized for their uses.

1542 Applied Biochemistry and Biotechnology (2023) 195:1541–1573



1 3

Ta
bl

e 
1 

 A
pp

ro
ve

d 
va

cc
in

es
 fo

r C
ov

id
-1

9,
 th

ei
r m

an
uf

ac
tu

re
r, 

va
cc

in
e 

ty
pe

, t
he

 d
os

e 
re

qu
ire

d,
 ti

m
e 

in
te

rv
al

, e
ffi

ca
cy

, c
ou

nt
ry

 o
f t

he
ir 

or
ig

in
, a

nd
 st

or
ag

e 
co

nd
iti

on
s

Va
cc

in
e 

na
m

e/
br

an
d 

na
m

e
Ty

pe
 o

f v
ac

ci
ne

D
os

es
St

or
ag

e
Ti

m
e 

in
te

rv
al

 (D
ay

s)
Effi

ca
cy

C
ou

nt
ry

 o
f o

rig
in

D
at

e 
of

 a
pp

ro
va

l
Re

f

B
N

T1
62

b2
/P

fiz
er

m
R

N
A

 v
ac

ci
ne

2
 −

 25
 °C

 to
 −

 15
 °C

21
91

%
U

S-
G

er
m

an
y

D
ec

. 1
1,

 2
02

0
[7

]
m

R
N

A
-1

27
3/

 M
od

er
na

m
R

N
A

 v
ac

ci
ne

2
 −

 20
 °C

28
94

.1
0%

U
S

D
ec

. 1
8,

 2
02

0
[8

]
C

V
nC

oV
/ C

ur
eV

ac
m

R
N

A
 v

ac
ci

ne
2

 +
 5 

°C
28

70
.7

%
G

er
m

an
y

O
ct

. 1
2,

 2
02

1
[9

]
Zy

C
oV

-D
D

N
A

 v
ac

ci
ne

3
2–

8 
°C

28
66

%
In

di
a

A
ug

. 2
0,

 2
02

1
[1

0]
C

ov
ax

in
TM

/ B
BV

15
2

in
ac

tiv
at

ed
 v

ira
l v

ac
ci

ne
2

2–
8 

°C
28

 d
ay

s
70

–8
0%

In
di

a
Ja

n.
 0

3,
 2

02
1

[1
1]

B
B

IB
P-

C
or

V
in

ac
tiv

at
ed

 v
ira

l v
ac

ci
ne

2
2–

8 
°C

21
–2

8 
da

ys
79

%
C

hi
na

Ju
n.

 0
7,

 2
02

1
[1

2]
Si

no
ph

ar
m

- W
IB

P
in

ac
tiv

at
ed

 v
ira

l v
ac

ci
ne

2
2–

8 
°C

28
 d

ay
s

72
.8

%
C

hi
na

Fe
b.

 2
5,

 2
02

1
[1

3]
Si

no
va

c’
s P

iC
oV

ac
c/

C
or

on
a 

va
c

in
ac

tiv
at

ed
 v

ira
l v

ac
ci

ne
2

2–
8 

°C
21

 d
ay

s
50

.7
%

-6
2.

3%
C

hi
na

Ju
n.

 0
2,

 2
02

1
[1

4]

N
ov

ov
ax

Pr
ot

ei
n 

su
bu

ni
t

2
2–

8 
°C

21
 d

ay
s

89
.7

%
U

SA
Ju

n.
 0

7,
 2

02
2

[1
5]

ZF
-U

Z-
VA

C
-2

00
1

Pr
ot

ei
n 

su
bu

ni
t

3
2–

8 
°C

0,
 1

 a
nd

 4
–6

 m
on

th
s

78
%

C
hi

na
M

ar
. 1

7,
 2

02
1

[1
6]

A
ZD

12
22

V
ira

l v
ec

to
r

2
2–

8 
°C

4–
12

 w
ee

ks
70

.4
%

U
K

Fe
b.

 1
0,

 2
02

1
[1

7]
A

d2
6.

CO
V

2.
S

V
ira

l v
ec

to
r

1
2–

8 
°C

28
 d

ay
s

66
.9

%
U

S-
N

et
he

rla
nd

s
M

ar
. 1

7,
 2

02
1

[1
8]

G
am

-C
O

V
ID

-V
ac

V
ira

l v
ec

to
r

2
2–

8 
°C

 (d
ry

)  
−

 18
.5

 °C
 

(li
qu

id
)

21
 d

ay
s

92
%

Ru
ss

ia
M

ar
. 4

, 2
02

1
[1

9]

A
d5

-n
C

oV
V

ira
l v

ec
to

r
1

2–
8 

°C
4–

12
 w

ee
ks

65
.3

%
C

hi
na

D
ec

. 2
2,

 2
02

1
[2

0]

1543Applied Biochemistry and Biotechnology (2023) 195:1541–1573



1 3

Ta
bl

e 
2 

 S
om

e 
of

 th
e 

re
ce

nt
 S

A
R

S-
C

oV
-2

 v
ac

ci
ne

 c
an

di
da

te
s u

nd
er

go
in

g 
cl

in
ic

al
 tr

ia
ls

Ty
pe

Va
cc

in
e 

ca
nd

id
at

e
D

ev
el

op
er

/m
an

uf
ac

tu
rin

g 
in

sti
tu

te
Tr

ia
l s

ta
tu

s
D

el
iv

er
y

D
os

es

In
ac

tiv
at

ed
V

LA
20

01
Va

ln
ev

a,
 U

K
 N

at
io

na
l I

ns
tit

ut
e 

fo
r 

H
ea

lth
 R

es
ea

rc
h

Ph
as

e 
3

In
tra

m
us

cu
la

r
2

N
ot

 a
nn

ou
nc

ed
C

hi
ne

se
 A

ca
de

m
y 

of
 M

ed
ic

al
 S

ci
-

en
ce

s, 
In

sti
tu

te
 o

f M
ed

ic
al

 B
io

lo
gy

Ph
as

e 
3

In
tra

m
us

cu
la

r
2

Li
ve

-a
tte

nu
at

ed
B

ac
ill

us
 C

al
m

et
te

-G
ue

rin
 (B

C
G

) 
va

cc
in

e
U

ni
ve

rs
ity

 o
f M

el
bo

ur
ne

 a
nd

 
M

ur
do

ch
 C

hi
ld

re
n’

s R
es

ea
rc

h 
In

sti
-

tu
te

, R
ad

bo
ud

 U
ni

ve
rs

ity
 M

ed
ic

al
 

C
en

te
r, 

Fa
us

tm
an

 L
ab

 (M
as

sa
ch

u-
se

tts
 G

en
er

al
 H

os
pi

ta
l)

Ph
as

e 
2/

3

CO
V

I-V
A

C
C

od
ag

en
ix

, S
er

um
 In

sti
tu

te
 o

f I
nd

ia
 

(I
nd

ia
)

Ph
as

e 
1

In
tra

na
sa

l
1 −

 2

Pr
ot

ei
n 

su
bu

ni
t

A
bd

al
a 

(C
IG

B
 6

6)
C

en
te

r f
or

 G
en

et
ic

 E
ng

in
ee

rin
g 

an
d 

B
io

te
ch

no
lo

gy
 (C

ub
a)

Ph
as

e 
3

In
tra

m
us

cu
la

r
3

N
ot

 a
nn

ou
nc

ed
B

io
lo

gi
ca

l E
 L

td
. (

In
di

a)
, B

ay
lo

r C
ol

-
le

ge
 o

f M
ed

ic
in

e,
 D

yn
av

ax
, C

EP
I

Ph
as

e 
3

In
tra

m
us

cu
la

r
2

N
ot

 a
nn

ou
nc

ed
Sa

no
fi 

Pa
ste

ur
 (F

ra
nc

e)
, G

la
xo

Sm
ith

-
K

lin
e 

(U
K

)
Ph

as
e 

3
In

tra
m

us
cu

la
r

2

SC
B

-2
01

9
C

lo
ve

r B
io

ph
ar

m
ac

eu
tic

al
s I

nc
.

(C
hi

na
)/G

SK
 (U

K
)/D

yn
av

ax
 (U

SA
)

Ph
as

e 
2/

3
In

tra
m

us
cu

la
r

2

R
az

i C
ov

 P
ar

s (
re

co
m

bi
na

nt
 sp

ik
e 

pr
ot

ei
n)

R
az

i V
ac

ci
ne

 a
nd

 S
er

um
 R

es
ea

rc
h 

In
sti

tu
te

 (I
ra

n)
Ph

as
e 

2
In

tra
m

us
cu

la
r a

nd
 In

tra
na

sa
l

3

A
K

S-
45

2
U

ni
ve

rs
ity

 M
ed

ic
al

 C
en

te
r G

ro
ni

ng
en

 
(N

et
he

rla
nd

s)
, A

ks
to

n 
B

io
sc

ie
nc

es
 

In
c.

 (U
SA

)

Ph
as

e 
1/

2
Su

bc
ut

an
eo

us
 o

r I
nt

ra
m

us
cu

la
r

N
ot

 K
no

w
n

1544 Applied Biochemistry and Biotechnology (2023) 195:1541–1573



1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Ty
pe

Va
cc

in
e 

ca
nd

id
at

e
D

ev
el

op
er

/m
an

uf
ac

tu
rin

g 
in

sti
tu

te
Tr

ia
l s

ta
tu

s
D

el
iv

er
y

D
os

es

V
ira

l v
ec

to
r b

as
ed

 (N
on

-R
ep

lic
at

-
in

g)
 (R

ep
lic

at
in

g)
N

ot
 a

nn
ou

nc
ed

Im
m

un
ity

 B
io

, I
nc

. &
 N

an
tK

w
es

t I
nc

. 
(U

SA
)

Ph
as

e 
2/

3
O

ra
l

1

G
R

A
d-

CO
V

2
Re

iT
he

ra
 (I

ta
ly

), 
Le

uk
oc

ar
e 

(G
er

-
m

an
y)

, U
ni

ve
r c

el
ls

 (B
el

gi
um

)
Ph

as
e 

2/
3

In
tra

m
us

cu
la

r
1

B
BV

15
4

B
ha

ra
t B

io
te

ch
 In

te
rn

at
io

na
l L

im
ite

d 
(I

nd
ia

)
Ph

as
e 

1
In

tra
na

sa
l

1

V
X

A
-C

oV
2-

1
Va

xa
rt 

(U
SA

)
Ph

as
e 

1
O

ra
l

2

A
dC

O
V

ID
A

lti
m

m
un

e 
(U

SA
) S

um
m

it 
B

io
-

sc
ie

nc
es

Ph
as

e 
1

In
tra

na
sa

l
M

ul
tip

le

A
dC

LD
-C

oV
19

C
el

lid
 C

o.
, L

td
. (

So
ut

h 
K

or
ea

)
Ph

as
e 

1/
2a

In
tra

m
us

cu
la

r
N

ot
 K

no
w

n

AV
-C

O
V

ID
-1

9
A

iv
ita

 B
io

m
ed

ic
al

 (U
SA

)
Ph

as
e 

1b
/2

In
tra

m
us

cu
la

r
1

N
ot

 a
nn

ou
nc

ed
Sh

en
zh

en
 G

en
o-

im
m

un
e 

M
ed

ic
al

 
In

sti
tu

te
Ph

as
e 

1
Su

bc
ut

an
eo

us
3

D
el

N
S1

-2
01

9-
nC

oV
-R

B
D

-O
PT

1
U

ni
ve

rs
ity

 o
f H

on
g 

K
on

g,
 B

ei
jin

g 
W

an
ta

i B
io

ph
ar

m
ac

eu
tic

al
 (C

hi
na

)
Ph

as
e 

1
In

tra
na

sa
l

1

1545Applied Biochemistry and Biotechnology (2023) 195:1541–1573



1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Ty
pe

Va
cc

in
e 

ca
nd

id
at

e
D

ev
el

op
er

/m
an

uf
ac

tu
rin

g 
in

sti
tu

te
Tr

ia
l s

ta
tu

s
D

el
iv

er
y

D
os

es

N
uc

le
ic

 a
ci

d 
ba

se
d 

(R
N

A
) (

D
N

A
)

C
V

nC
oV

C
ur

ev
ac

 (G
er

m
an

y)
Ph

as
e 

2b
/3

In
tra

m
us

cu
la

r
2

A
RC

T-
02

1 
(L

U
N

A
R-

CO
V

19
)

A
rc

tu
ru

s (
U

SA
), 

D
uk

e-
N

U
S 

(S
in

ga
-

po
re

)
Ph

as
e 

1/
2

2

N
ot

 a
nn

ou
nc

ed
Sh

ul
an

 (H
an

gz
ho

u)
 H

os
pi

ta
l, 

Sh
an

g-
ha

i M
un

ic
ip

al
 S

ci
en

ce
 a

nd
 T

ec
hn

ol
-

og
y 

C
om

m
is

si
on

 (C
hi

na
)

Ph
as

e 
1

In
tra

m
us

cu
la

r
2

Zy
C

oV
-D

Zy
du

s C
ad

ila
 H

ea
lth

ca
re

 L
im

ite
d 

(I
nd

ia
)

Ph
as

e 
3

In
tra

de
rm

al
3

IN
O

-4
80

0
In

ov
io

 P
ha

rm
ac

eu
tic

al
s, 

In
te

rn
at

io
na

l 
Va

cc
in

e 
In

sti
tu

te
 (U

SA
)

Ph
as

e 
2/

3
In

tra
de

rm
al

2

CO
V

ID
-e

Va
x

Ta
ki

s, 
Ro

tta
ph

ar
m

 B
io

te
ch

 (I
ta

ly
)

Ph
as

e 
1/

2
In

tra
m

us
cu

la
r

N
ot

 K
no

w
n

G
LS

-5
31

0
G

en
eO

ne
 L

ife
 S

ci
en

ce
, I

nc
. (

So
ut

h 
K

or
ea

)
Ph

as
e 

1/
2

In
tra

de
rm

al
2

G
X

-1
9 

N
G

en
ex

in
e 

(S
ou

th
 K

or
ea

)
Ph

as
e 

1/
2

In
tra

m
us

cu
la

r
2

ba
cT

R
L-

Sp
ik

e
Sy

m
vi

vo
 C

or
po

ra
tio

n 
(C

an
ad

a)
Ph

as
e 

1
O

ra
l

1

1546 Applied Biochemistry and Biotechnology (2023) 195:1541–1573



1 3

Classification of COVID‑19 Vaccines

Several vaccines to save lives against COVID-19 are already in practice and several of 
them are still in different stages of their development. These vaccines are all designed to 
prepare the body’s immune system to securely identify and block the SARS-CoV-2 infec-
tion. The vaccines are broadly classified into two platforms: (i) conventional/traditional 
platform and (ii) novel/next-generation platform (Fig. 2).

Conventional vaccines have proven their defense a record of defending against sev-
eral infectious diseases such as poliovirus, measles, mumps, rubella, and rabies. The 
traditional virus platforms comprising virus-based and protein subunit vaccines have 
established successful results but have limited cross-protection, immunogenicity, and 
safety-related intricacy [21]. Conventional vaccine development strategies are based on 
adaptive immunity against pathogens. This platform is beneficial for immunocompro-
mised persons and is cost-effective. However, in a pandemic situation, these classical/
traditional vaccine platforms have certain limitations which make these platforms less 
feasible in the development of vaccines in a short period. Some disadvantages of the 
conventional platform are as follows: (a) for inactivated vaccines many booster doses are 
required for higher immunogenic response [22], (b) for production of whole-inactivated 
COVID-19 vaccine, safe testing is pre-requisite where a huge amount of SARS-CoV-2 
virus will be required and develop the vaccine under the conditions of biosafety level 3 
(BSL3) and to make sure live-attenuated viruses are secure and do not easily revert to 
virulent type [23] and (c) there is also a chance of contamination of virus tissue culture 
[24]. Therefore, there is a requirement of developing advanced vaccine strategies to con-
quer the downside of these traditional vaccines.

The chief prevalence of next-generation/novel platform (nucleic acid, viral vector) 
is its reliance on only the sequence details of the virus [25]. Novel gene-based vaccine 
strategies comprise nucleic acid, viral vectors, and virus-like particles vaccines [21]. 
Gene-based vaccines (GBVs), like viral vectors and nucleic acid vaccines, encode 
the genetic material and an antigen that has been delivered through the vaccination. 
Introducing viral protein(s) in a vaccine provide safety against infection, and rather 
than depending upon virus culture, the accessibility of coding sequences for this 
viral protein(s) is all required for the development of the vaccine. Immune responses 
are stimulated by successful assertion and presentation of an induced gene on antigen 
protein. For the production of potential GBV, the nucleic acid sequence of SARS-
CoV-2 which is encoded as DNA or RNA is selected. Some advantages of GBVs are 
their speedy and easy production and their strong cellular and humoral responses. These 
inherent advantages of GBVs make facilitate fast vaccine production with high flexibility. 
Thus, it is obvious from the reports that next-generation platforms are being used for the 
production of the majority of current COVID-19 vaccines [25]. Some disadvantages of 
the next-generation platform comprise various allergic reactions, requirement of a cold 
storage facility like in mRNA vaccines, and larger production costs [25]. A number of 
potential COVID-19 vaccines build upon these strategies are in different stages of their 
development phases (Fig. 1). The vaccines are as follows:
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Virus‑Based Vaccines and Their Types

Virus-based vaccines are derived from classical platforms. These vaccines can consist of 
non-infectious live-attenuated and inactivated viruses. Several researchers are working to 
develop COVID-19 vaccines using the virus itself, in non-infectious forms under extensive 
safety testing. The virus-based vaccines are generally of two types:

Live‑Attenuated Virus Vaccines

Live-attenuated virus vaccines are developed traditionally by serial passage of infectious 
viruses in cultured cells until it picks up mutation (Fig. 2). The mutated virus with low replica-
tion capability is selected and its pathogenic effects are reduced by some physical or chemi-
cal treatments [26]. These vaccines usually mimic natural infections that produce strong and 
long-lasting antibody and cell-mediated immunity. These vaccines are rarely administrated in 
immune-compromised patients due to the possibility of reversion of virulence properties of 
pathogens.

Codagenix/Serum Institute of India developed a COVID-19 vaccine using the concept of the 
live-attenuated virus via codon deoptimization of which a single dose needs to be given through 
intranasal. The vaccine is currently in Phase 1 of its clinical trial [27]. Safety concerns related to 

Fig. 1  SARS-CoV-2 vaccines development by various conventional/traditional and novel/next-generation 
platforms
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these vaccines have led to the development of new ways to rationally attenuate an organism to 
minimize any tendency for reversion without compromising efficacy.

Inactivated Virus Vaccines

In the area of vaccine technology, inactivated vaccines are a conventional and time-tested 
method used against many emerging infections [28]. These vaccines generally include intact 
microorganisms that have been chemically or physically inactivated (Fig. 2). Inactivated vac-
cines have a comparatively fast development, making this a potential method for developing a 
COVID-19 vaccine. Antibody-dependent enhancement (ADE) in COVID-19 recommended 
that in the development of a coronavirus vaccine, special emphasis should be given to safety 
assessments [23]. Vaccines containing an inactivated live virus require cold chain transporta-
tion, dry structure stabilization, and a different solvent supply. These characteristics make the 
manufacturing process more difficult and raise the overall cost [29].

Many inactivated virus-based COVID-19 vaccines are now being evaluated in several 
clinical trials. The FSBSI “Chumakov Federal Scientific Centre for Research and Development 
of Immune- and Biological Products of the Russian Academy of Sciences” is working on two 
vaccines based on a weakened and inactivated strain of the COVID-19 virus identified in 
the Chumakov Centre. For a whole-inactivated vaccine against COVID-19, additional viral 
antigens added to the inactivated vaccine might improve the efficacy over time and might 
make the vaccine suitable for newly developed variations [30].

Fig. 2  A diagrammatic representation of development and designing of different SRAS-CoV-2 vaccines; A: 
non-replicating viral vector vaccine; B: Replicating viral vector vaccine; C: mRNA vaccine; D: DNA vac-
cine; E: Protein subunit-based vaccine; F: Virus-like particle vaccine; G: Whole-inactivated virus vaccine; 
H: Live attenuated virus vaccine
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With the production of an inactivated vaccine, preclinical in  vitro neutralization, and 
tested models, a plenty amount of virus strains are generally isolated from throat swabs 
of COVID-19 patients and then cultured under BSL3 situations. The three strains were 
isolated for BBIBP-CorV vaccine development: 19nCoV-CDC Tan-Strain03 (CQ01), 
19nCoV-CDC Tan-Strain04 (QD01), and 19nCoV-CDC Tan-HB02 (HB02)19. Similarly, 
ten strains, CN1, CN2, CN3–CN5, and OS1 tLLoOS6, were isolated as experimental chal-
lenge strains for the development of PiCoVacc vaccine [31]. These strains were all derived 
from Vero cells, which have been approved by the WHO for vaccine manufacturing. The 
HB02 and CN2 strains, which demonstrated the best replication and formed the maximum 
viral yields in Vero cells, were chosen to manufacture pure inactivated BBIBP-CorV and 
PiCoVacc vaccines respectively. These strains were plaque filtered and passaged in Vero 
cells once to produce the P1 stock, which allowed for efficient growth in Vero cells and 
considerable productivity. On Vero cells, the P1 stock was adaptively maintained, pas-
saged, and proliferated. Following that, additional passages were carried out to create the 
requisite number of stocks, with seven and four passages being carried out for the produc-
tion of BBIBP-CorV and PiCoVacc vaccines, respectively. Five further passes were under-
taken to produce the P10 stock, which was used to test the vaccine’s genetic stability. Deep 
sequencing analysis was used to examine the P10 stock, and the findings revealed that their 
sequence homology was more than 99.95% indicating great genetic stability. The quantity 
of antigen delivered to the immune system using typical viral vectors is difficult to manage. 
However, standard inactivation techniques include using Beta propiolactone (BPL) and/or 
formaldehyde to kill the virus at 2–8 °C (Fig. 2), the extracted viral solution and BPL were 
thoroughly mixed at 1:4000 ratios. The inactivation of 3 batches of virus eradicated viral 
infectivity, demonstrating the inactivation process’s high stability and reproducibility [5].

These vaccines generate a wide range of immunity and are believed to have all struc-
tural viral proteins. The virus was filtered via depth filtration and two tailored chroma-
tography processes, culminating in a very pure vaccine formulation. Advancement and 
increased immunogenicity of this vaccine are achieved by adding immune-potentiators, 
also called vaccine adjuvants. The majority of these vaccines include aluminium hydroxide 
adjuvants, and one of them, VLA-2001, has two adjuvants: CpGoligodeoxynucleotides and 
aluminium hydroxide [32, 33].

COVAXINTM (BBV152) vaccine was manufactured by Bharat Biotech in collabora-
tion with the Indian Council of Medical Research and the National Institute of Virology 
(NIV) in Bharat Biotech’s BSL-3 facility [34]. This β-propiolactone inactivated vaccine 
is derived from Vero Cell (CCL-81) of whole inactivated microorganisms. This vaccine is 
in liquid form and stored at 2–8 °C [9]. Two doses, i.e., 3 μg and 6 μg, of vaccine are used 
to be given at an interval of 28 days. In COVAXIN, a toll-like receptor (TLR) 7/8 agonist 
(imidazoquinolinone) and ViroVax’s (Kansas, USA) Alhydroxiquim-II are adjuvants used 
to boost immunogenic responses of the vaccine and its durability. COVAXIN was devel-
oped from 6 µg amount of viral antigen (Strain: NIV-2020–770) extracted from the intact 
inactivated virus [34]. In spike protein, shifting of aspartic acid to glycine at the  614th posi-
tion of the amino acid causes the Asp614Gly mutation, and this mutation is reported in the 
NIV-2020–770 strain [34]. This 6 µg amount is raised to 0.5 ml by adding other inactive 
supplements such as 250 µg of aluminium hydroxide gel, 15 µg TLR 7/8 agonist (imida-
zoquinolinone), 2.5 mg TM 2-phenoxyethanol, and phosphate buffer saline adsorbed onto 
Algel [35]. A study from the NIV found that this vaccine showed a prominent role in neu-
tralizing different COVID-19 strains [9].

BBIBP-CorV is the first Chinese COVID-19 vaccine authorized by the WHO for 
emergency use and is manufactured by the Beijing Bio-Institute of Biological Products 
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[33].  This vaccine has higher stability but requires stabilization of the viral structure, 
which complicates the vaccine manufacturing process. This vaccine has two doses of 
β-propiolactone-inactivated, aluminium hydroxide-adjuvanted given at an interval of 
21–28  days and shows highly effective defense, without observable antibody-dependent 
infection. On December 31, 2020, these doses were authorized by the National Medical 
Products Administration, China, and by 45 countries/jurisdictions for use in adults [36]. 
Ministry of health and prevention in association with the Department of Health Abu Dhabi 
reviewed China’s National Biotec group-Sinopharm interim analysis of the phase III trials, 
which shows that the BBIBP-CorV vaccines have 79% efficacy and good genetic stability 
that proved it as one of the most important vaccine types being developed against COVID-
19 disease [14, 23]. A strong humoral immunogenic reaction was reported in 100% of vac-
cinated people [14]. Many pre-clinical published reports on BBIP-CorV have proved induc-
tion of increased levels of neutralizing antibodies (nAbs) against intra-tracheal COVID-19 
virus in several animal models [23]. These results signify the potential of BBIBP-CorV to 
offer cross-protection by directing helper T lymphocytes headed for T helper type 1 (TH1) 
polarization [11, 37].

Sinopharm-WIBP is another β-propiolactone-inactivated vaccine candidate developed 
by Sinopharm and the Wuhan Institute of Biological Products, recently tested in phases 
III (ChiCTR2000031809) [38]. The tested injection of 2.5, 5, or 10 μg antigen adjuvanted 
with aluminium hydroxide was delivered in Alum adjuvant given in a prime-boost regimen 
of 28 days apart. Recently, phase III trials of this vaccine were completed in the United 
Arab Emirates and Bahrain. According to the report by JAMA, this vaccine showed 72.8% 
efficacy against symptomatic infections and 100% against severe COVID-19 cases [13].

Sinovac’s PiCoVacc β-propiolactone inactivated Vero cell–produced virus vaccine was 
developed by the Chinese company Sinovac Biotech [39]. At the initial stage, this vaccine 
was known as PiCoVacc but at the time of human trial, this vaccine is renamed CoronaVac. 
Two doses of viral protein, i.e., 3 and 6 µg were given with an alum adjuvant on groups of 
model animals (Rhesus monkey) at 0, 7, and 14 days. After vaccination on day 21, stronger 
antibody responses were observed in recipient’s administrated with a 6-µg dose [40]. Bra-
zil published reports on January 13, 2021, presenting 50.4% efficacy towards symptomatic 
cases, 78% towards mild infection, and 100% effective in severe infection. In phase III clin-
ical trial done on March 3, 202, 1 the vaccine showed 83.5% of effectiveness [41]. Both 
the vaccine and its unprocessed material do not need to be frozen and are kept at 2–8 °C 
(36–46  °F) temperature [42]. Corona Vac could stay viable in storage for up to 3 years, 
which might provide some benefit in the delivery of the vaccine to regions where  cold 
chains are not available [43].

Protein‑Based Vaccine

Protein-based COVID-19 vaccines are the largest category in vaccine development. These 
vaccines contain a viral peptide or protein antigen to carry out the immune response in 
the body. It is believed to be very safe and uses recent techniques for protein purification 
[44]. In the past, scientists have made various protein-based human vaccines like diphthe-
ria, tetanus, and influenza virus vaccines. These vaccines reside on the microbe surface and 
are very effective. Primarily, these protein segments were purified from the microbes, but 
nowadays, they are synthesized in vitro through recombinant DNA technology. These vac-
cines generally use an antigen either S protein or its receptor binding domain (RBD).
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The SARS-CoV-2 spike (S) glycoprotein component of the envelope of the COVID-19 
virus plays an important role in the identification, neutralization of the immune response, 
and entry inside the host cell [45, 46]. It helps in the attachment of virus particle to the 
target cell and acts as the most suitable antigen for the SARS-CoV-2, which stimulates to 
neutralize antibodies against the foreign body (Fig. 2). The S protein contains 1273 amino 
acids and is made of two subunits—S1 and S2 [47]. The virus infects the host cell by endo-
cytosis through the S protein-mediated binding to the hACE2 receptor. Therefore, the S 
proteins and their antigenic parts are the major targets for the drug industry of the subu-
nit vaccine. The spike (S) protein is an active protein, consisting of two conformational 
states one is pre-fusion and the other is post-fusion. Therefore, the antigen must preserve 
its surface identity and profile of the original prefusion spike protein to spare the epitopes 
for stimulating an effective antibody response [48]. The S protein is an inactive precur-
sor and the modification and insertion of polybasic RRAR furin motif in the S1/S2 cleav-
age site and proteolytic cleavage results in the formation of an S2 stalk that is protected 
across human coronaviruses [49, 50]. The S1 subunit contains the RBD and N-terminal 
domains. The S2 subunit contains the central helix, cytoplasmic tail, transmembrane, and 
fusion peptide. S-trimer is formed from three S1/S2 protomers which are associated non-
covalently. The S-trimer is metastable and goes under modifications during endocytosis 
[45]. Rearrangement and modification help in virus-host cell interaction leading to fusion 
and virus entry [51].

A subunit vaccine based on recombinant peptides is essential for stimulating the long-
lasting defense and curative immune response [52]. However, the subunit vaccine possesses 
little immune response and needs an adjuvant to enhance the vaccine-induced immune 
response. Therefore, the addition of an adjuvant may increase the biological half-life of 
antigen, or it may mitigate the immunomodulatory cytokine response and helps to disable 
the inadequacies of the protein subunit vaccines [53]. The receptor-binding domain (RBD) 
based subunit vaccine showed better immunogenicity as compared to full-length S protein. 
SARS-CoV-2 RBD did not harm animal immunity, whereas full-length S protein could do. 
Therefore, the RBD-dependent subunit vaccine may be a perfect and harmless alternative 
for the development of vaccines like NCT04473690 [52]. Despite this, it has been reported 
that S protein-based vaccines are much more effective as compared to RBD-based vaccines 
[54]. Presently, several vaccines are being developed using the S protein to stimulate an 
increased human body’s immune response [55].

Virus-like particle (VLP) vaccines show an advancement in protein subunit vaccinol-
ogy and it may also consider a special set of protein subunit vaccines (Fig. 2). A VLP vac-
cine contains viral capsomeres which are reassembled in the form of capsids without viral 
genome and any other non-structural virus proteins when expressed recombinantly [44]. 
These noninfective particles offer a scaffold on which several antigens or epitopes can be 
joined, which increases cognate stimulation of B-cells and antibody response [56]. Two 
COVID-19 VLP vaccines are currently in clinical assessment, in which one is adjuvanted 
with AS03 manufactured by Medicago Inc., while the other vaccine is produced by Spy-
Biotech/Serum Institute of India. The triple-antigen vaccine is a multi-antigenic VLP vac-
cine in which recombinant spike, membrane, and envelope protein of SARS-CoV-2 have 
been co-expressed in genetically modified Saccharomyces cerevisiae expression platform 
(D-Crypt™); afterward, proteins experienced self-assembly process like VLP. Transmis-
sion electron microscopic analysis and analytical data concurrently equipped the biophysi-
cal characterization of VLP. Therefore, this prototype has already been entered into the 
pre-clinical trials to make a vaccine after further advancements. It is also supposed to be 
safe, economical, and easy for large-scale production [57].
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NVX-CoV2373 is another protein-based immunogenic vaccine that primarily depends 
upon the recombinant expression of S-Protein [58]. The protein was firmly expressed in the 
Baculovirus system and the adjuvant is deployed to increase the immune response against 
the SARS-CoV-2 spike protein through the stimulation of neutralizing antibodies [59]. 
A single immunization in trials induces the anti-spike protein antibodies that prevent the 
expression of hACE2 receptor binding domain and bring out the SARS-CoV-2 neutralizing 
antibodies [60]. The prior clinical trials of the vaccine showed 89.3% efficacy with accept-
able safety and immunity [15].

ZF-UZ-VAC-2001 is a protein subunit vaccine that utilizes dimer of RBD as the antigen 
and a non-virulent part of the COVID-19 virus. It is developed by Anhui Zhifei Long-
com Biopharmaceutical Co. Ltd. and the Chinese Academy of Sciences [61]. It codes the 
SARS-CoV-2 RBD antigen with two copies in tandem repeat dimeric form using CHOZN 
CHO K1 cell line (Sigma-Aldrich Trading; Shanghai, China) as a liquid formulation. The 
vaccine contains 25 μg or 50 μg per 0·5 mL in a vial using aluminium hydroxide as the 
adjuvant. The vaccine is administered in 3 doses, the time interval between the first and 
second dose is 1 month while between the second and third is 4 to 6 months. After the 
phase 3 trials, the efficacy of the vaccine is reported to be 78% [16].

Molecular clamp stabilized spike protein vaccine with AS03 Adjuvant system will help 
to improve the vaccine response and lowers the amount of vaccine needed per dose [62]. 
Researchers are developing a molecular clamp technology-based stabilized pre-fusion, 
recombinant viral protein subunit vaccine, which helps to form very effective neutral-
izing antibodies [59]. PittCoVacc is the recombinant SARS-CoV-2 vaccine, based upon 
microneedle array, which includes the administration of rSARS-CoV-2 S1 and rSARS-
CoV-2-S1fRS09 (recombinant immunogens). Substantial enhancement in the antigen-spe-
cific antibodies with a numerical implication was noticed in the pre-clinical trials for two 
weeks in the mice. Moreover, the immunogenicity of the vaccine was upheld even after the 
sterilization through gamma radiation. The statistically substantial titers of antibodies at a 
primary stage before increasing support the MNA-SARS-CoV-2 vaccine feasibility [63].

Viral Vector‑Based Vaccines

This approach of using viral vectors for the development of vaccines is under implement over 
past years back for controlling the outbreak of various infectious diseases such as influenza 
A (H5N1) and Ebola virus, and even in cancers [64]. As compared to other classical 
approaches in which desired antigenic protein is incorporated directly into the host immune 
system, viral vector vaccines include the engineering of recombinant non-infectious virus 
consisting of antigenic DNA sequence into the host system for endogenous expression of 
that antigen. These viral vectors can stimulate both humoral and cellular immune systems 
in host cells [62]. This technique for the development of vaccines relies on the production 
of a recombinant virus vector by incorporating foreign antigenic protein into its genome and 
then injecting it into the host immune system (Fig. 2 (A and B)). The foremost step towards 
it is the selection of a suitable vector considering various aspects and the improvement of its 
genome through genetic engineering. Firstly, the structural properties of the genome of the 
selected virus should be known before and could be easily altered for the incorporation of 
desired antigenic sequence and its replication in the host cell. Secondly, it should show strong 
infectious responses. Thirdly, it should easily get inserted into the host genome by showing 
fast and efficient replication of antigen expression.
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Now the next step is the selection of the target protein as antigenic sequence (full-
length spike protein in case of recently developed COVID-19 vaccines like AstraZeneca, 
Johnson and Johnson, Sputnik V). Then the formation of the recombinant virus is achieved 
by the incorporation of targeted antigen protein into the vector genome. In some cases, 
the replication-responsive genes are removed from the virus before using it as a vector for 
vaccine development so that it could not show virulence after vaccination in a host. Viral 
vectors vaccines can be divided into two categories: non-replicating viral vector vaccines 
and replicating viral vector vaccines as described below:

Non‑replicating Viral Vector Vaccines

In this type of vaccine development, replication-responsive genes are removed from the 
vector genome and insertion of an antigenic coding fragment is done. Due to the dele-
tion of replication-responsive genes, these vectors are non-virulent which could prove to 
be a safer strategy for vaccine development as compared to replicating viral vectors [65]. 
These vectors could insert bigger size sequences but being deficient in replication genes 
they require higher doses to boost the host immune system [66]. The common examples 
of non-replicating viral vectors are Adenoviruses (e.g., human adenovirus serotype 5 
(Ad5) and serotype 26 (Ad26), adeno-associated virus, alphavirus, and modified vaccinia 
virus Ankara. Adenoviruses are non-enveloped, double-stranded DNA viruses known to 
cause non-fatal infections in a variety of hosts. Their well-known application is effective 
in inducing immunological and gene therapy-related research studies [67]. They not only 
induce strong immune responses in the host but also are safe for humans. These factors 
have suggested them of being probable candidates for the development of vector-based 
vaccines [68]. Recently, several developers are working to manufacture adenovirus-based 
vector vaccines for the recent COVID-19 pandemic; some have completed their trial phase 
and are used for vaccination while others are under clinical trials.

AstraZeneca ChAdOx1 nCoV-19 (AZD1222) vaccine is developed by collaborative 
efforts of the University of Oxford’s Jenner Institute and AstraZeneca, UK, involving chim-
panzee adenovirus as a vector. This vaccine consisted of replication-deficient chimpanzee 
adenovirus vector ChAdOx1 having surface glycoprotein antigenic sequence of SARS-
CoV-2 [69]. The vaccination for AZD1222 is done in two separate doses with 0.5  ml 
of vaccine solution administered through intramuscular injection. The initial time gap 
between the two doses was approximately 4 to 12 weeks; however, recent reports revealed 
that a delayed second dose could increase the percentage of antibodies in the injected host 
[17]. The results of interim clinical trials on different participants confirmed that the over-
all safety and efficacy of AZD1222 is 70.4% [17]. Recently, European countries have tem-
porarily suspended the use of AZD1222 under their vaccination programs as a measure of 
precaution, following reports of rare thromboembolic events in individuals after a few days 
of vaccination [70]. Subsequently, the WHO has suggested these countries continue the use 
of AZD1222 for vaccination as the benefits of this vaccine are overshadowed by the risks 
associated with it [71].

Another vaccine, Johnson and Johnson (Ad26.COV2.S) developed by Janssen Pharma-
ceuticals, USA utilizes Ad26 as a vector. Vector expresses full-length, stabilized SARS-
CoV-2 spike protein and is lacking replication-responsive genes [18]. Ad26.COV2.S could 
prove strong immunogenic responses in a single dose to 90% of the vaccinated individuals 
despite being from different age groups [72]. The data released after its phase III clinical 
trial on participants from age 18 and above single dose of vaccine shows the efficacy of 
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66.9% in preventing moderate or critical COVID-19 [18]. The intramuscular administra-
tion of the vaccine in individuals reported an increase in antibody production after 28 days 
of vaccination [73].

Additionally, another vaccine that utilizes a replication-deficient human adenovirus vector 
is Sputnik V or Gam-COVID-Vac (rAd26-S + rAd5-S) developed by the Gamaleya National 
Center of Epidemiology and Microbiology in Moscow, Russia. Gam-COVID-Vac utilizes 
two forms of recombinant common cold adenovirus vector in two separate doses, both 
encoding SARS-CoV-2 spike protein as antigenic sequence [36]. The first dose is injected 
with recombinant adenovirus type 26 (rAd26) vector and later on after 3 weeks gap the second 
dose is administered with recombinant adenovirus type 5 (rAd5). The main aim of using two 
different vectors is to overcome the possibility of destroying the immunity with the same vector 
after the second dose is injected [74]. Gamaleya institute has earlier also developed the vaccine 
for Ebola virus disease using recombinant adenovirus 5 and vesicular stomatitis virus as vectors 
[75]. After the results of phase I and II trials, it was observed that vaccinated individuals have 
developed antibodies for SARS-CoV-2 without experiencing any adverse symptoms [19]. The 
interim clinical phase III trials indicated that the vaccine is 74% effective after the first dose 
which increased to 100% after 21 days of vaccination [19]. Therefore, it was suggested that 
Gam-COVID-Vac resulted in an overall vaccine efficacy of 91% against COVID-19 cases.

The collaborative works of CanSino Biologics and the Beijing Institute of Biotechnol-
ogy (China) have developed Ad5-nCoV, a COVID-19 vaccine. Ad5-nCoV expresses a 
full-length Spike protein of SARS-CoV-2 using adenovirus type 5 replication-deficient as 
vector [76]. Human trials have indicated that after 28 days following a single dose of injec-
tion, strong immunogenic responses in vaccinated individuals were observed depicting an 
overall efficacy of 65.3% [20].

There are several manufacturers developing non-replicating vaccines that are undergo-
ing clinical trials for COVID-19 like Shenzhen Geno-Immune Medical Institute (China), 
Bharat Biotech International Limited (India), ReiThera (Italy), and Ludwig-Maximilians—
University of Munich (Germany).

Replicating Viral Vector Vaccines

In replicating viral vector vaccines, the viruses can be non-virulent to humans or have 
recombinant genomic sequences lacking virulence. The recombinant virus is prepared by 
inserting the antigenic coding sequences in the virus genome without disturbing replicative 
genes. Due to having replication responsive genes, these vectors when administered in host 
cells multiply the antigenic protein with each replication cycle enhancing host immunity. 
However, this approach could promote higher immune responses on a low dose; there is a 
chance of reversion of the pathogenic nature of viruses considering them a less safe option 
[77]. Some of the commonly used replicative viral vectors comprise the measles virus, ade-
novirus, and vesicular stomatitis virus.

Some of the replicating viral vector vaccine candidates are under clinical trials like the 
one using the recombinant vesicular stomatitis virus as vector developed by Israel Institute 
for Biological Research/ Weizmann Inst. of Science (Israel) [78], utilizing recombinant 
influenza virus under development by Beijing Wantai Biological Pharmacy, or the oth-
ers under development by Jiangsu Provincial Center for Disease Prevention and Control 
(China) and Aivita Biomedical (USA) [79].
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Nucleic Acid–Based Vaccines

Nucleic acid vaccines signify an entirely novel strategy by using genetic material—either 
RNA or DNA to generate strong immunogenic responses. These vaccines do not have 
any infectious viral protein and thus, are safer against the specific structural viral protein. 
Nucleic acid-based vaccines developed in a very short period, enabling fast production 
during pandemics [80]. The introduction of nucleic acid vaccines inside the body starts 
the formation of antigens. In the case of COVID-19, the antigen reported is the spike pro-
tein of the virus; this viral protein is produced and increased from genetic material by the 
translation process [6]. Once this genetic material is introduced into a cell, it is translated 
to make the antigen that will generate immunogenic responses against the pathogen. The 
generated immunity is strong because the antigen is formed in large quantities inside our 
own body. DNA and mRNA are advanced platforms due to their more effectiveness, safety, 
and convenience in heap production of vaccines [5]. The types of nucleic acid vaccines are 
described as follows:

DNA Vaccines

DNA vaccines are non-infectious and non-replicating. In the recombinant DNA vaccine 
approach, a DNA vector used to be transfected inside the cell nuclei where it forms a mes-
senger RNA via transcription, and then gets translated into the antigen of the pathogen 
by the protein factory of the cell (Fig. 2). A purified plasmid DNA vector usually com-
prises RNA processing elements, a transcriptional promoter, and antigen encoding gene are 
encoded by lipid [81]. The injected genetic material is amplified inside the body in a large 
amount that gives long-term immunity but reported low immune responses in humans. 
DNA vaccines can integrate into host DNA and there is also a risk of its degradation by 
host enzymes [82]. At present, there are 4 and 14 COVID-19 DNA-based vaccines in clini-
cal and preclinical trials respectively [83].

ZyCoV-D is the world’s first DNA vaccine against SARS-CoV-2 developed by Cadila 
Healthcare Ltd and approved by India’s drug regulator. The three-dose regimens of ZyCoV-
D vaccine have 66% of efficacy [84]. It is also India’s first needle-free SARS-CoV-2 vac-
cine, administered with a disposable needle-free injector, using a narrow stream of fluid for 
penetration and delivery of the jab to the proper tissues under the skin. DNA plasmids were 
used in ZyCoV-D development that comprises genetic material. The information carried 
out by plasmids to the cells synthesizes the “spike protein,” which the virus utilises to latch 
on and infect human tissues [85]. This is the first safe vaccine tested in young individuals 
of the 12–18 age groups. They can be easily stored at higher temperatures between 2 and 
8 °C and are stable at 25 °C, probably making their transport easy [10]. Their main draw-
back is tough immune responses and utilisation of three doses instead of two [86].

Modified‑RNA (m‑RNA) Vaccines

RNA-based vaccines have shown extraordinary assurances as of late and large numbers of 
them are being developed. As capable immunization against COVID-19, promising pre-
clinical outcomes have been distributed for various RNA antibody applicants. Like DNA 
vaccine, the hereditary data for antigen is conveyed rather than the viral antigen, and the 
antigen is then translocated in the cells of the inoculated person (Fig. 2). Either a modified 
mRNA or a self-imitating RNA can be utilized. A high amount of antigens are needed for 
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mRNA than for self-replicating RNA. The three significant names in the mRNA vaccine 
against COVID-19 are mRNA-1273, BNT162b2, and CVnCoV. These vaccines comprise 
an ionizable lipid that initiates ester-linkages in the lipid tails and at least one associated 
lipid to improve the stability of lipid nanoparticles (LNPs) that enhance endosomal escape 
upon cell take-up [87]. The mRNA vaccines BNT162b2 and mRNA-1273 follow a novel 
LNP delivery platform. They became the very first approved mRNA-based therapeutics 
and with a great pace, these have made it to phase III clinical testing and received the 
acceptance from the Food and Drug Administration and European Medicines Agency. 
These vaccines are currently being used to vaccinate people in the USA, Europe, and some 
Asian countries. Its capability to be produced in vitro is beneficial. These vaccines require 
storage at very low temperatures; therefore, some issues are experienced in their mass pro-
duction and long stockpiling in developing countries.

In both BNT162b2 and mRNA-1273, highly-purified and N1-methyl-pseudouridine 
(1mΨ) have been used to modify mRNA. Conversely, CVnCoV has applied its “unmodi-
fied” mRNA which utilizes sequence engineering (e.g., reduction in uridine content), 
codon optimization, and select untranslated regions (UTRs). This process is followed by 
a strict purification protocol to eliminate dsRNA pieces, that upgrade mRNA translation, 
while keeping a balanced type I (Interferons) IFN activity [88, 89]. Additional base pair 
stability was provided in mRNA by 1mΨ nucleotide modifications, which improved its 
translation by giving secondary conformations [88]. Moreover, these modified second-
ary conformations of mRNA elevate resistance against chemical degradation, endonucle-
ase cleavage, and mRNA translation [88]. In the production of BNT162b2 and mRNA-
1273 vaccine, removal of dsRNA fragments was done along with 1mΨ replacement which 
firmly diminishes cytosolic RNA sensors and TLR signaling by affecting the inborn 
immunity generated against them [88]. In these mRNA vaccines, the formation of LNP 
is encoded by SM-102 and ALC-0315 (((4-Hydroxybutyl) azanediyl) bis(hexane-6,1-diyl)
bis(2-hexyldecanoate)) that have a striking chemical similarity [90]. However, the mRNA-
1273 vaccine was reported to surpass Onpattro’s MC3 and injected intramuscularly in 
model animals that proved its advanced proficiency for endosomal escape and enhanced 
its resistibility [87]. All things considered, it ought to be noticed that subtle primary con-
trasts in lipid construction and synthesis may emphatically affect the conveyance effective-
ness of these vaccines. Earlier it was suspected that all three vaccine candidates contain a 
50:10:38.5:1.5  mol% ratios of a lipid formulation of ionizable lipid: DSPC: cholesterol: 
PEG-lipid at molar and an mRNA-to-lipid ratio of 0.05 (wt/wt) [91, 92]. mRNA vaccine is 
coated by LNPs made up of ionizable cationic lipid encodes full-length S-2P viral antigen 
containing spike protein, glycoprotein, a transmembrane domain, and S1/S2 cleavage site, 
as well as with proline substitutions at K986P and V987P in case of mRNA-1273 and at 
positions 986 and 987 in CVnCoV [93].

BNT162b2 is mRNA-LNP-based vaccine developed by Pfizer, Inc., and BioNTech. 
BNT162b2 encodes the RBD of the full-length spike protein of the virus, modified by two 
proline mutations to lock it in the prefusion conformation [94], the expression of which 
induces immunogenic effects were observed in vaccinated people against the viral antigen. 
BNT162b2 administrated intramuscularly in two 30-µg doses of the diluted and thawed 
vaccine solution (0.3 ml each) according to the following regimen: a single dose followed 
by a second dose 21  days later and showed up to 95% efficacy [7]. Low temperature is 
required for storage of this vaccine and this creates a logistical challenge for delivery of the 
vaccine [95]. Phase III clinical trials (NCT04368728) result in increased viral nABs titers 
in sera and RBD binding IgG concentrations showed 91.3% efficacy in preventing infection 
within a week after the second dose [73, 96–98]. The BNT162b2 vaccine is being used to 
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vaccinate people ages 12 years and older, while clinical trials to test the vaccine’s efficacy 
and safety in the population of < 12 years of age are in progress.

mRNA-1273 is an mRNA vaccine encapsulated with a LNP–encodes prefusion-stabilized 
full-length spike protein of the SARS-CoV-2 virus. It is developed by Moderna and the Vac-
cine Research Center at the National Institute of Allergy and Infectious Diseases, within the 
National Institutes of Health. The manufacture of this batch was funded by the Coalition for 
Epidemic Preparedness Innovations. Just after 2 months of the virus sequence identification, 
Moderna initiated clinical testing (NCT04283461) of mRNA-1273 vaccine. The vaccine is 
given as a prime-boost of two shots (100 µg, 0.5 ml each) in 28 days of intervals and can be 
extended up to 42 days (If necessary) [8]. During a clinical trial in humans, an increased level 
of nABs titers and the desired T cell responses are detected and the trial outcome shows 95% 
efficacy of this vaccine [98]. An exclusive attribute of this vaccine is that no preservative is 
required and it can be stored at a freezing temperature ranging between − 50 and − 15 °C.

CVnCoV is the third mRNA vaccine in the row which is developed and manufactured 
by CureVac in association with the multinational pharmaceutical company Bayer by uti-
lizing its mRNA technology. This vaccine is intended for attaining activation of balanced 
immunity with maximum protein expression. the CVnCoV (CureVac) vaccine candi-
date comprises an “unmodified” mRNA, in which uridine content is reduced by utilizing 
sequence engineering, selected UTRs, and for the elimination of fragments of dsRNA a 
stringent purification protocol is followed [89]. It is administrated intramuscular in two 
doses regimen of 12 μg mRNA with 28-days apart. CVnCoV shows high immunogenic 
responses by inducing active humoral effects with maximum titers of virus-nABs and 
strong T-cell responses [93]. This mode of action involves interferon type 1 for enhanced 
defense mechanisms against the viral load of the body. For storing stable CVnCoV vac-
cine, 5 °C of temperature is required to store for up to 3 months. The vaccine can be also 
stored and transported for 24 h at room temperature [12]. Now this vaccine has been with-
drawn, a manufacturing company in collaboration with Glaxo Smith Klein (GSK) is work-
ing on the second generation of vaccines.

Mechanism Action of Vaccine Development Platforms

Vaccination is done by injecting intramuscularly at the host body. The mRNA, inactivated, 
protein subunit, and virus-like particle (VLP) vaccines are transferred into cellular cytosol 
while DNA and viral vector vaccines moved directly into the nucleus (Fig. 3). In the case 
of mRNA vaccines, under a cell-free system, the mRNA is in vitro transcribed (IVT) from 
a DNA template directly into dendritic cells (DCs) through receptor-mediated endocytosis 
[99]. Cells other than showing immunological responses could also absorb vaccine mRNA 
and display surface spikes but dendritic cells can show more readily responses to mRNA 
absorption. To prevent the transfected mRNA from lysosomal degradation into host cellu-
lar machinery mRNA is escaped from entering into endosomes and released into the cyto-
sol. This process is equipped with the ionizable LNP carrier proving to be a rate-limiting 
process. These mRNAs are then read by DCs ribosome and translated into viral S anti-
gens. These antigenic proteins future undergoes post-translational modification resulting 
in a properly folded, fully functional protein. On the other hand, the S protein is released 
from the host cell proteins and exposed to prefusion-stabilized trimer constructs at the cel-
lular surface. This S antigen, attached to the membrane of the cell, is recognized by B 
cells followed by internalization leading to B cell responses and neutralization of generated 
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antibody against the S antigen. The internalized antigen peptide epitopes are moved to the 
endoplasmic reticulum for loading onto major histocompatibility complex (MHC) class I 
molecules (MHC I). The loaded MHC I-peptide antigenic epitope complexes present on the 
cellular surface eventually lead to induce CD8 + Tc cells that cause cell-mediated immune 
(CMI) response. These CMI cells remove infected cells and allow the presentation of anti-
genic epitopes in MHC-II complexes to CD4 + helper T cells via recycling mechanisms 
which elicit the humoral immune response, especially essential for B cell–mediated anti-
body production. Another response was observed in transfected antigen-presenting cells 
(APCs) which subsequently move towards the draining lymph nodes (LN) where B cells 
and T cells are exposed to mRNA-encoded antigens [90]. Moreover, mRNA vaccines are 
also used to check the innate immune system to improve their induction potential, adapt-
ability, and immune responses specific towards the administrated antigen.

Fig. 3  This figure shows the series of entry entries of vaccines inside the cell and their common mechanism 
of action followed by vaccines. (1) Vaccines are injected intra-muscularly. (2) These vaccines are transfected 
inside the cell (3) mRNA, inactivated, protein subunit, and virus virus-like particle (VLP) vaccines are trans-
fected into dendritic cells (DCs) via endocytosis. (4) DNA and viral vector vaccines are transfected directly 
into the nucleus where they are transcribed and this transcribed RNA is then translocated to the cytoplasm. 
(5) Endocytosed mRNA undergoes endosomal escape and is released into the cytosol. (6) The mRNA from 
vaccines is translated by ribosome within the host to synthesize SARS-CoV-2 S protein. (7) Other endocy-
tosed vaccines and formed antigen proteins are degraded by the proteasome in the cytoplasm and generated 
epitopes. (8) These epitopes are transported into the endoplasmic reticulum where it is loaded onto major his-
tocompatibility complex (MHC) class I molecules (MHC I). MHC I loaded antigenic peptide epitopes pre-
sented on the host cell surface, resulting in the induction of antigen-specific CD8 + T cells. (9) Alternatively, 
the protein is released from the DCs. (10) The endocytosis of exogenous proteins occurs followed by MHC 
class II processing. (11) MHC II molecules loaded with antigenic peptide epitopes. (12) The loaded MHC II-
peptide epitope complexes are presented on the surface of cells, leading to the generation of the CD4 + 
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Mechanism action of various types of vaccine development platforms is diagrammatically 
represented including the series of events that occur from vaccine injection to host immunity 
responses (Fig. 3). Now, in the case of vector-based vaccines, viral vector particles through 
receptor-mediated endocytosis move to the cytoplasm and then via nuclear membrane is trans-
ferred to the nucleus [100] (Fig. 3). The vector DNA is extrachromosomal while the antigenic 
protein is intracellularly transcribed and transported to the plasma membrane for its expression. 
The expression of antigenic protein is identified by the host immune system which further ini-
tiates immunogenic responses. The viral vector vaccines trigger innate immune cells like den-
dritic cells and macrophages which further stimulate multiple pattern-recognition receptors. 
Further, these receptors induce type I interferon secretion which signals to T cells in lymph 
nodes for differentiation of both  CD4+ and  CD8+ effector cells [101]. Inflammatory cells like 
cytokines and chemokines are released that cause mild side effects like pain, fever, and chills 
in individual post-vaccination. MHC class I molecules present the transcribed endogenously 
produced antigen in the host to  CD8+ T-lymphocytes [102].  CD8+ cells will further trigger 
cell-mediated immunity by initiating the production of T-cytotoxic cells, which will destroy 
the future viral infection. MHC class II molecules will trigger the  CD4+ T helper cells which 
will cause differentiation of B cell to plasma cells for producing antibodies and memory cells.

Other endocytosed vaccines like inactivated, protein subunit, and VLP vaccines cause 
no viral infection inside the recipient body [103] (Fig. 3). Antigen-presenting cell (APC) is 
a type of immune cell playing a crucial role in detecting and engulfing injected virus. The 
APCs split the virus into a fragment and present it on its surface. Displayed fragments are 
encountered by a helper T cell. Binding of these fragments with cell will cause activation 
of T cell. The activated T cell is responsible for the activation of other immune cells that 
also responds against injected vaccines. These inactivated fragments are also recognized by 
B cells and binding with fragments occurs due to the presence of a variable range of B cell 
shapes. The binding of B cells with fragments displays whole viral strain on its surface. After 
activation of both B and T cells, they multiplied rapidly and form antibodies having similar 
shape and size to their surface proteins. Cells develop immunity against a live strain of the 
SARS-CoV-2 virus after vaccination [104]. Antibodies formed from B cells can act only on 
an invasion of viral particles. However, the entrance of viral particles inside the cells is inhib-
ited by antibodies that act on spike proteins. Inactivated vaccines can target spike proteins as 
well as activate T cell responses while other vaccines can only encounter spike proteins. Pro-
tein subunit vaccine contains an adjuvant that stimulates the movement of leukocyte for the 
enhancement of T cell, B cell, natural killer, and dendritic cells into the draining lymph nodes 
and boosts the biological half-life of targeted antigen [105]. In parallel to the inactivated vac-
cine, protein subunit vaccines with adjuvant produce chiefly antibody-mediated immunity 
within a week by stimulating T-cell response. Therefore, adjuvants are required for this type 
of vaccine to stimulate the immune response and increase vaccine efficiency.

Response of Vaccinated and Non‑vaccinated Cells on SARS‑CoV‑2 
Attack

When a non-vaccinated cell is attacked by a SARS-CoV-2 virus, the virus is perceived by the 
receptors present on the cell surface [106]. Then these receptors through endocytosis mediate 
the internalization of the viruses which further initiates the replication of new viruses [107]. 
The virus will hijack the host cellular machinery for the process of replication and new viruses 
are formed. In the infected person, there will be a hike in chemokines and cytokine levels called 
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cytokine storm causing inflammatory responses in the body [4]. After the virus entrance into 
the body, the cell will fight back by initiating MHC class cells. Viruses will also cause the 
exhaustion of cells responsible for immunity development in the body [30]. On prolonged expo-
sure, the viruses will attack the lungs causing severe symptoms like respiratory illness, altered 
gas exchange, breathing problems, and fluid accumulation [5]. Viruses will move to damage 
other body parts causing tissue damage and multiple organ failures ultimately to death [108].

On the other hand, when the virus attacks the vaccinated cell after the process of vaccina-
tion host body has developed cellular and humoral immunity in the body [109]. In response 
to the vaccine, MHC class II stimulated the production of CD4 + cells which further will help 
natural killer cells kill the cells infected with the virus [26]. Macrophages present in the cyto-
sol will help in engulfing viruses in the body. Pre-developed antibodies through vaccination 
will start to work and will initiate the neutralization of entered viruses [110]. One of the most 
important aspects of pre-developed antibodies after vaccination is that they are present on 
the cell surface receptors, thereby blocking the virus’s entry into the cell [4]. All these fac-
tors will aid the body in recovering and fighting the infection. An illustration depicting the 
SARS-CoV-2 attack on a non-vaccinated and vaccinated individual is shown in (Fig. 4). The 
figure reveals the fluctuating cellular processes and their consequences on the immunological 
responses of the body in both individuals.

Fig. 4  An illustration depicting the SARS-CoV-2 attack on a non-vaccinated and vaccinated individual. The 
figure reveals the fluctuating cellular processes and their consequences on the immunological responses of 
the body in both individuals
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Emerging Vaccines and Vaccine Technologies

Vaccination is the cheapest and most efficient process that benefits the world’s health by sav-
ing 3 million lives per year [111, 112]. Therefore, to avert the COVID-19 pandemic, efforts are 
made for the development of an effective vaccine. Several vaccines have been developed around 
the world and many more are under trial process (Table 2). The development of a safe and effi-
cient vaccine generally takes so much time as it goes through clinical trials and also needs firm 
regulatory approvals before it can be produced and globally distributed. The COVID-19 pan-
demic is affecting the world at a broad level, so the process of vaccine production and trials are 
being expedited [113, 114]. These vaccines are firstly pre-clinically trailed either on the human/
mammalian cell cultures (in vitro) or suitable animal models (in vivo). But the novelty of the 
virus is the main cause that affects the determination of the best-suited animal.

Rhesus macaques, a non-human primate species, have been proposed as an animal model 
for pre-clinical studies which is a mandatory process for the starting of clinical trials [115]. 
If pre-clinical results are positive then vaccine candidates continue by passing through the 
three clinical trial phases to evaluate the safety and effectiveness in humans [116]. Normally 
the possibility of a vaccine entering into the market, taken after the pre-clinical trials by clini-
cal testing and licensure, is less than 10%. So the production of safe and efficient vaccines 
against SARS-CoV-2 strains is necessary to check the future SARS-CoV-2 epidemics.

Progression of safe and broad-range vaccines against SARS-CoV-2- and other SARS-CoV-
2-related viruses is a prodigious implication for averting COVID-19 [117]. In this process, various 
candidates have been passed for use in humans and provided a considerable shield against SARS-
CoV-2. In a few months, additional trials will be done on immune responses against COVID-19.

Impact of SARS‑CoV‑2 Vaccine on Thrombosis

Vaccines are an essential and creditable factor in controlling the spreading of the COVID-19 
pandemic and providing the individual in developing immunity against its infection [118]. 
Regardless of this, there have been recent studies depicting thrombosis with associated throm-
bocytopenia as a side effect in rare cases in some vaccinated individuals [119]. The European 
Medicines Agency has approved the use of adenovirus-based vaccines (ChAdOx1 nCoV-19 
and Ad26.COV2.S) and mRNA-based vaccines (BNT162b2 and mRNA.1273) for preventing 
COVID-19 infection [120]. These vaccines are reported with some cases of thrombosis asso-
ciated with severe thrombocytopenia in some individuals post-vaccination [121].

In the case of adenovirus-based vaccines, there is a possibility that adenovirus itself 
has induced thrombocytopenia [122]. It could be seen that the adenovirus vector increased 
platelet, leukocyte-derived microparticles and also trigger adenovirus fibre protein-induced 
cytokine activation causing thrombocytopenia [123, 124]. Moreover, adenovirus vector 
interaction with CD46 receptor induces thrombosis triggered by upregulation of the 
complement pathways [79, 125]. However, adenovirus-based vaccines and mRNA-based 
vaccines both utilise full-length SARS CoV-2 spike protein as antigenic sequence, and their 
interaction with different host membrane apparatus might cause thrombocytopenia. Cases 
with ChAdOx1 nCoV-19 vaccination reported heparin-induced thrombocytopenia might be 
due to activation of anti-platelet factor 4 by heparin [126]. Other receptors like dendritic cell-
specific ICAM-3 grabbing non-integrin (DC-SIGN), C-type lectin-like receptor 2 (CLEC2) 
and Basigin (CD147) could induce thrombocytopenia [118]. The proposed mechanism of 
COVID-19 vaccine-induced thrombocytopenia has been illustrated in Fig. 5.
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However, the benefits assured by these vaccines are much higher than the adversity 
induced with them following post-vaccination thrombocytopenia [127]. It has become 
inevitable to further systematically and carefully re-examine the development and 
action of these pre-developed vaccines in healthy or immunocompromised individuals 
post-vaccination.

Impact of SARS‑CoV‑2 on Gastrointestinal Disorders

COVID-19 was primarily considered a respiratory disease but the COVID-19 virus can cause 
severe systemic consequences affecting other organs of the body including the gastrointestinal 
(GI) tract. Some recent research have been reported that almost 40% of SARS-CoV-2 infected 
patients show symptoms in the GI tract including abdominal pain nausea, diarrhoea, and vom-
iting along with its common symptoms. Moreover, SARS-CoV-2 can vigorously infest and 
replicate in GI and could lead to gastrointestinal inflammation and other manifestations like 
increased levels of fecal calprotectin, and a systemic IL-6 response [128, 129]. Recent findings 
suggest that in early humoral responses, specific to SARSCoV-2 infection is the production 
of a large number of secretory IgA antibodies that have also shown quite a better-neutralizing 
action than that of IgG [130]. Short-chain fatty acid metabolites synthesized from gut bacteria 
play a significant role in activating the immune system and triggering inflammatory responses 

Fig. 5  Schematic illustration of the proposed mechanism of COVID-19 vaccine-induced thrombocytopenia
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by boosting the functions of T helper cells, regulatory cells, Th1, and Th17 effector cells [131, 
132]. Patients with COVID-19 reported gut dysbiosis where the composition of normal gut 
microbial flora wherein gets swapped by SARSCoV-2 [133, 134]. This gut dysbiosis could 
also probably be responsible for the dispersion of SARS-CoV-2 from the digestive system to 
other organs expressing angiotensin-converting enzyme 2 (ACE-2) and transmembrane pro-
tease serine-type 2 [135]. Infection of SARS-CoV-2 in the GI tract results in internalization 
of ACE-2 receptor which leads to alteration in nutrient uptake and amino acid metabolism by 
inhibiting the activity and expression of nutrient transporters such as the neutral amino acid 
transporter BAT1 (Fig. 6) [136, 137]. COVID-19 patients in severe conditions show specific 
cytokine storms where dangerous systemic hyperinflammatory symptoms are caused by ebul-
lient immune responses. Cytokine storm has been identified by the increased level of several 
cytokines and chemokines such as interleukin-1b (IL-1 b), IL-2, IL-6, IL-7, IL-8, IL-9, IL-10, 
IL-17A, IL-17F, IL-23 granulocyte colony-stimulating factor (G-CSF), granulocyte–mac-
rophage colony-stimulating factor (GM-CSF), interferon-gamma (IFN-γ), tumor necrosis 
factor-alpha (TNF-α), and macrophage inflammatory protein-1 A (MIP1A) in serum (Fig. 6) 
[138]. Studies indicate an active role of Th17 lymphocytes as evidenced by elevated secretion 
of various pro-inflammatory cytokines and interestingly it is the same systemic inflammatory 
reaction observed in the case of intestinal microbial translocation [139, 140]. In various viral 
infections, the role of receptor-like toll-like receptor 4 (TLR-4) has been associated with the 
generation of inflammatory responses [140]. In the human gut, two main bacteria, i.e., Bac-
teroidetes and Firmicutes, are present that act as an obstacle and have many activities in the 
gastrointestinal tract. As about 70% of immune cells are located in the GI tract, it produces 

Fig. 6  Diagrammatic illustration showing effects of SARS-CoV-2 on the gastrointestinal tract of the body 
where expressions and activities of various receptors such as angiotensin-converting enzyme 2 (ACE-2), 
BAT1, and Toll-like receptor have been altered. Internalization of ACE-2 receptor inhibited the activity 
of other receptors leading to the malabsorption of nutrients and neurological complications that directly 
hamper immune response and increased gastrointestinal infection. Several other factors such as interferon-
gamma (IFN-γ), tumor necrosis factor-alpha (TNF-α), T helper cells (Th1 and Th17), cytokines, and 
chemokines such as interleukin (1, 6, 17A, 17F and 23) are some common immune responses induce by 
SARS-CoV-2 on the gastrointestinal tract
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antimicrobials and plays a protective role by preventing pathogens from adhering to the intes-
tinal membrane [141]. This gut microflora has a very crucial role in modulating the innate 
and adaptive immune response of the body. The composition of these microbiotas differs sig-
nificantly between individuals and throughout life [142, 143]. Therefore, different immune 
responses have been observed in different individuals against the COVID-19 vaccine. Several 
researches are still going on to check the responses of interactions of COVID-19 vaccines and 
gut microbiota antimicrobial immune response. However, many recent reports describe the 
connotation between the impacts of COVID-19 vaccination and the composition of individual 
gut microflora. Oral vaccines induce strong humoral and cellular immune responses might be 
due to the increase composition of Firmicutes microbiota [144, 145]. The ability modulates 
the immune response by manipulating the activity and expression of gut microflora holds great 
potential in refining the vaccination and its effectiveness.

Concluding Remarks

In a pandemic situation, COVID-19 vaccines are developing based on two platforms, i.e., 
traditional platforms and next-generation platforms. Conventional vaccine development 
strategies are based on adaptive immunity, whereas next-generation strategies are based on 
adaptive as well as innate immunity against pathogens. Emerging of this pandemic lead to 
the accelerated development of vaccines based on novel platforms. For the very first time 
in humankind, mRNA vaccines are successfully administrated and used to boost immu-
nity against infection. The lists of major approved COVID-19 vaccines developed by using 
these platforms are summarized in Table 1.

Virus-based vaccines platform uses a form of the virus that has been weakened or inac-
tivated by physical and chemical methods. It does not cause infection, but still activates 
immunogenic responses of the body against the infection. For generating strong immunity 
in whole-inactivated virus vaccines adjuvants are used. These inactivated platforms are 
extensively utilized in this pandemic and four vaccines based on this strategy are approved 
and widely used all over the world. Live-attenuated virus vaccines are conventionally 
formed in which cell culture is treated with chemicals for degrading its virulence character-
istics. Protein-based COVID-19 vaccines contain a viral peptide or protein antigen to carry 
out an immune response in the body. These vaccines generally use an antigen either S pro-
tein or its RBD. The S protein contains 1273 amino acids and is made of two subunits—S1 
and S2. S protein–based vaccines are much more effective as compared to RBD-based vac-
cines. Virus-like particle (VLP) vaccines show advancement in protein subunit vaccinol-
ogy and it may also consider a special set of protein subunit vaccines (Fig. 2).

Viral vector vaccines, the previously used in the development of VSV-Ebola vaccines, 
employ a safe virus which does not cause infection but provides a base for the development 
of coronavirus proteins that enhances immunity against viral infection. In viral vector vac-
cines, DNA recombinant technology is used to clone genes encoding that viral antigen(s). 
Viral vector vaccines employ replicating or non-replicating viral vectors. Replicating vector 
vaccines produce an antigen in the infected cells as well as in healthy cells to fight against the 
virus. On the other hand, non-replicating vector vaccines primarily go into cells and gener-
ate the antigen delivered by the vaccine while restricting the production of new virus parti-
cles. In nucleic acid–based vaccine, the use of mRNA has numerous advantageous features 
over other vaccine types. It is a non-infectious, non-integrating platform, without any rein-
fection or mutation. It is delivered in carrier molecule form which enhances its uptake and 
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expression, and due to various modifications, these vaccines are more stable and efficient. 
There are three approved vaccines based on mRNA described briefly in this manuscript. It is 
convenient over traditional platforms due to its rapid development and safety. The develop-
ment and mechanism of these vaccines are presented diagrammatically in Figs. 1 and 2.

After the vaccination is done, the antigenic protein enters the host cellular system. This 
process is mediated by surface cell receptors via the process of endocytosis. Then the anti-
genic protein is identified by host immunological cells like dendritic cells. These dendritic 
cells further stimulate the cells of MHC class I and class II, which further stimulates the 
differentiation of both CD4 + and CD8 + effector cells. These cells will further provide cel-
lular and humoral immunity in a vaccinated host cell.

The COVID-19 pandemic is affecting the world at a broad level, so the process of vac-
cine production and trials is being expedited and to avert the COVID-19 pandemic, efforts 
are made for the development of an effective vaccine. Several vaccines have been devel-
oped around the world and many more are under trial process (Table 2). These vaccines are 
firstly pre-clinically trailed either on the human/mammalian cell cultures (in vitro) or suit-
able animal models (in vivo). The various vaccine candidates have been passed for use in 
humans and provided a considerable shield against SARS-CoV-2. In the future, additional 
trials will be done on immune responses against COVID-19.
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