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Strategies for the development and approval of COVID-19
vaccines and therapeutics in the post-pandemic period
Danyi Ao1, Xuemei He1, Jian Liu1 and Li Xu1✉

The spread of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has resulted in significant casualties and put immense
strain on public health systems worldwide, leading to economic recession and social unrest. In response, various prevention and
control strategies have been implemented globally, including vaccine and drug development and the promotion of preventive
measures. Implementing these strategies has effectively curbed the transmission of the virus, reduced infection rates, and gradually
restored normal social and economic activities. However, the mutations of SARS-CoV-2 have led to inevitable infections and
reinfections, and the number of deaths continues to rise. Therefore, there is still a need to improve existing prevention and control
strategies, mainly focusing on developing novel vaccines and drugs, expediting medical authorization processes, and keeping
epidemic surveillance. These measures are crucial to combat the Coronavirus disease (COVID-19) pandemic and achieve sustained,
long-term prevention, management, and disease control. Here, we summarized the characteristics of existing COVID-19 vaccines
and drugs and suggested potential future directions for their development. Furthermore, we discussed the COVID-19-related
policies implemented over the past years and presented some strategies for the future.
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INTRODUCTION
As of May 5, 2023, with the decrease in global mortality rates,
hospitalizations, and severe cases caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), the World
Health Organization (WHO) announced that Coronavirus disease
2019 (COVID-19) no longer considered a Public Health Emergency
of International Concern.1 Similarly, on May 11, 2023, the United
States government terminated the COVID-19 Public Health
Emergency.2 More and more countries have decided to transition
from emergency response to long-term management. However, it
is crucial not to underestimate the ongoing pandemic.
Until June 14, 2023, over 130 billion vaccine doses had been

administered globally, and approximately 70% of the total
population has received at least one COVID-19 vaccine dose.3,4

Despite vaccination efforts, new infections and thousands of
deaths are reported weekly. Even among the vaccinated popula-
tion, there remains a notable incidence of breakthrough infections
with new variants, resulting in a persistent strain on health
systems.5,6 Furthermore, vaccines and drugs against COVID-19
have observed a marked decline in effectiveness against SARS-
CoV-2 variants.7 These findings raise concerns about the efficacy
of current vaccines and drugs. The efficacy of preventive and
therapeutic measures is influenced by many factors, among which
the mutations of the key structural domains in the virus play a
decisive role. Ongoing mutations may confer variants with
heightened transmissibility and immune escape capabilities,
thereby diminishing the protective capabilities of vaccines and
drugs. Presently, novel SARS-CoV-2 variants continue to emerge.
For instance, WHO has recently classified EG.5 and XBB.1.9.1 as
“variants of interest” and “variants under monitoring”,

respectively.8 EG.5 variant was first reported on 17 February
2023 and rapidly supplanted other strains, leading to a surge in
infections in some countries.9 The evolution results of SARS-CoV-2
have shown that each variant of concern (VOC) has evolved
independently from a previously circulating ancestor during the
pandemic, which indicates that SARS-CoV-2 variants follow various
mutational paths to develop adaptations for human hosts. Hence,
the SARS-CoV-2 virus may evolve into variants with increased
transmissibility and greater immune evasion potential than those
existing variants of concern, consequently damaging the efficacy
of current vaccines and drugs.
When exposure to the constantly mutating SARS-CoV-2 virus is

inevitable, countries must fortify their response measures,
including consistently surveilling prevalent variants, developing
next-generation medicines, and obtaining appropriate authoriza-
tion. These proactive actions are vital in adequately preparing for
potential threats from COVID-19 and future pandemics.

CURRENT COVID-19 PREVENTIVE AND THERAPEUTIC
STRATEGIES
Current vaccines against COVID-19
Vaccination is essential in the initial stages of COVID-19
prevention. As of August 8, 2023, more than 58 vaccines have
been approved by WHO (Table 1), with more vaccines in clinical
trials (Table 2).10–29 These vaccines are produced by various
platforms, encompassing inactivated, protein subunit, mRNA, and
adenovirus vector vaccines (Fig. 1).
mRNA vaccines revolutionized vaccine development, offering a

faster production speed for COVID-19 vaccines. Moreover, mRNA

Received: 28 August 2023 Revised: 24 November 2023 Accepted: 6 December 2023

1State Key Laboratory of Biotherapy, West China Hospital, Sichuan University, 610041 Sichuan, People’s Republic of China
Correspondence: Li Xu (lx_scu21@163.com)
These authors contributed equally: Danyi Ao, Xuemei He

www.nature.com/sigtransSignal Transduction and Targeted Therapy

© The Author(s) 2023

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01724-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01724-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01724-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41392-023-01724-w&domain=pdf
mailto:lx_scu21@163.com
www.nature.com/sigtrans


Ta
bl
e
1.

Th
e
su
m
m
ar
y
o
f
cu

rr
en

tl
y
W
H
O
-a
p
p
ro
ve
d
/P
Q

ev
al
u
at
in
g
C
O
V
ID
-1
9
va
cc
in
es

Ty
p
e

Pl
at
fo
rm

M
an

u
fa
ct
u
re
/W

H
O

EU
L
h
o
ld
er

N
am

e
o
f
va
cc
in
e

V
ir
u
s
st
ra
in

D
o
sa
g
e

R
ef
er
en

ce
s

m
R
N
A

N
u
cl
eo

si
d
e
m
o
d
ifi
ed

m
R
N
A

Pfi
ze
r-
B
io
N
Te
ch

B
N
T1

62
b
2/

C
o
m
ir
n
at
y

To
zi
n
am

er
an

(IN
N
)

W
ild

-t
yp

e
30

µ
g
R
N
A
(2
×
)

1
0

C
o
m
ir
n
at
y
C
O
V
ID
-1
9
(B
iv
al
en

t)
B
A
.4
,
B
A
.5

30
µ
g
R
N
A
(2
×
)

1
1

C
o
m
ir
n
at
y
B
iv
al
en

t
O
ri
g
in
al
/

O
m
ic
ro
n
B
A
.1

W
ild

-t
yp

e,
B
A
.1

N
/A

1
2

m
R
N
A
-b
as
ed

va
cc
in
e
en

ca
p
su
la
te
d
in

lip
id

n
an

o
p
ar
ti
cl
e
(L
N
P)

M
o
d
er
n
a
B
io
te
ch

m
R
N
A
-1
27

3
W
ild

-t
yp

e
10

0
µ
g
R
N
A
(2
×
)

1
3

m
R
N
A
-1
27

3.
21

4
W
ild

-t
yp

e,
B
A
.1

10
0
µ
g
R
N
A
(2
×
)

1
4
,1
5

m
R
N
A
-1
27

3.
22

2
W
ild

-t
yp

e,
B
A
.4
/5

10
0
µ
g
R
N
A
(2
×
)

1
6

C
u
re
Va

c
Z
o
re
ci
m
er
an

(IN
N
)

W
ild

-t
yp

e
N
/A

1
3

R
N
A
va
cc
in
e

A
rc
tu
ru
s
Th

er
ap

eu
ti
cs

A
R
C
T-
15

4
W
ild

-t
yp

e
5
µ
g
R
N
A
(2
×
)

1
7

G
en

n
o
va

B
io
p
h
ar
m
ac
eu

ti
ca
ls
Li
m
it
ed

G
EM

C
O
VA

C
-1
9

W
ild

-t
yp

e
N
/A

1
2

A
d
en

o
ve

ct
o
r

R
ec
o
m
b
in
an

t
C
h
A
d
O
x1

ad
en

o
vi
ra
l
ve
ct
o
r
en

co
d
in
g

th
e
Sp

ik
e
p
ro
te
in

A
st
ra
Z
en

ec
a,

A
B

C
h
A
d
O
x1

(A
Z
D
12

22
)

W
ild

-t
yp

e
5
×
10

1
0
ad

en
o
vi
ru
s
ve

ct
o
r

p
ar
ti
cl
es

(2
×
)

1
8

R
-P
H
A
R
M

Va
cc
in
e
R
-C
O
V
I

N
/A

1
3

R
ec
o
m
b
in
an

t,
re
p
lic
at
io
n
-in

co
m
p
et
en

t
ad

en
o
vi
ru
s

ty
p
e
26

(A
d
26

)
ve

ct
o
re
d
va
cc
in
e
en

co
d
in
g
th
e
Sp

ik
e

p
ro
te
in

Ja
n
ss
en

–
C
ila
g
In
te
rn
at
io
n
al

N
V

A
d
26

.C
O
V
2.
S

W
ild

-t
yp

e
5
×
10

1
0
ad

en
o
vi
ru
s
ve

ct
o
r

p
ar
ti
cl
es

(1
×
)

1
9

R
ec
o
m
b
in
an

t
N
o
ve

lC
o
ro
n
av
ir
u
s
Va

cc
in
e
(A
d
en

o
vi
ru
s

Ty
p
e
5
Ve

ct
o
r)

C
an

Si
n
o
B
io
lo
g
ic
al

In
c.

A
d
5-
n
C
o
V
/C
o
n
vi
d
ec
ia

W
ild

-t
yp

e
5
×
10

1
0
ad

en
o
vi
ru
s
ve

ct
o
r

p
ar
ti
cl
es

(2
×
)

2
0

C
an

Si
n
o
B
io
lo
g
ic
al

In
c.

C
o
n
vi
d
ec
ia

A
ir
T
M

W
ild

-t
yp

e
1
×
10

1
0
ad

en
o
vi
ru
s
ve

ct
o
r

p
ar
ti
cl
es

(2
×
)

1
3

H
u
m
an

A
d
en

o
vi
ru
s
rA
d
26

an
d
rA
d
5
Ve

ct
o
r-
b
as
ed

C
o
vi
d
-1
9
va
cc
in
e

G
am

al
ey
a

Sp
u
tn
ik

V
W
ild

-t
yp

e
10

×
10

1
0
ad

en
o
vi
ru
s
ve

ct
o
r

p
ar
ti
cl
es

(2
×
)

2
1

In
ac
ti
va
te
d

In
ac
ti
va
te
d
,p

ro
d
u
ce
d
in

Ve
ro

ce
lls

B
ei
jin

g
In
st
it
u
te

o
f
B
io
lo
g
ic
al

Pr
o
d
u
ct
s

C
o.
,L

td
.(
B
IB
P)

SA
R
S-
C
o
V
-2

Va
cc
in
e
(V
er
o
C
el
l),

In
ac
ti
va
te
d
(ln

C
o
V
)

W
ild

-t
yp

e
N
/A

1
3

Si
n
o
va
c
Li
fe

Sc
ie
n
ce
s
C
o.
,L

td
.

C
o
ro
n
av
ac

T
M

W
ild

-t
yp

e
3
µ
g
p
ro
p
o
se
d
(2
×
)

1
3

B
h
ar
at

B
io
te
ch

,
In
d
ia

iN
C
O
VA

C
C

W
ild

-t
yp

e
N
/A

1
2

C
h
u
m
ak
o
v
C
en

te
r

K
o
vi
V
ac

W
ild

-t
yp

e
N
/A

1
2

H
ea
lt
h
In
st
it
u
te
s
o
f
Tu

rk
ey

Tu
rk
o
va
c

W
ild

-t
yp

e
N
/A

1
2

O
rg
an

iz
at
io
n
o
f
D
ef
en

si
ve

In
n
o
va
ti
o
n

an
d
R
es
ea
rc
h

FA
K
H
R
A
VA

C
(M

IV
A
C
)

W
ild

-t
yp

e
N
/A

1
2

Sh
en

zh
en

K
an

g
ta
i
B
io
lo
g
ic
al

Pr
o
d
u
ct
s

C
o

KC
O
N
VA

C
W
ild

-t
yp

e
N
/A

1
2

Sh
ifa

Ph
ar
m
ed

In
d
u
st
ri
al

C
o

C
O
V
Ir
an

B
ar
ek

at
W
ild

-t
yp

e
N
/A

1
2

Si
n
o
p
h
ar
m

(B
ei
jin

g
)

C
o
vi
lo

W
ild

-t
yp

e
N
/A

1
2
,2
2

R
es
ea
rc
h
In
st
it
u
te

fo
r
B
io
lo
g
ic
al

Sa
fe
ty

Pr
o
b
le
m
s
(R
IB
SP

)
Q
az
V
ac

W
ild

-t
yp

e
N
/A

1
3

Va
ln
ev

a
V
LA

20
01

W
ild

-t
yp

e
N
/A

1
3

Si
n
o
p
h
ar
m

/
W
IB
P

In
ac
ti
va
te
d
SA

R
S-
C
o
V
-2

Va
cc
in
e

(V
er
o
C
el
l)

W
ild

-t
yp

e
N
/A

1
3

Sh
ifa

Ph
ar
m
ed

-
B
ar
ka
t

C
o
vI
ra
n
®
va
cc
in
e

W
ild

-t
yp

e
N
/A

1
3

W
h
o
le
-V
ir
io
n
In
ac
ti
va
te
d
Ve

ro
C
el
l

B
h
ar
at

B
io
te
ch

,
In
d
ia

C
O
VA

X
IN

W
ild

-t
yp

e
6
µ
g
p
ro
p
o
se
d
(2
×
)

1
3

Strategies for the development and approval of COVID-19 vaccines and. . .
Ao et al.

2

Signal Transduction and Targeted Therapy           (2023) 8:466 



Ta
bl
e
1.

co
n
ti
n
u
ed

Ty
p
e

Pl
at
fo
rm

M
an

u
fa
ct
u
re
/W

H
O

EU
L
h
o
ld
er

N
am

e
o
f
va
cc
in
e

V
ir
u
s
st
ra
in

D
o
sa
g
e

R
ef
er
en

ce
s

Su
b
u
n
it

R
ec
o
m
b
in
an

t
n
an

o
p
ar
ti
cl
e
p
re
fu
si
o
n
sp
ik
e
p
ro
te
in

fo
rm

u
la
te
d
w
it
h
M
at
ri
x-
M
™

ad
ju
va
n
t

N
o
va
va
x,

In
c.

N
V
X
-C
o
V
23

73
/C
o
vo

va
x

W
ild

-t
yp

e
5
µ
g
S
(+

50
µ
g
ad

ju
va
n
t)
(2
×
)

1
3

SK
B
io
sc
ie
n
ce

N
u
va
xo

vi
d

W
ild

-t
yp

e
5
µ
g
S
(+

50
µ
g
ad

ju
va
n
t)
(2
×
)

1
3

R
ec
o
m
b
in
an

t
p
ro
te
in

su
b
u
n
it

SK
B
io
sc
ie
n
ce

G
B
P5

10
W
ild

-t
yp

e
N
/A

1
3

Sa
n
o
fi

C
o
V
2
p
re
S
d
TM

-A
S0

3
va
cc
in
e

W
ild

-t
yp

e
N
/A

2
3

Z
h
ife

i
Lo

n
g
co

m
,
C
h
in
a

R
ec
o
m
b
in
an

t
N
o
ve

l
C
o
ro
n
av
ir
u
s
Va

cc
in
e
(C
H
O

C
el
l)

W
ild

-t
yp

e
25

µ
g
N
C
P-
R
B
D

(+
ad

ju
va
n
t)
(3
×
)

1
3

Sa
n
o
fi
/G

SK
V
id
Pr
ev

ty
n
B
et
a

B
et
a

N
/A

1
3

N
an

o
g
en

N
an

o
co

va
x

W
ild

-t
yp

e
N
/A

2
4

C
in
n
ag

en
Sp

ik
o
G
en

W
ild

-t
yp

e
N
/A

1
3

Si
n
o
ce
llt
ec
h
,
Lt
d

SC
T
V
01

C
A
lp
h
a,

B
et
a

N
/A

1
3

M
ed

ig
en

M
V
C
-C
O
V
19

01
W
ild

-t
yp

e
N
/A

1
3

C
en

te
r
fo
r
G
en

et
ic

En
g
in
ee

ri
n
g
an

d
B
io
te
ch

n
o
lo
g
y
(C
IG
B
)

A
b
d
al
a

W
ild

-t
yp

e
50

m
cg

R
B
D
+
0.
30

m
g
al
u
m
in
u
m

h
yd

ro
xi
d
e

2
5

R
az
i
Va

cc
in
e
&
Se

ru
m

R
es
ea
rc
h
In
st
it
u
te

R
az
i
C
o
v
Pa

rs
Va

cc
in
e

W
ild

-t
yp

e
N
/A

1
3

W
es
tV
ac

B
io
p
h
ar
m
a

R
ec
o
m
b
in
an

t
C
O
V
ID
-1
9
Va

cc
in
e

W
ild

-t
yp

e
N
/A

1
3

St
el
is
B
io
p
h
ar
m
a
Li
m
it
ed

A
K
S-
45

2
Va

cc
in
e
(A
m
b
iV
ax
-C

T
M
)

W
ild

-t
yp

e
tw

o
45

μg
d
o
se
s
o
r
a
si
n
g
le

90
μg

d
o
se

2
6

PT
B
io
fa
rm

a
SA

R
S
C
o
V
-2

R
B
D

W
ild

-t
yp

e
N
/A

1
3

B
ag

h
ei
at
-a
lla
h
U
n
iv
er
si
ty

o
f
M
ed

ic
al

Sc
ie
n
ce
s

N
o
o
ra

va
cc
in
e

W
ild

-t
yp

e
80

μg
o
f
re
co

m
b
in
an

t
R
B
D

p
ro
te
in

(+
ad

ju
va
n
t)
(2
×
)

1
2
,2
7

In
st
it
u
to

Fi
n
la
y
d
e
Va

cu
n
as

C
u
b
a

So
b
er
an

a
02

W
ild

-t
yp

e
50

µ
g
R
B
D

1
2

In
st
it
u
to

Fi
n
la
y
d
e
Va

cu
n
as

C
u
b
a

So
b
er
an

a
Pl
u
s/

FI
N
LA

Y
-F
R
-1
A

W
ild

-t
yp

e
50

µ
g
R
B
D

1
2

N
at
io
n
al

Va
cc
in
e
an

d
Se

ru
m

In
st
it
u
te

R
ec
o
m
b
in
an

t
SA

R
S-
C
o
V
-2

Va
cc
in
e
(C
H
O

C
el
l)

W
ild

-t
yp

e
N
/A

1
2

Li
vz
o
n
M
ab

p
h
ar
m

In
c

V
-0
1

W
ild

-t
yp

e
10

μg
o
f
fu
si
o
n
p
ro
te
in

(+
ad

ju
va
n
t)
(2
×
)

1
2
,2
8

SK
B
io
sc
ie
n
ce

SK
B
io
-S
K
YC

o
vi
o
n
e

W
ild

-t
yp

e
N
/A

1
2

B
io
lo
g
ic
al

E
C
o
rb
ev
ax

W
ild

-t
yp

e
N
/A

1
3

H
IP
R
A

B
IM

ER
VA

X
A
lp
h
a,

B
et
a

N
/A

Li
ao

n
in
g
Y
is
h
en

g
B
io
p
h
ar
m
a
C
o.

PI
K
A
re
co

m
b
in
an

t
p
ro
te
in

N
/A

N
/A

1
3

Pl
an

t-
b
as
ed

vi
ru
s-
lik
e
p
ar
ti
cl
e
(V
LP

),
re
co

m
b
in
an

t
p
ro
te
in

M
ed

ic
ag

o
C
O
V
IF
EN

Z
®

W
ild

-t
yp

e
N
/A

1
3

M
o
d
ifi
ed

re
co

m
b
in
an

t
sp
ik
e
p
ro
te
in

Sh
io
n
o
g
i
&
C
o.
,L

td
S-
26

80
19

W
ild

-t
yp

e
N
/A

1
3

R
ec
o
m
b
in
an

t
SA

R
S-
C
o
V
-2

Sp
ik
e-
Tr
im

er
fu
si
o
n
p
ro
te
in

C
lo
ve

r
B
io
p
h
ar
m
ac
eu

ti
ca
ls

SC
B
-2
01

9
W
ild

-t
yp

e
30

μg
S
(+

ad
ju
va
n
t)
(2
×
)

2
9

Pr
o
te
in
-p
ep

ti
d
e
va
cc
in
e

Va
xx
in
it
y

U
B
-6
12

W
ild

-t
yp

e
N
/A

1
3

EU
L
em

er
g
en

cy
u
se

lis
ti
n
g
p
ro
ce
d
u
re
,N

/A
n
o
t
av
ai
la
b
le

Strategies for the development and approval of COVID-19 vaccines and. . .
Ao et al.

3

Signal Transduction and Targeted Therapy           (2023) 8:466 



Ta
bl
e
2.

Th
e
su
m
m
ar
y
o
f
C
O
V
ID
-1
9
va
cc
in
es

in
cl
in
ic
al

st
u
d
y

Pl
at
fo
rm

Ty
p
e
o
f
ca
n
d
id
at
e
va
cc
in
e

D
ev
el
o
p
er
s

N
u
m
b
er

o
f

d
o
se
s

R
o
u
te

o
f
ad

m
in
is
tr
at
io
n

R
N
A
-b
as
ed

va
cc
in
e

R
V
M
-V
00

1
R
VA

C
M
ed

ic
in
es

1
IM

LN
P-
n
C
o
V
sa
R
N
A

Im
p
er
ia
l
C
o
lle
g
e
Lo

n
d
o
n

2
IM

SA
R
S-
C
o
V
-2

m
R
N
A
va
cc
in
e
(A
R
C
o
V
)

A
ca
d
em

y
o
f
M
ili
ta
ry

Sc
ie
n
ce

(A
M
S)
,
W
al
va
x
B
io
te
ch

n
o
lo
g
y

an
d
Su

zh
o
u
A
b
o
g
en

B
io
sc
ie
n
ce
s

2
IM

C
h
u
la
C
o
v1

9
m
R
N
A
va
cc
in
e

C
h
u
la
lo
n
g
ko

rn
U
n
iv
er
si
ty

2
IM

PT
X
-C
O
V
ID
19

-B
,m

R
N
A
va
cc
in
e

Pr
o
vi
d
en

ce
Th

er
ap

eu
ti
cs

2
IM

C
o
V
2
SA

M
(L
N
P)

va
cc
in
e.

A
se
lf-
am

p
lif
yi
n
g
m
R
N
A
(S
A
M
)
lip

id
n
an

o
p
ar
ti
cl
e
(L
N
P)

p
la
tf
o
rm

+
Sp

ik
e
an

ti
g
en

G
la
xo

Sm
it
h
K
lin

e
2

IM

m
R
N
A
-1
27

3.
35

1
M
o
d
er
n
a
+

N
at
io
n
al

In
st
it
u
te

o
f
A
lle
rg
y
an

d
In
fe
ct
io
u
s

D
is
ea
se
s
(N
IA
ID
)

3
IM

m
R
N
A
-1
27

3.
52

9-
B
o
o
st
er

M
o
d
er
n
aT

X
,I
n
c.

1
IM

M
V
-0
14

-2
12

M
ei
ss
a
Va

cc
in
es
,I
n
c.

1
IN

D
S-
56

70
a,

co
ro
n
av
ir
u
s-
m
o
d
ifi
ed

u
ri
d
in
e
R
N
A
va
cc
in
e
(S
A
R
S-
C
o
V
-2
)

D
ai
ic
h
i
Sa
n
ky
o
C
o.
,L

td
.

2
IM

H
D
T-
30

1
SE

N
A
I
C
IM

A
TE

C
2

IM

m
R
N
A
C
O
V
ID
-1
9
va
cc
in
e
(S
W
-B
IC
-2
13

)
Sh

an
g
h
ai

Ea
st

H
o
sp
it
al

an
d
St
em

ir
n
a
Th

er
ap

eu
ti
cs

2
IM

LN
P-
n
C
O
V
sa
R
N
A
-0
2
va
cc
in
e

M
R
C
/U

V
R
I
an

d
LS
H
TM

U
g
an

d
a
R
es
ea
rc
h
U
n
it

2
IM

A
R
C
T-
16

5
m
R
N
A
Va

cc
in
e

A
rc
tu
ru
s
Th

er
ap

eu
ti
cs
,I
n
c.

2
IM

A
R
C
T-
02

1
m
R
N
A
Va

cc
in
e

IM
A
rc
tu
ru
s
Th

er
ap

eu
ti
cs
,I
n
c.

2
IM

H
D
T-
30

1
va
cc
in
e

H
D
T
B
io

1-
2

IM

V
LP

C
O
V
-0
1,

se
lf-
am

p
lif
yi
n
g
R
N
A
va
cc
in
e
ag

ai
n
st

th
e
co

ro
n
av
ir
u
s

V
LP

Th
er
ap

eu
ti
cs

Ja
p
an

G
K

2
IM

EG
-C
O
V
ID

va
cc
in
e

Ey
eG

en
e
In
c.

3
IM

C
o
ro
n
av
ir
u
s
m
R
N
A
va
cc
in
e
(L
V
R
N
A
00

9)
A
IM

Va
cc
in
e
an

d
Li
ve

rn
a
Th

er
ap

eu
ti
cs

2
IM

C
V
2C

o
V,

m
R
N
A
va
cc
in
e

C
u
re
Va

c
A
G

1
IM

m
R
N
A
va
cc
in
e
(M

IP
SC

o
-m

R
N
A
-R
B
D
-1
)

U
n
iv
er
si
ty

o
f
M
el
b
o
u
rn
e

1
IM

C
O
V
ID
-1
9
m
R
N
A
Va

cc
in
e
(S
Y
S6

00
6)

C
SP

C
Z
h
o
n
g
Q
i
Ph

ar
m
ac
eu

ti
ca
l
Te
ch

n
o
lo
g
y
C
o.
,L

td
.

2
IM

Ly
o
p
h
ili
ze
d
C
O
V
ID
-1
9
m
R
N
A
Va

cc
in
e

W
u
h
an

R
ec
o
g
en

B
io
te
ch

n
o
lo
g
y
C
o.
,L

td
.

1
IM

A
se
lf-
am

p
lif
yi
n
g
R
N
A
(s
aR

N
A
)b

o
o
st
va
cc
in
es

(A
A
H
I-S

C
2
an

d
A
A
H
I-S

C
3)

Im
m
u
n
it
yB

io
,I
n
c.

1
IM

m
R
N
A
-1
07

3;
(C
O
V
ID
-1
9/
In
fl
u
en

za
)
Va

cc
in
e

M
o
d
er
n
a
TX

.
2

IM

A
B
O
10

09
-D
P
(C
O
V
ID
-1
9
O
m
ic
ro
n
)
m
R
N
A
Va

cc
in
e

Su
zh

o
u
A
b
o
g
en

B
io
sc
ie
n
ce
s
C
o.
,L

td
.

1
IM

In
ve

st
ig
at
io
n
al

C
V
05

01
m
R
N
A
C
O
V
ID
-1
9
Va

cc
in
e

G
la
xo

Sm
it
h
K
lin

e
1

IM

G
LB

-C
O
V
2-
04

3,
an

m
R
N
A
b
o
o
st
er

va
cc
in
e
ca
n
d
id
at
e

G
re
en

Li
g
h
t
B
io
sc
ie
n
ce
s,
In
c.

1
IM

JC
X
H
-2
21

,a
n
m
R
N
A
-b
as
ed

Im
m
o
rn
a
B
io
th
er
ap

eu
ti
cs
,I
n
c.

1
IM

m
R
N
A
-b
as
ed

C
O
V
ID
-1
9
va
cc
in
e
(C
O
R
eN

A
PC

IN
)

R
eN

A
P
Te
ch

n
o
lo
g
y

1
IM

D
N
A
-b
as
ed

va
cc
in
e

IN
O
-4
80

0+
el
ec
tr
o
p
o
ra
ti
o
n

In
o
vi
o
Ph

ar
m
ac
eu

ti
ca
ls
+

In
te
rn
at
io
n
al

Va
cc
in
e
In
st
it
u
te

+
A
d
va
cc
in
e
(S
u
zh

o
u
)
B
io
p
h
ar
m
ac
eu

ti
ca
l
C
o.
,L

td
2

ID

A
G
03

01
-C
O
V
ID
19

A
n
G
es

+
Ta
ka
ra

B
io

+
O
sa
ka

U
n
iv
er
si
ty

2
IM

G
X
-1
9N

G
en

ex
in
e
C
o
n
so
rt
iu
m

2
IM

C
o
vi
g
en

ix
VA

X
-0
01

-
D
N
A
va
cc
in
es

+
p
ro
te
o
-li
p
id

ve
h
ic
le

(P
LV

)
fo
rm

u
la
ti
o
n

En
to
s
Ph

ar
m
ac
eu

ti
ca
ls
In
c.

2
IM

C
O
R
V
ax
12

-
Sp

ik
e
(S
)
Pr
o
te
in

Pl
as
m
id

D
N
A
Va

cc
in
e

O
n
co

Se
c
Im

m
u
n
o
th
er
ap

ie
s;
Pr
o
vi
d
en

ce
H
ea
lt
h
&
Se

rv
ic
es

2
ID

b
ac
TR

L-
Sp

ik
e
o
ra
l
D
N
A
va
cc
in
e

Sy
m
vi
vo

C
o
rp
o
ra
ti
o
n

1
O
ra
l

G
LS
-5
31

0
G
en

eO
n
e
Li
fe

Sc
ie
n
ce
,I
n
c.

2
ID

C
O
V
IG
EN

U
n
iv
er
si
ty

o
f
Sy
d
n
ey
,B

io
n
et

C
o.
,L

td
;T
ec
h
n
o
va
lia

2
ID
,I
M

Strategies for the development and approval of COVID-19 vaccines and. . .
Ao et al.

4

Signal Transduction and Targeted Therapy           (2023) 8:466 



Ta
bl
e
2.

co
n
ti
n
u
ed

Pl
at
fo
rm

Ty
p
e
o
f
ca
n
d
id
at
e
va
cc
in
e

D
ev
el
o
p
er
s

N
u
m
b
er

o
f

d
o
se
s

R
o
u
te

o
f
ad

m
in
is
tr
at
io
n

C
O
V
ID
-e
Va

x,
a
ca
n
d
id
at
e
p
la
sm

id
D
N
A
va
cc
in
e
o
f
th
e
Sp

ik
e
p
ro
te
in

Ta
ki
s
+

R
o
tt
ap

h
ar
m

B
io
te
ch

2
IM

,
IM

+
el
ec
tr
o
p
o
ra
ti
o
n

SC
-A
d
6-
1,

A
d
n
ev

ir
al

ve
ct
o
r
va
cc
in
e

Te
th
er
ex

Ph
ar
m
ac
eu

ti
ca
ls
C
o
rp
o
ra
ti
o
n

1-
2

IM

A
G
03

02
-C
O
V
ID
19

A
n
G
es
,
In
c/
O
sa
ka

U
n
iv
er
si
ty

2-
3

IM

Pl
as
m
id

D
N
A
va
cc
in
e
SC

O
V
1
+
SC

O
V
2.

C
O
V
ID
IT
Y

Sc
an

ce
ll
Lt
d

2
ID

V
B
10

.2
12

9,
a
D
N
A
p
la
sm

id
va
cc
in
e
en

co
d
in
g
th
e
re
ce
p
to
r-
b
in
d
in
g

d
o
m
ai
n
(R
B
D
)

Va
cc
ib
o
d
y
A
S

1-
2

IM

V
B
10

.2
21

0,
D
N
A
p
la
sm

id
va
cc
in
e,

en
co

d
es

m
u
lt
ip
le

im
m
u
n
o
g
en

ic
an

d
co

n
se
rv
ed

T
ce
ll
ep

it
o
p
es

sp
an

n
in
g
m
u
lt
ip
le

an
ti
g
en

s
ac
ro
ss

th
e
SA

R
S-

C
o
V
-2

g
en

o
m
e

Va
cc
ib
o
d
y
A
S

1-
2

IM

SA
R
S-
C
o
V
-2

D
N
A
va
cc
in
e
(d
el
iv
er
ed

IM
fo
llo

w
ed

b
y
el
ec
tr
o
p
o
ra
ti
o
n
)

Th
e
U
n
iv
er
si
ty

o
f
H
o
n
g
K
o
n
g
;
Im

m
u
n
o
C
u
re

3
Li
m
it
ed

2
IM

Pr
o
p
h
yl
ac
ti
c
p
D
N
A
Va

cc
in
e
C
an

d
id
at
e
A
g
ai
n
st

C
O
V
ID
-1
9

Im
am

A
b
d
u
lr
ah

m
an

B
in

Fa
is
al

U
n
iv
er
si
ty

3
IM

B
o
o
st
er

D
N
A
va
cc
in
e
d
el
iv
er
ed

b
y
in

vi
vo

“E
PS

G
u
n
”
fr
o
m

IG
EA

o
p
ti
m
iz
ed

fo
r
El
ec
tr
o
G
en

e
Tr
an

sf
er

(E
G
T
)
va
cc
in
at
io
n

M
at
ti
Sä
llb

er
g
,K

ar
o
lin

sk
a
In
st
it
u
te
t

1
IM

V
ir
u
s-
lik
e
p
ar
ti
cl
e

R
B
D

SA
R
S-
C
o
V
-2

H
B
sA

g
V
LP

va
cc
in
e

Se
ru
m

In
st
it
u
te

o
f
In
d
ia

+
A
cc
el
ag

en
Pt
y
+

Sp
yB

io
te
ch

2
IM

V
B
I-2

90
2a

V
B
I
Va

cc
in
es

In
c.

2
IM

SA
R
S-
C
o
V
-2

V
LP

Va
cc
in
e

Th
e
Sc
ie
n
ti
fi
c
an

d
Te
ch

n
o
lo
g
ic
al
R
es
ea
rc
h
C
o
u
n
ci
lo

f
Tu

rk
ey

2
SC

A
B
N
C
o
V
2
ca
p
si
d
vi
ru
s-
lik
e
p
ar
ti
cl
e
(c
V
LP

)
+
/−

ad
ju
va
n
t
M
F5

9
R
ad

b
o
u
d
U
n
iv
er
si
ty

2
IM

SA
R
S-
C
o
V
-2

Va
cc
in
e
LY
B
00

1,
a
re
ce
p
to
r-
b
in
d
in
g
d
o
m
ai
n
(R
B
D
)
fr
o
m

SA
R
S-
C
o
V
-2

an
d
vi
ru
s-
lik
e
p
ar
ti
cl
e
(V
LP

)
ve

ct
o
r,
ad

ju
va
n
te
d
w
it
h

al
u
m
in
u
m

h
yd

ro
xi
d
e

Ya
n
ta
i
Pa

tr
o
n
u
s
B
io
te
ch

C
o.
,L

td
.

3
IM

V
B
I-2

90
1e

.T
h
e
tr
iv
al
en

t
va
cc
in
e
co

m
p
o
se
d
o
f
vi
ru
s-
lik
e
p
ar
ti
cl
es

(e
V
LP

s)
to

ex
p
re
ss

th
e
sp
ik
e
p
ro
te
in
s
o
f
th
re
e
co

ro
n
av
ir
u
se
s:
SA

R
S-
C
o
V
-2
,S
A
R
S-

C
o
V
-1

an
d
M
ER

S-
C
o
V,

w
it
h
al
u
m
in
u
m

p
h
o
sp
h
at
e
an

d
E6

02
0
ad

ju
va
n
ts

V
B
I
Va

cc
in
es

In
c.

2
IM

V
ir
al

ve
ct
o
r
(R
ep

lic
at
in
g
)

D
el
N
S1

-2
01

9-
n
C
o
V
-R
B
D
-O

PT
1
(In

tr
an

as
al

fl
u
-b
as
ed

-R
B
D
)

U
n
iv
er
si
ty

o
f
H
o
n
g
K
o
n
g
,X

ia
m
en

U
n
iv
er
si
ty

an
d
B
ei
jin

g
W
an

ta
i
B
io
lo
g
ic
al

Ph
ar
m
ac
y

2
IN

rV
SV

-S
A
R
S-
C
o
V
-2
-S

Va
cc
in
e
(II
B
R
-1
00

)
Is
ra
el

In
st
it
u
te

fo
r
B
io
lo
g
ic
al

R
es
ea
rc
h

1
IM

C
O
V
IV
A
C

In
st
it
u
te

o
f
Va

cc
in
es

an
d
M
ed

ic
al

B
io
lo
g
ic
al
s,
V
ie
tn
am

2
IM

N
D
V
-H
X
P-
S;

A
Li
ve

R
ec
o
m
b
in
an

t
N
ew

ca
st
le

D
is
ea
se

V
ir
u
s-
ve

ct
o
re
d

C
O
V
ID
-1
9
Va

cc
in
e

Se
an

Li
u
,I
ca
h
n
Sc
h
o
o
l
o
f
M
ed

ic
in
e
at

M
o
u
n
t
Si
n
ai

1
IN

V
ir
al

ve
ct
o
r
(R
ep

lic
at
in
g
)+

A
PC

D
en

d
ri
ti
c
ce
ll
va
cc
in
e
A
V
-C
O
V
ID
-1
9.

A
va
cc
in
e
co

n
si
st
in
g
o
f
au

to
lo
g
o
u
s

d
en

d
ri
ti
c
ce
lls

lo
ad

ed
w
it
h
an

ti
g
en

s
fr
o
m

SA
R
S-
C
o
V
-2
,w

it
h
o
r
w
it
h
o
u
t

G
M
-C
SF

A
iv
it
a
B
io
m
ed

ic
al
,I
n
c;
N
at
io
n
al

In
st
it
u
te

o
f
H
ea
lt
h
R
es
ea
rc
h

an
d
D
ev
el
o
p
m
en

t;
M
in
is
tr
y
o
f
H
ea
lt
h
R
ep

u
b
lic

o
f
In
d
o
n
es
ia

1
IM

C
o
vi
d
-1
9/
aA

PC
va
cc
in
e.

Th
e
C
o
vi
d
-1
9/
aA

PC
va
cc
in
e
is
p
re
p
ar
ed

b
y

ap
p
ly
in
g
le
n
ti
vi
ru
s
m
o
d
ifi
ca
ti
o
n
w
it
h
im

m
u
n
e
m
o
d
u
la
to
ry

g
en

es
an

d
th
e
vi
ra
l
m
in
ig
en

es
to

th
e
ar
ti
fi
ci
al

an
ti
g
en

-p
re
se
n
ti
n
g
ce
lls

(a
A
PC

s)
.

Sh
en

zh
en

G
en

o
-Im

m
u
n
e
M
ed

ic
al

In
st
it
u
te

3
SC

V
ir
al

ve
ct
o
r
(N
o
n
-

re
p
lic
at
in
g
)+

A
PC

LV
-S
M
EN

P-
D
C
va
cc
in
e.

D
en

d
ri
ti
c
ce
lls

ar
e
m
o
d
ifi
ed

w
it
h
le
n
ti
vi
ru
s

ve
ct
o
rs

ex
p
re
ss
in
g
C
o
vi
d
-1
9
m
in
ig
en

e;
SM

EN
P
an

d
im

m
u
n
e

m
o
d
u
la
to
ry

g
en

es
.
C
TL
s
ar
e
ac
ti
va
te
d
b
y
LV
-D
C
p
re
se
n
ti
n
g
C
O
V
ID
-1
9-

sp
ec
ifi
c
an

ti
g
en

s.

Sh
en

zh
en

G
en

o
-Im

m
u
n
e
M
ed

ic
al

In
st
it
u
te

1
SC

&
IV

V
ir
al

ve
ct
o
r
(N
o
n
-r
ep

lic
at
in
g
)

G
R
A
d
-C
O
V
2
(R
ep

lic
at
io
n
d
ef
ec
ti
ve

Si
m
ia
n
A
d
en

o
vi
ru
s
(G
R
A
d
)
en

co
d
in
g

S)
R
ei
Th

er
a
+

Le
u
ko

ca
re

+
U
n
iv
er
ce
lls

2
IM

V
X
A
-C
o
V
2-
1
A
d
5
ad

ju
va
n
te
d
O
ra
l
Va

cc
in
e
p
la
tf
o
rm

Va
xa
rt

2
O
ra
l

M
VA

-S
A
R
S-
2-
S

U
n
iv
er
si
ty

o
f
M
u
n
ic
h
(L
u
d
w
ig
-M

ax
im

ili
an

s)
2

IM

H
u
m
an

A
d
en

o
vi
ru
s
Ty
p
e
5:

h
A
d
5
S+

N
b
iv
al
en

t
va
cc
in
e
(S
-F
u
si
o
n
+

N
-

ET
SD

).
E2

b
-
D
el
et
ed

A
d
en

o
Im

m
u
n
it
yB

io
,I
n
c

1-
2

SC

C
O
H
04

S1
(M

VA
-S
A
R
S-
2-
S)

-
M
o
d
ifi
ed

va
cc
in
ia

an
ka
ra

(s
M
VA

)
p
la
tf
o
rm

+
sy
n
th
et
ic

SA
R
S-
C
o
V
-2

C
it
y
o
f
H
o
p
e
M
ed

ic
al

C
en

te
r
+

N
at
io
n
al

C
an

ce
r
In
st
it
u
te

1-
2

IM

Strategies for the development and approval of COVID-19 vaccines and. . .
Ao et al.

5

Signal Transduction and Targeted Therapy           (2023) 8:466 



Ta
bl
e
2.

co
n
ti
n
u
ed

Pl
at
fo
rm

Ty
p
e
o
f
ca
n
d
id
at
e
va
cc
in
e

D
ev
el
o
p
er
s

N
u
m
b
er

o
f

d
o
se
s

R
o
u
te

o
f
ad

m
in
is
tr
at
io
n

A
d
C
LD

-C
o
V
19

(a
d
en

o
vi
ru
s
ve

ct
o
r)
A
d
C
LD

-C
o
V
19

-1
O
M
I

C
el
lid

C
o.
,L

td
.

1
IM

B
B
V
15

4,
A
d
en

o
vi
ra
l
ve
ct
o
r
C
O
V
ID
-1
9
va
cc
in
e

B
h
ar
at

B
io
te
ch

In
te
rn
at
io
n
al

Li
m
it
ed

1
IN

C
h
im

p
an

ze
e
A
d
en

o
vi
ru
s
se
ro
ty
p
e
68

(C
h
A
d
)
an

d
se
lf-
am

p
lif
yi
n
g
m
R
N
A

(S
A
M
)
ve

ct
o
rs

ex
p
re
ss
in
g
sp
ik
e
al
o
n
e
o
r
sp
ik
e
p
lu
s
ad

d
it
io
n
al

SA
R
S-

C
o
V
-2

T
ce
ll
ep

it
o
p
es
.

G
ri
ts
to
n
e
O
n
co

lo
g
y

2-
3

IM

PI
V
5
ve
ct
o
r
th
at

en
co

d
es

th
e
SA

R
S-
C
o
V
-2

sp
ik
e
p
ro
te
in

C
ya
n
V
ac

LL
C

1
IN

A
Z
D
28

16
;
ad

en
o
vi
ra
l
ve

ct
o
r
C
h
A
d
O
x
p
la
tf
o
rm

an
d
b
as
ed

o
n
th
e
B
et
a

(B
.1
.3
51

)
va
ri
an

t
A
st
ra
Z
en

ec
a
+

U
n
iv
er
si
ty

o
f
O
xf
o
rd

2
IM

A
A
V
5-
R
B
D
-S

va
cc
in
e
(B
C
D
-2
50

),
A
re
co

m
b
in
an

t
A
d
en

o
vi
ru
s-
A
ss
o
ci
at
ed

vi
ra
l
Ve

ct
o
r
(A
A
V
-5
)
en

co
d
in
g
sp
ik
e
p
ro
te
in

B
io
ca
d

1
IM

A
d
5-
tr
iC
o
V
/M

ac
o
r
C
h
A
d
-t
ri
C
o
V
/M

ac
,n

ew
ex
p
er
im

en
ta
l
ad

en
o
vi
ru
s-

b
as
ed

va
cc
in
es

ex
p
re
ss
in
g
SA

R
S-
C
o
V
-2

sp
ik
e,

n
u
cl
eo

ca
p
si
d
an

d
R
N
A

p
o
ly
m
er
as
e
p
ro
te
in
s

M
cM

as
te
r
U
n
iv
er
si
ty

1
A
E

A
d
26

.c
o
v2

.s
+
b
cg

va
cc
in
e.

A
D
26

-B
C
G

H
an

X
u
,M

.D
.,
Ph

.D
.,
FA

PC
R
,
Sp

o
n
so
r-
In
ve

st
ig
at
o
r,
IR
B
C
h
ai

1
ID

M
VA

-S
A
R
S-
2-
ST

Va
cc
in
e

H
an

n
o
ve

r
M
ed

ic
al

Sc
h
o
o
l

1
IH

C
o
Va

cH
G
M
ix

ad
en

o
vi
ra
l
ve
ct
o
r
va
cc
in
e

A
n
ka
ra

C
it
y
H
o
sp
it
al

B
ilk
en

t
2

IM

R
ec
o
m
b
in
an

t
C
O
V
ID
-1
9
Va

cc
in
e
(A
d
en

o
vi
ru
s
Ve

ct
o
r)

W
u
h
an

B
ra
vo

Va
x

1
IN

Pr
o
te
in

su
b
u
n
it

K
B
P-
C
O
V
ID
-1
9
(R
B
D
-b
as
ed

)
K
en

tu
ck
y
B
io
p
ro
ce
ss
in
g
In
c.

2
IM

IM
P
C
o
Va

c-
1
(S
A
R
S-
C
o
V
-2

H
LA

-D
R
p
ep

ti
d
es
)

U
n
iv
er
si
ty

H
o
sp
it
al

Tu
eb

in
g
en

1
SC

B
ai
ya

SA
R
S-
C
o
V
-2

VA
X
1,

a
p
la
n
t-
b
as
ed

su
b
u
n
it
va
cc
in
e
(R
B
D
-F
c
+

ad
ju
va
n
t)

B
ai
ya

Ph
yt
o
p
h
ar
m

C
o.
,L

td
.

2
IM

R
ec
o
m
b
in
an

t
C
O
V
ID
-1
9
Va

ri
an

t
Va

cc
in
e
(S
f9

C
el
l)

W
es
tw

ac
B
io
p
h
ar
m
a
C
o.
,L

td
e

1
IM

R
ec
o
m
b
in
an

t
C
O
V
ID
-1
9
Tr
iv
al
en

t
(X
B
B
.1
.5
+
B
A
.5
+
D
el
ta
)
Pr
o
te
in

Va
cc
in
e
(S
f9

C
el
l)

W
es
tw

ac
B
io
p
h
ar
m
a
C
o.
,L

td
e

1
IM

R
ec
o
m
b
in
an

t
C
O
V
ID
-1
9
B
iv
al
en

t
(X
B
B
.1
.5
+
Pr
o
to
tw

p
e)

Pr
o
te
in

Va
cc
in
e

(S
f9

C
el
l)

W
es
tw

ac
B
io
p
h
ar
m
a
C
o.
,L

td
e

1
IM

C
O
VA

C
-1

an
d
C
O
VA

C
-2

su
b
u
n
it
va
cc
in
e
(s
p
ik
e
p
ro
te
in
)
+

SW
E
ad

ju
va
n
t

U
n
iv
er
si
ty

o
f
Sa
sk
at
ch

ew
an

2
IM

M
F5

9
ad

ju
va
n
te
d
SA

R
S-
C
o
V
-2

Sc
la
m
p
va
cc
in
e

Th
e
U
n
iv
er
si
ty

o
f
Q
u
ee

n
sl
an

d
2

IM

sp
ik
e
fe
rr
it
in

n
an

o
p
ar
ti
cl
e

W
al
te
r
R
ee

d
A
rm

y
In
st
it
u
te

o
f
R
es
ea
rc
h
(W

R
A
IR
)

2-
3

IM

Eu
C
o
rV
ac
-1
9

PO
P
B
io
te
ch

n
o
lo
g
ie
s
an

d
Eu

B
io
lo
g
ic
s
C
o.
,L

td
2

IM

R
eC

O
V

Ji
an

g
su

R
ec
-B
io
te
ch

n
o
lo
g
y

2
IM

C
o
Ve

p
iT

va
cc
in
e

O
SE

Im
m
u
n
o
th
er
ap

eu
ti
cs

1-
2

SC

O
G
EN

1,
p
ro
te
in
-b
as
ed

va
cc
in
e

U
SS

F/
Va

xf
o
rm

1-
2

O
ra
l

R
B
D

p
ro
te
in

re
co

m
b
in
an

t
SA

R
S-
C
o
V
-2

va
cc
in
e
(N
o
o
ra

Va
cc
in
e)

B
ag

h
ei
at
-a
lla
h
U
n
iv
er
si
ty

o
f
M
ed

ic
al

Sc
ie
n
ce
s/
A
m
it
is
G
en

3
IM

SC
B
-2
02

0S
,
an

ad
ju
va
n
te
d
re
co

m
b
in
an

t
SA

R
S-
C
o
V
-2

tr
im

er
ic

S-
p
ro
te
in

(f
ro
m

B
.1
.3
51

va
ri
an

t)
C
lo
ve

r
B
io
p
h
ar
m
ac
eu

ti
ca
ls
A
U
S
Pt
y
Lt
d

2
IM

20
2-
C
o
V
;S

A
R
S-
C
o
V
-2

sp
ik
e
tr
im

er
p
ro
te
in

+
ad

ju
va
n
t
C
p
G
79

09
Sh

an
g
h
ai

Z
er
u
n
B
io
te
ch

n
o
lo
g
y
+

W
al
va
x
B
io
te
ch

n
o
lo
g
y
+

C
EP

I
2

IM

R
ec
o
m
b
in
an

t
p
ro
te
in

R
B
D

fu
si
o
n
d
im

er
ad

ju
va
n
te
d
va
cc
in
e
(C
O
V
ID
-1
9

Va
cc
in
e
H
ip
ra
)
PH

H
-1
V

La
b
o
ra
to
ri
o
s
H
ip
ra
,
S.
A
.

2
IM

Ve
rs
am

u
n
e-
C
o
V
-2
FC

va
cc
in
e,

re
co

m
b
in
an

t
S1

an
ti
g
en

Fa
rm

ac
o
re

B
io
te
cn

o
lo
g
ia

Lt
d
a

3
N
/A

SI
I
B.
1.
35

1
+

M
at
ri
x-
M
1
ad

ju
va
n
t,
a
m
o
n
o
va
le
n
t
SI
I
SA

R
S-
C
o
V
-2

B
.1
.3
51

(B
et
a)

va
ri
an

t
va
cc
in
e

N
o
va
va
x

2
IM

SI
I
B
iv
al
en

t
+

M
at
ri
x-
M
1
ad

ju
va
n
t,
a
b
iv
al
en

t
SI
I
va
cc
in
e
co

n
ta
in
in
g

an
ti
g
en

fo
r
b
o
th

th
e
an

ce
st
ra
ls
tr
ai
n
an

d
B.
1.
35

1
(B
et
a)

va
ri
an

t
o
f
SA

R
S-

C
o
V
-2

N
o
va
va
x

1
IM

Strategies for the development and approval of COVID-19 vaccines and. . .
Ao et al.

6

Signal Transduction and Targeted Therapy           (2023) 8:466 



Ta
bl
e
2.

co
n
ti
n
u
ed

Pl
at
fo
rm

Ty
p
e
o
f
ca
n
d
id
at
e
va
cc
in
e

D
ev
el
o
p
er
s

N
u
m
b
er

o
f

d
o
se
s

R
o
u
te

o
f
ad

m
in
is
tr
at
io
n

SI
I
B.
1.
61

7.
2
+

M
at
ri
x-
M
1
ad

ju
va
n
t,
a
m
o
n
o
va
le
n
t
SI
I
SA

R
S-
C
o
V
-2

B.
1.
61

7.
2
(D
el
ta
)
va
ri
an

t
va
cc
in
e

N
o
va
va
x

1-
2

IM

Pe
p
G
N
P-
SA

R
SC

o
V
2,

A
C
D
8
T-
ce
ll
p
ri
m
in
g
ad

ap
ti
ve

va
cc
in
e
co

m
p
o
se
d

o
f
a
C
o
ro
n
av
ir
u
s-
sp
ec
ifi
c
p
ep

ti
d
es

m
o
u
n
te
d
o
n
a
g
o
ld

n
an

o
p
ar
ti
cl
e

Em
er
g
ex

Va
cc
in
es

H
o
ld
in
g
Li
m
it
ed

2
ID

SA
R
S-
C
o
V
-2

Va
cc
in
e
(IN

-B
00

9)
H
K
in
n
o.
N

C
o
rp
o
ra
ti
o
n

2
IM

A
d
ju
va
n
te
d
SA

R
S-
C
o
V
-2

(C
O
V
ID
-1
9)

B
et
a
Va

ri
an

t
R
B
D

R
ec
o
m
b
in
an

t
Pr
o
te
in

(D
o
C
o
-P
ro
-R
B
D
-1
+
M
F5

9)
U
n
iv
er
si
ty

o
f
M
el
b
o
u
rn
e

1
IM

B
et
u
va
x-
C
o
V
-2

C
O
V
ID
-1
9
va
cc
in
e

H
u
m
an

St
em

C
el
l
In
st
it
u
te
,R

u
ss
ia

2
IM

V
X
S-
12

23
U
M
ic
ro
ar
ra
y
p
at
ch

(H
D
-M

A
P)

va
cc
in
e
co

m
p
o
se
d
o
f
A
R
S-
C
o
V
-

2
sp
ik
e
p
ro
te
in

(H
ex
aP

ro
)

Va
xx
as

Pt
y
Lt
d
.

1
ID

R
ec
o
m
b
in
an

t
SA

R
S-
C
o
V
-2

S-
Tr
im

er
Va

cc
in
e
(C
H
O

C
el
l)
b
o
o
st
er

B
in
h
u
i
B
io
p
h
ar
m
ac
eu

ti
ca
l
C
o.
,L

td
.

1
IM

Li
ve

at
te
n
u
at
ed

vi
ru
s

C
O
V
I-V

A
C

C
o
d
ag

en
ix
/S
er
u
m

In
st
it
u
te

o
f
In
d
ia

1-
2

IN

M
V
-0
14

-2
12

,
a
liv
e
at
te
n
u
at
ed

va
cc
in
e
th
at

ex
p
re
ss
es

th
e
sp
ik
e
(S
)

p
ro
te
in

o
f
SA

R
S-
C
o
V
-2

M
ei
ss
a
Va

cc
in
es
,I
n
c.

1
IN

In
ac
ti
va
te
d
V
ir
u
s

K
o
ça
k-
19

In
ac
ti
va
te
d
ad

ju
va
n
t
C
O
V
ID
-1
9
vi
ra
l
va
cc
in
e

K
o
ca
k
Fa
rm

a
2

IM

A
d
ju
va
n
te
d
in
ac
ti
va
te
d
va
cc
in
e
ag

ai
n
st

SA
R
S-
C
o
V
-2

Th
e
Sc
ie
n
ti
fi
c
an

d
Te
ch

n
o
lo
g
ic
al
R
es
ea
rc
h
C
o
u
n
ci
lo

f
Tu

rk
ey

(T
Ü
B
IT
A
K
)

2
SC

C
o
vi

Va
x,

in
ac
ti
va
te
d
co

ro
n
av
ir
u
s
va
cc
in
e

N
at
io
n
al

R
es
ea
rc
h
C
en

tr
e,

Eg
yp

t
2

IM

O
sv
id
-1
9
in
ac
ti
va
te
d
va
cc
in
e
fo
r
C
o
vi
d
-1
9

O
sv
e
Ph

ar
m
ac
eu

ti
ca
l
C
o
m
p
an

y
2

IM

Eg
yV

ax
In
ac
ti
va
te
d
SA

R
S-
C
o
V
-2

va
cc
in
e
ca
n
d
id
at
e

Ev
a
Ph

ar
m
a

2
IM

U
N
A
IR

In
ac
ti
va
te
d
C
O
V
ID
-1
9
Va

cc
in
e

A
ir
la
n
g
g
a
U
n
iv
er
si
ty
,I
n
d
o
n
es
ia

2
IM

O
m
ic
ro
n
C
O
V
ID
-1
9
in
ac
ti
va
te
d
Va

cc
in
e
(V
er
o
C
el
l)

C
h
in
a
N
at
io
n
al

B
io
te
c
G
ro
u
p
C
o
m
p
an

y
Li
m
it
ed

2
IM

In
ac
ti
va
te
d
C
O
V
ID
-1
9
va
cc
in
e

K
M

B
io
lo
g
ic
s
C
o.
,L

td
.

2
IM

D
at
a
w
er
e
co

lle
ct
ed

fr
o
m

W
H
O

SC
su
b
cu

ta
n
eo

u
s,
ID

in
tr
ad

er
m
al
,
IM

in
tr
am

u
sc
u
la
r,
IN

in
tr
an

as
al
,
A
E
ae
ro
so
l,
IH

in
h
al
ed

,N
/A

n
o
t
av
ai
la
b
le

Strategies for the development and approval of COVID-19 vaccines and. . .
Ao et al.

7

Signal Transduction and Targeted Therapy           (2023) 8:466 



vaccines demonstrate favorable safety profiles attributed to their
non-integrating and non-infectious characteristics.30 WHO has
approved several mRNA vaccines, such as BNT162b2.13 More
vaccines against new variants of SARS-CoV-2 are currently being
tested in clinical trials.31 However, the development of mRNA
vaccines also faces several challenges, such as effective delivery
systems, susceptibility to degradation, and stringent temperature
requirements during transportation and storage.32 In addition, the
high cost of production expenses also limits the widespread use of
mRNA vaccines in low- and middle-income nations.
According to Table 1, more than 22 protein subunit vaccines

have received market approval. Protein subunit vaccine has been

utilized for decades, exhibiting a high degree of stability during
both storage and transportation. Protein subunit vaccines are the
most extensively researched and approved type of SARS-CoV-2
vaccines. Currently, there are many production routes for protein
vaccines, such as insect and plant cell expression systems. Insect
cell expression system can produce large eukaryotic proteins at
high levels. This system also has significant advantages in
enhanced protein stability and vaccine safety.33–38 Plant-based
expression system also provides a high level of safety and can
facilitate regulatory approvals without costly infrastructure.39,40

Proteins expressed from the chloroplast genome can retain their
structure and function at room temperature, enabling long-term

Fig. 1 Molecular mechanisms of different types of COVID-19 vaccines. After administration, COVID-19 vaccines would elicit cellular and
humoral immune responses directed against the SARS-CoV-2 virus. The antigens that translate by adenovirus vector and mRNA vaccines or
contain within protein and inactivated vaccines are identified by antigen-presenting cells (APCs) and subsequently presented to T cells,
thereby initiating T cell activation. Cytokines generated by Th1 cells serve to stimulate CD8+ T cells, inducing the production of perforin,
ultimately resulting in the demise of infected cells. Th2 cells activate B cells, prompting the generation of memory B cells and plasma B cells.
Plasma B cells produce specific neutralizing antibodies aimed at eliminating the virus
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storage in non-refrigerated environments.41 Compared with
inactivated viruses, subunit protein vaccines use specific immuno-
genic epitopes, eliciting more robust immune responses and
neutralizing antibodies.42 COVID-19 protein subunit vaccines can
be categorized into two main types: S and receptor-binding
domain (RBD) protein-based vaccines.43 NVX-CoV2373 is the initial
vaccine authorized by the European Medicines Agency (EMA)
based on the S protein subunit.44 Two doses of NVX-CoV2373
delivered 89.7% protection against infection and displayed robust
effectiveness against the B.1.1.7 variant during the Phase III clinical
trial.45 Challenges for protein subunit vaccines include antigen
selection and maintaining durable immune responses, necessitat-
ing the use of proper adjuvants.46

Adenovirus vector vaccines utilize replication-incompetent
engineered viruses that carry genetic material encoding proteins.
One notable advantage of adenovirus vector vaccines is their
capacity to elicit long-lasting immunity with only one or two
doses.47 There are several approved adenovirus vector vaccines,
including Convidecia, Vaxzevria, Covishield, and Ad26.COV2.S.13

Moreover, the intranasal administration of adenovirus vector
vaccines leverages their mucosal tropism to create a better
immune microenvironment in the nasal mucosa, effectively
preventing respiratory virus invasion. However, compared to
inactivated or protein subunit vaccines, adenovirus vector
vaccines pose a heightened risk of complications, particularly
thrombocytopenia.48

Inactivated vaccines are a well-established platform with a long
history, recognized for their relatively straightforward production
process, which facilitates rapid and large-scale manufacturing.
Inactivated vaccines, such as CoronaVac, employ the complete
virus as an immunogen, stimulating a wider range of antibodies
that target various epitopes.43,48,49 Nevertheless, compared to
other types of vaccine, inactivated vaccines may have compara-
tively modest immunogenicity. For instance, a previous investiga-
tion revealed that patients inoculated with the Pfizer mRNA
vaccine exhibited significantly higher levels of neutralizing
antibodies than those vaccinated with inactivated vaccines.50

Although there are multiple COVID-19 vaccines on the market,
and under preclinical or clinical (Tables 1 and 2), the emergence of
the Omicron subvariants, especially XBB.1.5, significantly compro-
mised the effectiveness of most current vaccines.7 For example, a
study conducted in China gathered serum samples from healthy
volunteers 14 days after receiving three doses of CoronaVac.
These samples were then assessed for their neutralizing capabil-
ities against various SARS-CoV-2 variants.51 Results illustrated that
vaccinating CoronaVac as a booster maintained a detectable
neutralizing ability for WT. However, partial neutralization ability
was lost for descendants of BA.2, especially XBB.1.5, which showed
about 7-fold reductions compared to WT.51 In addition, the virus
seems to evolve faster than vaccine development. For instance,
while many pharmaceutical companies were scrambling to
develop vaccines against XBB.1.5, the CDC reported that the
proportion of EG.5 and FL.1.5.1 amounted to 33.8%, surpassing the
proportion of XBB.1.5 by December 14, 2023. Moreover, CDC
predicted that before November 11, 2023, another new variant,
HV.1 would reach 29%, more than EG.5 (21.7%).52 Hence, currently
available vaccines may not address all challenges, and the SARS-
CoV-2 variants could further diminish the effectiveness of these
vaccines in the future.

Current therapeutic drugs landscape
Therapeutic drugs for COVID-19 can be mainly categorized into
antiviral and immunomodulatory drugs (Table 3).53–72 The
mechanisms of anti-SARS-CoV-2 therapeutics are outlined in Fig.
2. Antiviral drugs encompass nucleoside analogs, small molecule-
based inhibitors, and antimalarials. Remdesivir, Molnupiravir, and
Ribavirin are nucleoside analogs that can interact with the RNA-
dependent RNA polymerase (RdRp) of SARS-CoV-2 to inhibit viral

replication.73–75 Remdesivir is the initial drug approved by the FDA
for treating COVID-19 via intravenous injection.53 Clinical studies
have demonstrated that Remdesivir significantly improved clinical
outcomes and expedited recovery time in patients with mild to
severe COVID-19.76 Nevertheless, due to the requirement for
intravenous administration and limited efficacy in critical COVID-
19 cases, Remdesivir is only recommended for specific patients in
particular medical settings. On November 4, 2021, Molnupiravir
became the first oral antiviral drug approved in the UK to treat
COVID-19 patients.57 The clinical trial proved that Molnupiravir
had the potential to lower the risk of hospitalization and
mortality.77 However, it is important to note that Molnupiravir
has the potential to impact bone and cartilage growth, making it
unsuitable for patients under 18 years old. Moreover, it may pose
risks to fetal development, and its administration is not
recommended during pregnancy.78 Ribavirin can cause a decrease
in hemoglobin concentration, which may have adverse effects on
COVID-19 patients.79

Lopinavir and Paxlovid are small molecule-based inhibitors for
COVID-19 treatment. Although Lopinavir exhibits some antiviral
activity, its association with hepatotoxicity must also be con-
sidered.80 Paxlovid, targeting the M-pro in the SARS-CoV-2
genome, is highly recommended for COVID-19 treatment due to
its sustained antiviral efficacy against emerging Omicron subvar-
iants.78,81 Administering Paxlovid during the early stages of
infection can significantly reduce hospitalization rates by 89% in
high-risk patients.82 However, limitations of Paxlovid include a
narrow treatment window and unsuitability for pregnant women,
children under the age of 12, and patients with severe renal or
hepatic impairment.83,84 Paxlovid can also induce extensive drug
interactions, necessitating the verification of the patient’s daily
medication to adjust the treatment approach of Paxlovid.85

Moreover, the extensive utilization of Paxlovid, coupled with
amino acid substitutions in the M-protein vicinity, raises sub-
stantial concerns regarding potential resistance to Paxlovid. The
swift upsurge in Paxlovid prescriptions may exert selective
pressure on the virus, potentially driving its evolution toward
resistance against this therapy. Concurrently, several research
studies have pinpointed putative mutation sites associated with
viral resistance to the drug. Mutations such as L50F, E166A/V, and
L167F have been found to undermine the binding affinity
between Paxlovid and M-protein, consequently diminishing
Paxlovid’s efficacy against various SARS-CoV-2 variants. In contrast,
the E166A/V mutation has been linked to a heightened resistance
level.86–88 Importantly, the high cost of Paxlovid presents a
significant obstacle for low-income nations, resulting in unequal
access to treatment.82,89 Hydroxychloroquine, an antimalarial
drug, has shown inhibitory effects against SARS-CoV-2 in vitro
but lacks antiviral effects in vivo.90,91 It may lead to diarrhea and
cardiomyopathy.91,92 Therefore, Hydroxychloroquine is not advi-
sable for COVID-19 treatment.81

Immune modulators encompass convalescent plasma, antibio-
tics (such as Azithromycin), and various monoclonal antibodies.
Convalescent plasma, containing polyclonal antibodies, can
neutralize the virus and prevent infection. However, its use is
constrained by varying antibody levels in individuals, transfusion-
related risks, limited availability, and lack of quality standards.
Consequently, convalescent plasma is only recommended for
research purposes. Azithromycin has been shown to reduce viral
replication.93–95 But it is associated with various side effects,
particularly gastrointestinal and cardiovascular-related adverse
events, leading to its exclusion from official COVID-19 treatment
guidelines.96 The development of monoclonal antibodies is crucial
in COVID-19 treatment. Monoclonal antibodies targeting the spike
protein can bind to RBD or other regions, preventing viral entry
into host cells. Multiple monoclonal antibodies and antibody
cocktails have received emergency use authorization (EUA),
demonstrating effectiveness in reducing hospitalization rates,
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mortality rates, and viral load.97–102 However, the emergence of
prevalent variants with numerous RBD mutations has profoundly
affected the therapeutic landscape of monoclonal antibodies.
Many monoclonal antibodies and antibody combinations have
lost their neutralizing efficacy against Omicron
descendants.7,103–106

NEXT-GENERATION VACCINES AND THERAPEUTICS
Given the limited efficacy of current vaccines and drugs against
emerging variants, there is a pressing requirement to advance
next-generation vaccines and therapeutics (Fig. 3). In response to
this challenge, the US government has pledged to invest 5 billion
in novel COVID-19 vaccines and drugs.107

It may be time-consuming and costly to constantly update the
vaccine according to the sequence of new variants, so a broad-
spectrum vaccine will inevitably be developed to control the
COVID-19 pandemic in the future. Developing a broad-spectrum
vaccine requires the identification of antigens that elicit a wide
range of antibodies to neutralize multiple SARS-CoV-2 variants.
Beyond utilizing the chimeric S protein or RBD domains of
circulating variants, it can also be designed based on the domain
predicted by the model and algorithm. A study calculated the
frequencies of mutation sites to design a novel antigen Span that
encompasses high-frequency mutations.108 This approach not
only can offer broad-spectrum protection targeting current strains
but also has the potential to cover future mutant strains.
Furthermore, Pan-sarbecovirus vaccination, incorporating antigens
from new variants, may address the challenge of continuous virus
mutation. A Pan-sarbecovirus vaccine, Mosaic-8b, incorporates
RBDs from SARS-CoV-2 and seven animal coronaviruses, inducing
broader neutralizing antibodies in mice and nonhuman
primates.109

Classifying SARS-CoV-2 into distinct serotypes also helps to
guide the selection of variants to be included in updated broader-
spectrum vaccines. According to the analysis of Etienne Simon-
Loriere and Olivier Schwartz, compared with Alpha/Beta/Gamma/
Delta, Omicron variants (BA.1/BA.2/BA.3) exhibit limited cross-
neutralization and a greater phylogenetic distance.110 They
advocate for designating Omicron as a distinct SARS-CoV-2
serotype 2 while categorizing the wild-type virus and other VOCs
as serotype 1. Recent research supports this classification and
revealed that XBB and BQ.1 variants exhibit more significant
antigenic drift than other Omicron variants.111 Developing new
vaccines to incorporate information regarding XBB variants is
imperative. Hence, identifying the serotypes of viral variants
assists scientists in pinpointing antigens for next-generation
polyvalent vaccines and evaluating their potential for integration
with existing vaccines.
So far, the vast majority of approved COVID-19 vaccines are

administered by intramuscular injection. Some other non-invasive
administration ways might be considered when developing new
vaccines in the future (Fig. 3). For instance, vaccination via
inhalation or oral administration is more friendly and acceptable
to the elderly and children.112–115 Moreover, the self-
administration of such non-invasive vaccines could be feasible,
which helps the quick immunization of large populations,
especially when encountering pandemics. Heterologous immuni-
zation is also recommended to optimize the efficacy of new
vaccines. Many research studies have shown that heterologous
immunizations can confer cross-protection against various var-
iants.116–118 Therefore, we recommend utilizing vaccines from
different platforms as the primary choice for boosters.
Regarding next-generation therapeutics, the development of

drugs targeting RdRp and M-pro remains a viable and sensible
approach.119 These two targets have shown fewer observed
mutations and have demonstrated effectiveness against all
existing variants. The 5 billion investment plan emphasized theTa
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importance of developing more durable monoclonal antibodies
against new variants. Exploring pan-coronavirus antibodies should
target more conserved regions in spike protein, such as the NTD
and the SD1 domain in the S1, the stem helix region and FP
regions in the S2, and some RBD class 3 and 4 antibodies.64,120,121

While they can broadly inhibit infection and mitigate the severity
of COVID-19, their neutralizing activity may be limited. Combina-
tions of these mAbs or pairing them with other potent mAbs may
be a feasible strategy against COVID-19 by improving the

synergistic effect between antibodies and reducing the risk of
drug resistance.
Additionally, the development of peptide-based pan-corona-

virus inhibitors represents a promising therapeutic avenue. These
inhibitors offer several advantages against SARS-CoV-2 infection.
Peptide drugs are known for their high specificity and excellent
tolerability, with the potential to extend their half-life through
modifications.122,123 Moreover, peptide drugs are cost-effective to
synthesize and exhibit stability, allowing for room-temperature

Fig. 2 SARS-CoV-2 life cycle and the potential mechanisms of anti-SARS-CoV-2 therapeutics. (1) Binding to cell: the SARS-CoV-2 Spike protein
recognizes and binds to the ACE2 receptor on host cells, initiating the process of cellular attachment. This step can be inhibited by
neutralizing antibodies from convalescent plasma and monoclonal antibodies; (2) Fusion or endocytosis: subsequent to attachment, viral
fusion or endocytosis with the host cell membrane ensues. Azithromycin, Hydroxychloroquine, and Chloroquine possess the capacity to
modulate this crucial process; (3) Uncoating and genome release: viral uncoating follows, leading to the release of the viral genome and
initiation of primary translation. M-pro inhibitors, like Lopinavir and Paxlovid, are tailored to impede this specific stage; (4) RdRp complex
assembly: drugs such as Remdesivir, Molnupiravir, and Ribavirin specifically target the assembly process; (5) Viral RNA transcription and
replication; (6) Translation of viral mRNA: viral mRNA translates into Nucleocapsid (N) and structural proteins (S, M, and E proteins); (7)
Translocated into ER and Golgi: structural proteins are subsequently translocated into the ER and Golgi for maturation. Hydroxychloroquine
and Chloroquine can block this process. (8) Formation of Virions: structural proteins combine with the nucleocapsid; (9) Virus release. Notably,
interferons exert regulatory effects at multiple stages of the viral life cycle
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storage and transportation.124 Their low molecular weight also
facilitates convenient administration in inhaled or oral forms.125

Notably, peptides can be rapidly created and adjusted in silico
techniques, which is crucial for expedited drug screening in the
future.126 Some studies have demonstrated the effectiveness of
peptides EK1 and EK1C4 targeting the HR1 domain in inhibiting
SARS-CoV-2 infection.127–130 These two inhibitors even retain their
strong efficacy in blocking XBB.1.5 infection.130 Therefore, the HR1
domain emerges as a pivotal target for the development of pan-
coronavirus drugs, with the potential to serve as a broad-spectrum
inhibitor for Omicron and future coronaviruses.

Other potential therapeutics involve new protease inhibitors,
antiviral tools targeting viral RNA (siRNA, miRNA, CRISPR-Cas9
system, and ribonuclease), and nanotechnology (Fig. 3).39,131 Small
molecule-based inhibitors papain-like protease (PL-pro) instead of
M-pro can also target other vital proteases in virus replica-
tion.132,133 siRNA acts directly and specifically on viral RNA,
reducing the risk of drug resistance and improving drug
safety.134–136 Nanomaterials can be engineered to target specific
cells, reducing drug toxicity.137 Some nanozymes exhibit favorable
biological distribution and can inhibit virus infection without
harming host cells, thereby optimizing therapeutic outcomes and

Fig. 3 Potential intervention strategies for the future to optimize the management and prevention of SARS-CoV-2 infection. The strategies
range from the development of future vaccines and drugs to the implementation of responsive measures by government agencies. EUA
emergency use authorization, CMA conditional marketing authorization, EUL emergency use list program
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reducing drug side effects.138,139 Finally, aiming for convenient
treatment, future therapeutic drugs will likely focus on oral
administration. As a novel oral nucleotide analog drug, VV116 has
recently received conditional approval for marketing in China.140

APPROVAL OF MEDICINES AND GOVERNMENT GUIDELINES
In usual circumstances, the development of drugs and vaccines
entails rigorous testing and extensive clinical trials. This process
often spans several years before obtaining marketing approval.
However, due to the highly infectious SARS-CoV-2 and its severe
effects on human health, traditional drug regulatory and
approval processes are no longer suitable. Many countries
implemented emergency authorizations for COVID-19 medicines
to curtail viral transmission. In the United States, the FDA may
issue an EUA after the HHS Secretary declares the existence of
circumstances justifying such authorization and consulting with
relevant authorities.141 In the European Union, member states
grant conditional marketing authorization (CMA) to COVID-19
medicines through EMA. Some conditions must be met to obtain
CMA: the anticipated benefits of the medicine outweigh its
potential risks; pharmaceutical companies must submit further
clinical trials and additional data to evaluate the safety and
efficacy of the drugs or vaccines.142 In China, vaccines that
respond to major public health emergencies may be granted
conditional approval or permission for emergency use. WHO
uses the Emergency Use List program (EUL) to evaluate and list
unlicensed vaccines, therapeutics, and in vitro diagnostics.143

Emergency authorization policies differ across regions, each with
its unique characteristics. When comparing the United States
and the European Union to the Chinese government, there are
variations in the scope and maturity of their emergency
authorization systems. Currently, emergency authorization in
China primarily covers vaccines, lacking comprehensive regula-
tions for therapeutic drugs. Contrasted with the United States
empowering the FDA directly and the United Kingdom making
swift decisions through legislative means, the EU’s review
process (at least 70 days) seems more intricate, time-consuming,
and relatively cautious. However, it emphasizes transparency
and frequent public disclosure of information. Although the
COVID-19 pandemic is no longer classified as a Public Health
Emergency of International Concern, the emergence of new
variants may render numerous drugs and vaccines ineffective.
Hence, drug authorities should remain vigilant in the global
strain tracking by WHO and establish an expeditious approval
process for new drugs and vaccines targeting threatening
variants. For instance, facing the raging XBB variant, China first
authorized the emergency use of a recombinant trivalent XBB
protein vaccine produced by WESTVAC BIOPHARMA.144 Target-
ing the spike protein of the XBB.1.5 and other variants, this
vaccine can self-assemble into stable trimeric protein particles
and induce high levels of neutralizing antibodies against
XBB.1.5, XBB.1.16, XBB.1.9.1, and EG.5. Subsequently, the FDA
granted EUA for updated COVID-19 vaccines developed by
Pfizer, Moderna, and Novavax, which include the XBB.1.5 antigen
in their new formulations.145 In summary, the efficacy of
emergency authorization policies was evident in supervising
vaccines and drugs during the pandemic. To capitalize on past
successes and ensure future preparedness, regulatory authorities
across nations should derive valuable lessons from the
challenges posed by the COVID-19 crisis. In the post-pandemic
era, regulatory authorities can respond more flexibly, rapidly,
and efficiently to potential future public health emergencies by
developing and improving relevant regulations and optimizing
procedures of authorization and technical reserves (Fig. 3).
Meanwhile, the post-marketing phases need to prioritize the
establishment and enhancement of quality management sys-
tems to further validate the safety and efficacy of vaccines and

drugs. Strategic leveraging of past experiences and ongoing
improvements will contribute to a more logical and practical
regulatory framework for the oversight of vaccines and drugs
(Fig. 3).
Health agencies should formulate future vaccination guidelines,

particularly targeting different populations. Several countries have
implemented vaccination strategies, providing specific recom-
mendations for vaccination procedures and dosages for primary
and booster vaccination. In Germany, STIKO does not recommend
injecting COVID-19 vaccines for healthy infants, children, and
adolescents. It suggests that individuals aged 18 and above
should receive three antigen exposures to acquire fundamental
immunity, including at least two vaccine doses.146 STIKO also
suggests that immunocompromised patients and their close
contacts, people over 60 years old, individuals over 6 months
old with relevant underlying conditions, and people at high risk of
infection should receive a booster vaccination in autumn or one
year after their last antigen exposure.146,147 Timely vaccination
against COVID-19 is also advised for breastfeeding or second-
trimester pregnant women who have not been vaccinated.148 The
Ministry of Health in Singapore recommends primary vaccination
for those aged 6 months to 4 years and booster doses for those
aged 5 years and above. Furthermore, people aged 60 and above,
residents of aged care facilities, and medically vulnerable
individuals aged 12 years and above are advised to receive
another booster dose one year after their initial booster.149 In the
United Kingdom, the recommendation is for individuals aged
6 months and older to receive COVID-19 vaccinations. In the
autumn of 2023, boosters will be administered to high-risk
vulnerable populations, including individuals aged over 65,
residents of nursing homes, healthcare professionals, and
others.150 CDC emphasizes that individuals over 6 months should
receive the latest vaccine as part of their initial immunization or as
a booster.151 However, many countries do not have a clearly
defined vaccination strategy, and globally harmonized vaccination
recommendations are still lacking. In the effort to combat the
ongoing pandemic, it is paramount that health agencies across
various nations maintain vigilant surveillance of SARS-CoV-2
variants, collaborate in information-sharing, judiciously select the
appropriate antigens for the new vaccines before autumn, and
design better vaccination strategies for vulnerable populations
(Fig. 3). Boosters can provide benefits across various age groups
and help reduce the risk of virus transmission. Therefore, it is also
advisable to offer boosters as an option for individuals in low-risk
groups. However, considering the financial and human resource
constraints that some countries may face, large-scale free booster
vaccination programs might not be feasible. In addition to
ensuring free universal immunization, health departments should
proactively identify priority groups for booster and cover the costs.
Finally, beyond the development of vaccination guidelines, Health
agencies should continue to conduct public health education and
disseminate information on scientific epidemic prevention. This
not only supports the work of health departments but also
enhances public health awareness, reducing the probability of
COVID-19 or other disease infections.

CONCLUSIONS
Given the seriousness and emergency nature of COVID-19,
scientists have rapidly developed numerous vaccines and drugs
to control virus transmission. Drug regulatory authorities have also
promptly adjusted policies and granted emergency use author-
ization for some vaccines and drugs to expedite the deployment
of medicines. As a result, over the past years, vaccines and drugs
have helped us to make significant progress in combating this
pandemic. However, the virus continues to mutate, causing
persistent infections and deaths and a decline in the effectiveness
of early vaccines and drugs.
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In the future, the global community must constantly monitor
emerging variants and collaborate closely to share relevant
information. This proactive approach would enable the timely
detection of variants that may trigger waves of infections and
facilitate the execution of suitable prevention and control.
Additionally, exploring alternative development platforms, updat-
ing antigens, investigating broad-spectrum medicines, and
improving delivery methods should be considered to enhance
vaccine and drug preparedness during pandemics. Achieving
these objectives requires relevant policy support like EUA from the
drug administration. Furthermore, the drug administration should
assist health management departments in optimizing future
vaccination strategies, including determining suitable populations,
appropriate dosages, and dosing intervals, thereby maximizing
vaccine efficacy.
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