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Structure and Clinical Application of mRNA Drugs
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Abstract: Because of the characters of effective, safe and easy to be produced on a large scale, mRNA drugs have showed great po-
tential on preventing viral infections. mRNA represents an emerging field of precision medicine, several mRNA drugs targeted thera-
pies for infectious diseases and cancer have shown beneficial results both in vivo and in vitro. mRNA is stable, immunogenic, and
not limited by the receptor’s major histocompatibility complex (MHC) type. In theory, mRNA can achieve in vivo expression of dif-
ferent target proteins, which makes the development of mRNA drugs more flexible and can be used to prevent and treat many refrac-
tory or hereditary diseases. This paper introduced the primary structure and higher structure of mRNA, and summarized the prog-
ress of mRNA drugs in clinical application, which was expected to help understand the drug function of mRNA, and the clinical ap-

plication, and provide the direction for the development of mRNA drugs.

Key words: mRNA structure; mRNA drugs; clinical application

WAEAE BAAAE TAMEAZ NG @R DNA T, R T DIREER (1 g i A58 |, 3l 4 2 (1 0 & 72
HERETEARMKS M S EE ., (S0 RNA  JEITFEN, A I BEPEIR R 4 mRNA 237 .
(messager RNA, mRNA) ¥ DNA |- 1Y 51415 B A% 1990 4F mRNA B IR 58 B 25 ) (9 Bk A& 56 U
i AR AR AN R P AOAZ AR B DNASBEE mRNA RS 7 10 s 3% A0 3, dn [ 44 59

EEEA R EA R, o M (T A AN T 1 A A 2500 B ] SRS LR 7 A ik
mRNA 25 Y& —F 5 53 F A W) i = T HF A S8 S N 5 AR 1% 53 (i vitro transcrip-
F 3 RS R, B TR MEE A . mRNA  tion, IVT) {8 mRNA A9 4E 72 BUAS B, A T b ok
El’f’i WEA RS mRNA (35605 Bal L IEm R BB = g B tRoms 5 (LA i FRoBT el )
KIERE A BT B B R S AT LA WA R mRNA 2 5 09 G s mRNA A

WS B #1:2023-10-26; #52 H#3:2023-11-28
EETE : 7404 & 4 [E 25 4) 3 % 51(22372405D)
BXR A # K% E-mail: changdongfeng@cspe.cn; *# 5164 3 # | E-mail: sunzhaopeng@mail.ecspe.com



2 ‘ A #HE R# & Current Biotechnology

o E A2 MAZ N, A 40 35 5 rp BT A TR T Akt
B TG B F A T BN RS BEig ki
BRI PR B RME AR IR 1) 8, FEAE AIRIT 259
NI, B2 CpG 5 2549 it mRNA i S LA £
HEJF R 0] Rt /N s mRNA #4819 731
51 RN N VR 2 R A LA ) T4 LA o0
A2 LA A KA R 5% g0 iy J s/
BR2E 25900 L, mRNA 698 1 2k B 3% 84 5 1 25
FS/K , DT 5 | & 4 B ] ) 263k, B IE 7E LA SR (A
IR T BB IR T 7 A ) R A N
SRR o 2020 4F , 38 T il 1A A 22 (1)
mRNA %11 (mRNA-1273 1 BNT162b2) 75 2% fi# 3
U et R A R O I, A AR T 90% . 2023
AR [ R 2 i W B A B M v A 2 A AR R etk
5 HE mRNA £ 1 (SYS6006) 99 A B 2l .

T f# mRNA 50 T 458944 Bl Tt 259 2
A, F 259 , b mRNA B9 AR 8 PR ]
JSC 24 1 5 I L W AR IOE FEDRE Sk 245 90 1) 2 T AR AR T
[ FIEL R

1 mRNA —Z&#TH

FET mRNA 254038 15 39 il mRNA 43 A% 1
AB T RN 285 K6 TTAL S5 R 52 M) G5 0 P9 5o R S
PE . S5HITTHFANIE 4544 (Cap) (Poly (A) B FiIHE
FHIEIX (UTRs) RERS ELIERZ I mRNA AR PE BN
PRACERDY J HJ2 7 T mRNA 57 H1 3" K359 Cap
Fil Poly (A) B X F mRNA 76 41 ifg il b i B 1 2=
KHZ . mRNA T LI EHE (open reading
frame, ORF) J&I B4 5’ UTRs F113" UTRs 4 finf: 55
W RIRACEMBIRERCE" . Poly(A) BRKES
FHRRSCRARSE ™ Ak, B mRNA [ G-C 4150 1]
M mRNA B R PE™ . RNA 254 BRI 0CR
B AT B AL A 0] AR A %S TR
mRNA J7FFHE AMEiAZ T o s
1.1 5 Cap%&#i

I MR 5" Cap S5 F4 R4 07 10 1) 7-H 5L 1
T =82 ., 5 mRNA 5/ Ui 4% 17 B2 8 1 5'pppS’ i
$ B m7GpppN &5 44 . & 2% 1) Cap &5 4 7E J5 1T
() — A RIE A 2-0-H 58, Cap 25
¥ 19 38 2 7T 5 S5 m7GpppN (m) pN (m) --+++ B
5'Cap 4544 & ELAZ A= W) mRNA 7E 64k b AR 3 <7
(B . 5 Cap W] SEAE AN AL A5 i AH ¢

B4 W12 D Rg B ANRT mRNA BN T A% 1 AR
THOPE B B R S e SR AR

Cap &5 412 2 mRNA K H B oA 8
S EAAT LICKE 57 st TR K, b S g% iR A
g K ff% | i T A R 26 1B IR S HEAE 5, Bt
Cap ZEAEN (Cap binding protein) elF-4F iR 51 31
54 AR mRNA SR/ N LSS & JE 1 3h
R R Ah AER T S A R e,
5'Cap MIZEA A N F B, R Ry [ 4G H g% R GeXf
AT 5 Cap Z5F4 19 RNA AT 30 I RIOE B, DAL it
RS T F 5 ZFER IR SRS . Xy iX
LB EE mRNA [ JITHE LAY O 40 J 1 e 4
RSN RNA JINIE R G5 F0 H 4§73 mRNA £, KoK
PEBE T RHIF S5AT7 A mRNA AR A =07
1.2 SEENERX

5'4E#HIE X (5 untranslated region, 5'UTR) J&
Cap 45145 4t DX B 25 8 1 22 8] ) — B 1)
JP A, P A S AR AR BB LG T 51, W FAZ A
(I SD ¥4, 5'UTR & B3 b 1 g B AgURR X,
K Ak L) B AUG B0 125 5 i B2
EARHCR™ . BLAh, BRI mRNA [ 2 5 30 fil R
F# 5K S'UTR A9 B — i 100~200 4~
BAF IR , /0 T 20 A4~ 66 2 B 25 5 o e 4 % 1 1
AUG, FK by 35t I 49 4 (leaky scanning) o 3 < 1)
S'UTR & 5 K it 2 — R 450, AR T #i ki
TR, R — 5| A Kozak J¥ 971 5545 45 5 B 1 %
TI A 8 BRI
1.3 #HmAX

St X AR IR - AUG TFIR , B4 1| 550
T (UAG . UGA \UAA) # 1k o gt X ) 9 4514
05 7 2 BB W] BB 52 e B AS0R , i 21 5
G5 R0 TR A 98 R - 2 R AT R 1 3 2
TR AL (BUREAS 3 WA ) AT IR B
(s AR PR W W | 5- P B R s | N6- Y R 2508
TR T IR ) 45 7 36 T B85 mRINA A4 8% 5 P A0 B
R TR/ [ 4G G2 KN AT mRNA RS>

i X S GC % i 1] B2 52 W mRNA /9 —
Y 25 B LB 0 GC 9 LA GC 91 1) M
PERCR R 100 £57 . BH 13 ZE A 6 37 [R] i (RN A 1]
B R s AR e, LA B 1 DT O A P
tRNA J7 91 - 34 4 55 305 UL tRNA 99 UL L 1 7
GNP IR AL, A A 1 B R AE 1 R 2 mRNA
FaE P BB SR, BB mRNA F20E P



ORI 45 :mRNA 25 S AN R | 3

ZOCEZ™ . FAH R A S i T A A
o A A0 R [ ) B A 2
tRNA B, i3 & T (RN A 76885 AR B ST A 22 3
Pk 2 o RHAI0 A0 A i A -t 2 S ) B 1
RACRD IR F AL Kozak 751,
If BT DB s & R i e 50 ek, 7 1R
WAL 18 B F 2Z 1, mRNA HOR R AR AE b ik
M. AR mRNA B 98 2 A
FEET X R YL A RE I g P, TR IR AR B
AN BT HATE ST, RO
N B UL B 85 RS R UE A& i O FiE SR B ERY .
mRNA J7 31 (14 2 5 - 355 5 1T 3 52 ) 2, 1 5 A4 it
R AL MER LS A iR . BIF9E & B, N1-F 3kl
PRUERERZTT (1m W) A% R R 48 o] 34 i i 2 %o (1)
FasE kTR 2R 0 S5 Y ATk 3% mRNA A9 B
PERCR ™, A, il B mRNA g5 i1t
AT LABE 25 mRINA X% 2 PN VT 22 i A 2 o ik 1
FOE M M H 1k S5-I (mSC) FIBR
MR IE A (W) A2 T 16 W R AR KK 4 328 D 1 14 [
it 1 g B R RCR Y
14 3 HEFIER

3'AERIIE X (3'UTR) & T I F 2 5
(FE SR H, & mRNA RFE N Z & X, il 5
e % Sk S B A A B L F2 . 3'UTR S A I {E
S IR O Y] AAUAAA, P K F 37 10~30 bp
b 1) — B s S GU R Bl B 7 31, X e 5 5
mRNA AR B9 % UL 2, Wk, 7R &
mRNA 2459 i}, W 3% 3kt G fff F 3 26 7751, B8] 4 Bi-
oNTech 7E X B L F i 1 T AL B-BREH
3'UTR MY W42 22 4% D1 (2 hBg, tLFR 2BgUTR) , LA
FE 15 e S AR T R BRH IR LR (WO 2017/059902
Al; BioNTech RNA il 254 FR 2 /). WFFE R,
N o Fl B ERAE 119 3" UTR 7] LA$E 25 mRNA 1Y Fa &
PERTRRIERCR Mk BHES B PR B EREE 1)
3'UTR AT LA B mRNA BRRE EY . I 40 A A
Jpi 5 S'UTR 1 3'UTR B AN ] IX 35k AT LA =5 mRNA
AR PE RN B AR . B & AU B XS
A 3'UTRs A] ABEIR mRNA i fa e v, e imiA B+
240 0 R 11 A B ) DT 1 £ mRINA PR3 - fi
ARV ) P S 0 B P B
1.5 Poly(A)EL&H

ZRERA Y mRNA 1) 3" iR A L E80H
Al 2 R AY Poly (A) B . B AY mRNA — %

SSTEE Y 3" 9 il 4K R 20~200 bp 1Y 22 5 Poly
(A) R, AT LBl 1k AU e R ik, o AT AR g A% AL
BRI R MAR A, 5 R mRNA 8 3 4% AL 5%
BB A S, BRI, 3 Poly (A) & K B 7E 4
A T 40 L v 2 A7 30 R B VAR 1, AN [T B 1Y
3'Poly (A ) FEHE AT 15 AL mRNA (Fe e M iz
MEEE. — H mRNA BEEA0 T, Poly(A) R4
555" Cap VhAl, 5 elF4F &2 5 AT BLES SE A T 34 45
e BERIIFR LG . 3'Poly(A) 25 5'Cap . N
R R AR E AT S5 R125 A FL b e R 28 SR [RIVE A
P mRNA FRSE P BIEASR

3'Poly (A) B WY KPR E T mRNA B i1 72
J& o 3'Poly (A) & () 4 46 I AE K AT LAAR G- b Jiz e
O FE PR TR TR TR AN 2 8] i % . T EL sl
Y mRNA 73 —F 7240 A 5T b & A K 29 250 A%
PR (nt) 19 Poly (A) J& , 78 Hi—A= ih A 37 B i 2
#5100 nt ) Poly(A) FEJ& 4 M mRNA 254 (1) # 48
VPR, KA R /INAT D i 9835 37 NI R fit 5
Wil mRNA A48 Poly (A) BY K JE 5 BHIFSCR
Z AR IE A JESE ZR AN, 100 nt 1 Poly(A)
Lt 64 nt (1 Poly (A) F2 4K 11 it % 1k /K P 155 29 35
f545120 nt A9 Poly(A) F& EL 51 nt F142 nt Y Poly
(A) BHEA AT IE R E 1 mRNA, FRIIEA 201
FHIE 5325 nt B9 Poly (A) E Lt 172 nt 4 Poly(A)
2w R AR SR, Poly (A) B K BE
5 mRNA BIRERCR Y IE A 5656 &R IR B T
1, 8 N JEAR T A, 425 nt #1525 nt 1 Poly (A)
AL 120 nt () Poly(A) FEBHIFRCR

XF mRNA [ — % 25 RAR GG A% T RT3 |
KA BRI IET-4544  Poly (A) FE R AF IR &1 .
H AT, =AW 5 A AT DL S BAZ T R B 3 7 51
FE o FET DNAPIFHAR  RNA TRt 52 |5
A DNA FEATIN R , i FH A 306 2 Sy g 1) 22
RAE 107~ 107 B0, X 0 T 25 W 1 o 47 vl LA 22
AT FEXT TAZ R I B AR | JE T U %
Oy R, AL S D) 77 75 A 2 4k RNaseT1 5
it 38 4 Wl V1 7 v 3 9 5 R AE 70% ZE A TN
BB Poly (A) B A i Je 43 A A% AT TR A& M 25 4y
TR 25 A T LA R T Bt AT R AE . B,
AR {83 - 57 3% 3K (liquid chromatograph-mass
spectrometer, LC-MS) A] F 7 Wil 44 Sz 53¢ s 1 1
E R BA A G B T i M (A 5T e ) i R
B T 2RO B ARS8 A [F] 5



4 | A#HEKR#E Current Biotechnology

FADEBEAF R AR . T ERIEMTZ
Bo Rt AR, mRNA B AL B S AR [ 1, A=
Wi P 2 [ 5 1Y, mRINA Y — 2045 k) F1E 48 58
T EEAE E . mRNA [ B AT ETERE T
PRI B 23 B0 51 2% R RAS0OR o AR R A i
(R ERBE T 25 R — GBS RAE A 3

2 mRNA WIS REH

HEE mRNA BMES RS A DL S KR ES
F RSN EAE R A 8RS8 T A&
mRNA [ = 454
2.1 mRNA B ZHEH

RNA — «ﬁ é:F‘l: *"J ’ﬁ % ﬂf] % % él:‘il: *@ (Stem—loop
structure ) , 145 B RMIgIEXT 4 B A BLBE X 254 =25
IRGERE) L FOUURE 2546 55 25 RS [R1 AL 44D 1 i ~F- T
S5k I X e g R AT H T & . RNAY
REERG— e DL JUA A R 2E 1 - FAEE 2540 |
E V.- 5 WIS BNV YN E 27 5557 S

PAEE ZE R I RNA 43 F 37 & B T 25 40 )5 7R
Ui AT T CBC AT Y FRATE IR 45 4

ZE TR T (1] A X S X S Bl R o) 2H ol
A, 2SR BLRT A BIETE B PRIk 5
TR ZE " A G U e B850 , 1544 R R JEFR
ZEH /D AN AR ECO AR A, Hor 5 0 R
ke

N IR ZE X TR 2% 8E T B AEAE R B TE A
B35 6T ) B , 35 [ 4 FH T TR i [ A0 58
([ FRARGE#E) o 30 2 A TE R E PN 1 I L 28 el
BCXT X 58, IF 5 S A BUBRTE B 4L A B A% | P 555
AR AR X B R BORR S B, R AG

AEXT T N ER R E i 3 B R X ) — 2R
B FAETER B A BEIE BURREE X A B BT B 1Y, 3
AL AR A RS . IR AT
75 RNA 8509 1 22 X nT U B Pt 42, Ho
RAAFAE 2552 RNA ) = e 2h 4

2o A A WFR R ZEIR R ZA XA
BN, —REMP L FEAT U200 E
I 4B 225X

REE 454 2 R Je I T RdiFE 5 Kk I 25 F AR
A 25 DX B BRI C X TR s 1) S0 B S A, A
J& T =AM R IEwE . 45X RNA D) i B
HLFZW, IF7E RNA 2 5 09 Ay 2 vl 8 22

TER™
2.2 mRNAH=%R4EH

SR LB —Fh = g2 [l A e R A
IXRh = YRG5 R DL R 25 R S m BT e X
FAERA EAER IO, TS RS
B[R] AR VR FE L 32 S e (R ) AR ELVE D
AR AR SR ] B A B 0 4 o X S A AR
IR 18 1) G 5 A0 37 B 1 A 1 25 () S5 4
A 3 JLA [ b e HE BT B = Gk, o,
PR A R 32 2 R M A i 56 1T AT B O Watson-Crrick
Bl T (TR AR v L v AR XU I 7] A7), i S T
PR E = G R, 2 % I 5 N IR B —
2 7 A A1 B4 X 8038 17 Watson-Crick f 35 it X 4H
HRZEE YRR , d o] LB A~ 38 8 & Je 4
¥ o BRSS9 T G o e e SR e 25 TR P B 1Y)
- B AH AR FH A BB 2 7™ A A0 e g B E DX 3
IRAEHREEAL L PIAS KR e, (AT 2 38 rp R e
Xof A% R 5 4E {1 B2 e A Bl 56 X =22 T 4 R B AR
(B BE =5 ) e T =45 ta e fil
W, = LA AR 2 R DL RIE Y i
Gb, R IR E TR T R A5 R
Ty 3% BRI PRBEAE R 2 A5
2.3 mRNA By 45+

FE RNA B HAb A=) R o F = RS BERT 1
RNA F1RNA .RNA A1 DNA . RNA F1#E (4 Jii = [a] 8
A EAE B A 52590, B RNA 9 10 21 45
FA), 33 FfoRH B AR R KB 43 MK Watson-Crick B
Xif o Horp R oRNA R P 5 4 Y
5N H DL RNA PUZE 4544 , 10 Sarcin-Ricin (417K
Bulged G-Motif) %4 #4J Fil Kink-Turns Motif %5 4 .
Sarcin-Ricin 45 ¥ &2 19 5 B PRSP S5 , X T
e FFRBHARTEE A E mRNA £ HE Y Kink-
Turns Motif 45 ¥4 XRS5 5% /1, KB 45 5% A
HEARE A, v UMESE RNA Z [ Es &1,

mRNA (1) 755 e 4546 vh — G 25 R ok TR ke i
e EEL, L HIE RS A AN R G A X
BB RN 2 R TR AR SR G, A () AR 2
I FESZ2 mRNA 9250 i 52w B S AN [m], — 902
BT DA K Hb 5 = G A5 A . BT LA E AR AR
mRNA [ G 2544, XoF 43 A1 R fige ik PR as A% 15 8.
FIFE B ALH 26 B2 . mRNA Zr 119 = 2450 fn
DU £ 2548, %o 35 A% £ S0 s i 4 T AL v R 52 42
A, Huang % 223 RNA 20l =2



ORI 45 :mRNA 25 S AN IR |5

2R PO A P e ] PR B (EL SRR AN S 1,
A — PP B R AE ) A5 . X LEAR
PR T TV 2 B IO X T S A I RE 4R
B G B R AR 1) A5, IR R IR RE B AL
(1 AR o]y d n] BERYAE A . AT, X 2L
SR AE BRI 2 T 1 DA HGE , mRNA (Y 52 BR

SR FAE D55 0 A A i — R

3 mRNA®BIGEKR Bif R

Y24 h 1k, R Z 50 mRNA f it R R AR 4E

T AL Yo RV AE 2 T 40U (3R 1) o mRNA FE I IR
R AL REA — B, [ gn R 1 (DU R
H ) mRNA B 5 5T 4% K k7 (lipid nanoparticles,
LNP)7EMR N 45 251, LNP-mRNA H T P4 75 1 i
AR, mRNA G o Be )50 5 328 40 M b i P 4 6 i AL
) R AR A T rp o ZEAZARR N, mRNA Gl
i B R B, v K B 1 BT s S L
f9 mRNA TE AR A Az it A 2R BT, Qi 40
JE IR TR o TR AL RIS AR, A
AR T S R A A S AU S
PENLE o

F1 IGKRMER mRNA Y
Tablel mRNA drugs in clinical phase
M EER IR
{ R 1 NRE INT A
b BT A TEFHLHI 3 I TS ZNENL K|
BERTES  HEkEE S
Daiichirona R TR Yy 1 v R G WA A
. & L WO B e b HAR PRalet
R RO 7 mRNA  FIERTE BN TR
7 e T R ARG 24 INT
- . e B B R e Ll P EA 2 ERE A A
mRNA B B ARG % BOEIRTEES  HUEIGEES R ) R
LA YL TEvE I
Jiti 5 J3 1 HEA FR I ) Hrdi HGfE L s H AR A R 7
75 I8 B9 K KL BOERRTES BTN EES
B G I iRLE IR AR
RNA S S e S FORRTERGE LT hEEEAR AR Y
B T L
Elasomeran HIEAREES BTN EES NP N e
A TEvfE it 2\
gk B ] ﬁﬂaﬁz};ﬁﬁi Eiint o] 2 [E BB 8 ]
i
P T T R A
, o VERES i SRR R
Tozinameran BT S LR i 5 BR 1A SRk e . y e
PN it B R PE R R
ERURS HH . Gelil SARS-CoV-2 22 D R A 7
. WO PRI . 2
w7 IR 57
RTTES Rl TS T o
mRNA-1345 . JREEFEA o HH3d LT K E SEEY A ]
SR EE PR M . SR
P
At Delta/Omicron PR iES RS Fp ] 3 S 1 I A PR
7] L? 7 E\ Y l/— ]]I
BA.S T i e mpmpm oo eRR TR AT
B EES  FdiREES il ] 2 ity BUA AT BR AT
CVnCoV S 7 el ps B R L IR I
e T o L
B 41 B AR Atz GRRERIEGR BN TR IR T ZE [E BEAE Y\ 7
rp R 3 S T I A FR
B EES  FER S
RN A BT . ﬁﬁ’zﬁ* ;ﬁ ;@fﬁ;{l PR WRIUN R BRI LI
) FARA R 7
mRNA-1010 HRAtEE RGN TR B I PR 1L HA 3 [E B\ F)
BN EES  HIEIRTEES ;
mRNA-1283 BT e T Ik L Il < I 4 [ BN N
£ A BT R R Y If PR T4 FE[E VLA T




6 ‘ A #HE R# & Current Biotechnology

Lk
A BRI
J Uy SEINA INT A
P 25 oy PRI 3 P ANFILE
FERES  FamES [ 2% BT MRS 25 R
] i ey T O
PTX-COVID19-B i o TG T R It R T34 A
SARS-CoV-2 mRNA R RS BTG EE S rp 3 SRR TR A R
WL I
— s g mpmp  TPOmEERR KT A
HAERES  FERES ‘
mRNA-1273.211 IR IR /IS ] GLAEL N ]
B A G R EYE  IR R b I [ BN
RS RS
mRNA-1273.529 B R ER e w104 [ BT T
i o G REEYE IR R | FEE 2\
$HTSARS-CoV-2 HEREES RS L3 Arcturus EJF
B K I
mRNA 25 & mpmp o PR 1A (ARCT)/A 1]
ChulaCov19 m
o 19 miNA Rl AR BEREESE GRS RERRIET R
[ 7 O A
-19 mRNA FEREES IR EES
P ﬁ%ﬁf gﬁﬁim PRI WK R A I OR
AP 7 KRG AT IR T A
COVID-19 ¥ %5 517k i rp A S A R
i3 PRGN BOEREERL WK
ENASE KA SAERMON R RIS
S et B IR EE S
B3 RNA-1273213 FONES - FOEIRES popomm RN ESEAAT

SR SR E

,%Cj T )ﬁ}ffg‘ i{ﬂ: S ,ﬁg T ]ﬁ. ﬁ;‘g 355 S
- TG T R ] 55 [ Bl g )\
mRNA-1273.351 o o Teb e 7% IR 14 [E BN 3 )

TSNS RS
mRNA-1273.617 e R o -
B ey PORTESS WRIN EMEAAT

SRS BUERES ‘
mRNA-1283.211 BRI s
Er mpmam  CVOWEEGRRRILE SRS

HOERTES  HUEMEES

mRNA-1283.529 T T B R I R I3 | BN N T
i A BT LR T R Ifa PR 11 31 3 [E LR
mRNA-1893 KA FE GRRERER  2E RN R Il A& 1134 ZE [E BRG]
mRNA-1011 Kt RN RO IR /11 [ BLAELY )\ ]
mRNA-1018 KAFE R WUEYREREE IR T/ 5 [ BLAELN N ]
mRNA-1020 KA FE SRR RIR LB EEEGE IR T/113 ZE [E SR\
mRNA-1030 FAFE RGN EORTRIEYE  IRER T/ 3 [E B )\ F)
R RE S |

AR EE S HT LR B R |
mRNA-1073 ﬁ;ﬁ;;gﬁMﬂﬂﬂLiﬁﬁi;; R L/ S

T ommmm R

B B TR
mRNA-1083 KHEE SR %ﬁﬁﬁgf““%%lnma [ Y 4 7
s TR I

e e RGOk o _
mRNA-1468 FEiint A RE R AR R AR 1/103) S [E BB\ ]




HARUE 5 mRNA 2 ZEHI R | 7
Gi%
A BRI
! Y=y 1V S INT A
Py 2y i, FEFTHLE 3 . AL
- AR, e
mRNA-1608 Atz A J5E ) 5 - R 1 /1140 26 [ BLAE Y )\ ]
mRNA-1769 FRiin: Atz W mErEge  ImIR 1/ S [E SR 7]
mRNA-1975.
’ FltE RS RUMRER GRS A
mRNA-1982
MRT-5407 .
FAEE  RERION GOREEEOR MR [/ SeRgEsIEr e
MRT-5413
FERES HERESE o[ N L A R
B2 AR mRINA B 1 PR R /1
U S S o S L R e
DOt L mRNA P B RGN DORREEERE MR [/ EETERIErE
I 1% 1 4 s B CL-
0059 fi 5T & mRNA %%
W% £ s 2 _
WOVEWGE AT A S ¥ﬁim?ﬁﬂ s 1/ EE I
CL-0137 g i & mRNA e
]
SARS-CoV-2 A5 5k PR EES  PEEEES Fp D5 S A R
BRI R IR [/}
(BA.4 /5) mRNA S B e DORERR R T/ 7 B
R LR A 2
WA ) PR )
) HREES R EES
ffe e SW-0123 ﬁgﬁf ggﬁ;w WAL WK T PR RO AR
! I | PGS i e 2
e A B 7
BG505 MD39.3 mRNA K 4 EE-Sul Wiy
» KiE Spin IR e gy RS ERISR
S R P57
CoV2 SAM LNP KR GG FOEREEECE  IEER T Yo B 2s 2o
_ e [ TR 240 M R 25
COVID-19 /R $E& /%% H TS HINEES
POV ﬁgﬁf g;ﬁ;w TR R I R N
H ! BT R
COVID-19 /R 1 /1055 ] T ey
3 BERIMOR)  ERTERL IR 1
S RN A KR GG FOERIEECE IR T SSHE A ]
DAY | DAY Jﬁ‘ N
COVID-2019 R KAtz GRERNGR B R A [z RIS %%ﬂ&
A7 B 7
DCVC H1 HA mRNA 3 Fat (1% Y
o S SRR RERRR kL LSRR
PEM WF5E R
eOD-GT8 60mer + Core- N PE AR e E gy N F L E R
L% RERIBA ik 13
2842 AT SRORBL e W pene i shatava
FLU SV mRNA ,GSK- S B RS
) KHUEE RGN EURERECE MUK LM PR RO AT R IE
4184258A i
735 )
GLB-003 Atz GRERIGR B B R w13 HHEOCTEFEATI

SHEAH




8 ‘ A #HE R# & Current Biotechnology

(5
v Rk
4 i | DR NN IR
o ESLY)] by i FRALHI 3 AT P N LA
BOERREES  HEREEES 2 [ R S 2R bR
GRT-R910 BT e R Y IR 14
e oo R R T A
H3 JI§ & mRNA FE KALFE PR BUROREREE IR T 26 [ B IR L
r ] 7B 5 P o 0 )
LEM-MR203 SN i PR IR 1S
Ktz A EE I B R [ L] AR
BT FER L o EVT IR B AL E P AR
mRNA 5t e fili 4 755 P s T A L IR 14
TS T T L TR 5347 B A
POIREES  HUEINEES
mRNA COVID-19 £ i LI B I IR 1% WHEE RS
RE - P R R iR 1 3] BERB
A o g e
mRNA MRK-1777 SR e rEn I ik 1 % E PR 75 A 7
7 FEE A YL
il 55
B G REJ
I e |
mRNA-1045 It 2% PR i) IR 14 R /N
KALFE SRR PN . A 1 39 26 [ s fE Y )
s o - WEE A R KEERVD AR AT
ERIE  WRNA-1172 KAME R g PR T 49 SN
T - Zkna-
PRI - R
WRNA-1189 IRTH R R %ﬁimiw WPk T s T
®i BELETE PR
mRNA-1215 KA FE GRRERIGR FJERTEIERY  IRIR 1 ZE [E BRG]
N it 5 7 JE
. . Ye DR AN o
mRNA-1365 HRAtEE G . IR 1 4 3 [E B )\ F)
T8 Y
mRNA-1403 .mRNA- 2V R
FefitiE R PR et eEsEman
1405 N B Y
(SR 0F e A = 1] e e .
mRNA-1443 E4 I A R e e T4 ] e e 4 )
i S — MR IR 139 2 [E B\
RNA-1574 .mRNA- Ft) 4
" " S s I el msena
1644 SR A
Bl s 7 B
mRNA-1653 KAltsE RG] e AREETE R 1 2 [ Bl gl A 7




RIS :mRNA 25 RIS A R | 9

&S
i SRR
2 LYY ! SLANA NG
e Bty # EFBLE] T N E —— N FIHLA
R T B B e IR e 7 s ES  HEEEES . rh E R YITT B R AL PRk
7 e B R IR 14
Omicron BemRNAZEHT  #p1 e oo e AT AR T
mRNA-1851 FHLEE R ORISR IR T X E BB
L N JENanfaE . LEBRIP AN ] B
mRNA-4157 FKAbdg SRR 2 I R T3 e
mRNA-2416 0X40L OX%(LLUM bR I R 113 X FEBEEYR N ]
sh e e B
NCI-4650 KHLER PRI R RRATE IR 1T 5 [ S ARG/ ]
ARG
CMYV pp65
PR AMMSER (umi-  CMV pp65+ 5] N N £ R GREA A RA T .
trelimorgene autodencel) LAMP-1 LAMP-1 Be s A i 10 FE R R R L
il 55
IDO1 A5 iy
mRNA-4359 IDO1+PDL-1 . SRR BiEE IEPR T /113 3 [E BATEYN /N F
PDL-1 &5 7
S g AT
0TX-2002 C-Myc Myc IR FUFAifoE AN IER 1T/ 2 [H Omega
gl opts
HPV16 % M
EnE HPVI6EE [T NFL R 7 % [ SQZ LA
=15 50Z-eAPC HPV I 4 [ A WAIE:
(e o DRI s NI e e
FIFE
) Claudin18.2 Claudin18. 2 BHIESE e e
BNT141 Claudin18.2 A e R L/ EEAE AN F

IL-23 0000 PR 1 B2 AR

HL G G 16 J7 ¥E mRNA IL-23+1L-36+ # IL-36 4 & &kt Sefk
254 OX40L 3451 .0C40L %7 3k Sk mieik 4
BEhE MR LR

CARVac Claudin6 Claudin6

audin TR ()7 S : T EFE R AR

RNA Claudin6 — SRS [ty7 ) | 1 R R 28 )
o ] A e

EBV mRNA i) 2= b 1|y j%l’[ B I\ }

mRNA JE 1 FAEE R st L
1 WK 2 MD 2278 2%
WRNABORAEAER  RAE SRl AR kL oo MOCEMD IR

A L
S SR R
mRNA-2736 A RHEE R ERMZRNE KRN GRS

)
B




10 ‘ A #HE R# & Current Biotechnology

S
v Rk
2 LYY ! EINA NGIVGIRA
o 25 # 1ML I8 RE —— N LA
KRAS RAFIE/ Nl
KRAS N e 2 [ BN T RV R
mRNA-5671 KRAS B Mfiides JHEAR AR . IEIR 1 e
e
JENEERE A o B AR e FE T 6 () A Rk
A RIEH-PCV ft# i A 1S
HEf R At PR IR i g bk 154 e A A7 FR2A 7
MAGEA3 4
MAGEA3+ 5
mRNA- e I W - R
ng RNA- B4 U 41 MAGECI+ MAGECHEBT ZHberuir bk 1 ESEE eJPfHIW“ETW
WTI H1.WT1 v
E Bl
1, 5 1 a2 F Tk 5% Lhfa31) Arcturus EY7
LUNAR-OTC Filn Filn (7S
AL AE gy ORI (ARCT)/A 7]
VEGF-A
AZD-8601 VEGF-A AL LR AL I A 10 399 e [ BB )\ ]
Bl
mRNA-3704 MUT MUt PN R IMAE IR 1130 5 [E S AELH A\ F]
R ’ -
MUT 26 [E LAY 7 | P AE
mRNA-3705 MUT R [ E
HAly s R I JLEERE
PCCA %L
RNA-3927 PCCA+PCCB RO PC- PR I I pE 1 /114 2 [ BE 820 /) )
m - CB LA m R ¥ LN ok N
Db el
RXFP1 PP i |
mRNA-0184 RXFPI 7N ] A2 )\
o ol 263 IR T 4] 2 [ SLAEY N
G6PC1 BRI A | 1
mRNA-3745 G6PC1 [ RN
wgn mmegy LW RESEAAT

R FVR B2 I R 2 A 2023 4F 10 H

3.1 mRNA 73w LRI A

mRNA A RIS AR Hh 7% g Gl (3
1) TEHT e B R B 0 T e 22, 277 1R ik B
B . Epstein-Barr 5 #5 . A 28 5292 ikt 4 55 7 (human
immunodeficiency virus, HIV) \PFIIE A 095 55 (re-
spiratory syncytial virus, RSV) | %€ K J% B (Zika vi-
rus, ZIKV) 47 K % 92 %% 7 (varicella zoster virus,
VZV ) WAREAT Tl RIERE . BeAbh TR R T J
TEERLERE 5 R P 75 R e g 75 25 T 7 1T 2
WAS T BRI o B XS BEBR B 4 ¢ Ml B i
TR 45 R T T R < B 0 ] g K T 5 20 o A
oL Sk 7 P TE R SRR RICR T FESR A A 1
UNJESR | P R 5 I A5 AR |, mRNA 4

fETATRE T ARSI YIAL Y T T, A IR
s 2 IR ™™ mRNA 7EA% 4495 14
T HAVFZ I FEFRIE , mRNA A NAE 5 T B 3%
BRI BT, PR, mRNA S R AR R 5 1) JRFE
JePEny, R 32 P R 4. mRNA 7820 i v a8 %
K, SRVFE S AR . mRNA B4 5y vh gt S (Y 16
PR R Z R, SUVF G AT I A S 8 I8 1
K75 S A T W M RS R A N A O A
ZA RO G A K PTERT Pl 3 2 LU
P& A 1K T 2% (major histocompatibility complex-I,
MHC- 1)1 128 (MHC- 11 ) 7372 3, A 3Z MHC
PR o H , 7EAE Qe i 7% 5 07 =X 1, BUA B0
mRNA B Ui 452 AR Fl i3k 58 58 GEATS IR AT 58 4 M ok



ORI 4 mRNA 2GSRI R | 11

mRNA A% B () S8 S Pk
3.2 mRNAEEETEEMNEA

VL AE R , mRINA S V2 70 Ji e S0l %) 107 ]38
BRI . AEXS T4 G4, mRNA 75 i 0 55
SPIE R IF R DTG A S 2Pk, TEAL e B T
mRNA H T 7 A D 0, AR RE R4
1 28 4 M AR A T 9 G SR S (R
I mRNA J& 5E 7 75 75 2 mRNA B2 1 f1 2 35 /9
1 000 1% LA _I- () £ F1 BT 7K 7 A R 35 2E 97 B .
HEN LT, mRNA Y7 VE T 2AE F T4 i L iE
i o E 2 - Y = S PR N e s a1 10O
mRNA AW, 3X P 5E T mRNA ik [ HF£E 1 ]
FKT-o N8 T 28 3 36 B 20 2 b 1 AR W R
PEERF e RN R BOR AR PR R R . # ki
AT MRS 55 ik mRNA 259788 1] JFF 0, {H8 A 3%
1638 B HAW SRS B AR B A PR, teAh X
T8 MG AT I W 2 IR 2, I Lk
iF i mRNA Fll LNP 78 2 IR 45 2 J5 23 0% e R
g%, T REARIRY 7 I 2R T AR5

X F mRNA JAE S 2897 1k A HIL I, —Fh o7 ik
SR 38 2o Gt AL R R B R e A o e A
s A R A EE . SR, H T mRNA 333% U7
KA KA RERA B MR AL . 5 5h—Fh o7
PRI 2T mRNA VIR RS 1 R H s R 4
AN
321 A TR mRNAJEE S % mRNA
SEE ST VA PR A 98 20 it 4 8 1) IR B R S PR
T, W % R NPT R T 40 i Bl B 40 SR . R
A5 Mg A OC B B PL R (tumor associated autoanti-
gens, TAAs) R Ff 55 P40 5L (tumor specific an-
tigen, TSA) . Hrp TAA 7E PR3 4 i it F 3k (1
WAFAE T IE 5 U rh | B 55 0 g 45 = v A
G S T TS A J2: HC R T Fifr I 4 it 28 A48 1 B e
FLA 1R 0 g8 o S e R e SR L (TR T 22 1
BE5. HHZA(2~6 1) HLETAAs A AE
BRI R 2 5 5] mRIN A e 5 1 a3,
I ) TAAs FEAH DGR h iz 3R89 5 A
[F) F1R) 2 M s A 0 45 5 i, AT LA S 0 A od 4
SV o

5 TAAARIA], TSA J2& By T8 40 i 28 22 1y
AR AN PR e i A7 o PRI, TSA P 1 5
BRI ORIRIT R ) — A e —
FBEAC UL, i AT %) T B D B 1 R A Sk /N

JHKC, 3 /N A PN I i T S R A A R i
BT X B A MHC #% CD4 1 CDS* T 4 ity
U, DA S AN e Sy o B3, R 3 4 i o
T TSA BT LU g A B 98385 I T I A i
YRR S 3 o i RE e 200 A PN Y A R
ARSI F AR i s

322 A FT@mieR T4 mRNA e JT ok T
mRNA 7 £ 1) 4 A DL SF 300 o o T A 5%, Le
2 240 if PR S A A, R E AT AT LR R
HAFSTEE . mRNAFAR A LU H 2855 2l
A PR R B T YN R - BRI A L S
2 A M R AR LR T A e . eAh, T
T R G0 A 2 R P 25 24, G ) 4 R
A9 mRINA F5 255 78 40 > FURE Hh 247 mT LA ZE A 41 it X7
SRS 31 R

323 A T8 mRNA SRR & T
mRNA £ A 407 5, Wb 2R AN i 7E 5 54
S R HT I R N R B e 7R I TE I e
I N R, B SR 4 it (dendritic cell, DCs) & #%
& CEEIVE T, DCs BERZ 4 5 200 1 75 1 T Ik 2 4
oK INE B TR i O | A i N R A i Ve N ]
Tk R A0, 2 mRINA Ji i 58 1 %) EHLAR 336 36 [
P& o mRNA A DLU7E 25 04 55 240 M s 48 DCs T.72
b, FHEIRIT o BR T DCs, 3 F mRNA (1)
CAR-T 5 TCR-T 4 iy st v TR0 IR 7,
H mRNA % fi CAR 2% TCR F T T. 84k T 44 Jfd )
L TEHE PR 28745 118 KU

3.3 mRNA 7E H fthigyr s LR R A

1E HAIB Y7 U (2 1), B, LL 5] Are-
turus Therapeutics 23 /) IEFEMF & —Fh H T1697 5
A R A P OBE 3L %5 B2 i (ornithine transcarbamo-
ylase, OTC) it = 4iE ) mRNA 47 25 4 LUNAR-
OTC. FFHRG kR 1% R G0, AL FLAE OTC 6l
ZE R R R 2 T BRTIEA T I
11l RIS B BE (NCT05526066) .

B [ BT BT A R 2 ) 9 [ BB A W A R T
KT — P g i N B2 A K R (vascular endo-
thelial growth factor-A, VEGF-A) i) mRNA J5 97 25
Y AZD8601. T Il R iK% (NCT03370887 ) B 5%
T AR SR B WS B TR A v B W4 D e A2
B0 LN T 5 AZD8601 245 1) 5 (1) 2 4> 1t il
fif 52 Pk, PR R T HAM I 8. &R BIR,



12 ‘ A #HE R# & Current Biotechnology

AZD8601 254 Jo ™ H AN B I, Y7 &k Bt
FEE T

K SQZ AW HAR LS W 5 L2 A AR
PR T —M T mRNA A4 ST V5, %4 K SQZ-
eAPC HPV. SQZeAPC-HPV [i1] 4 ft AS [a] 2 74 i T
T O 28 A0 M (SR 200 B LT 440 L B 400 i RN NK 41
Ji) S % S FPET X HPV 16 25 1 5T 5 R 5 928 30 38 o
F1/ mRNA 43 F . HETEAERSE T 1/
PRI (NCT05357898) , LA, SQZeAPC HPV 1
Ry HL— IR AR A R B FAHTIR YT 52 SR B G A0
U RS PE HPV 16" SRR 838 1 28 2 Pk (T 52 1k
LI i 1 | 2 D R 24 AR 2 AN 5

i[5 BioNTech 23 ®l ¥ & T —Fl i) ZE 4K 14 4
fith 43 1 TG PR A mRNA 254 BNT141, %259
H AT EALL T 1710 3 im R X 55 (NCT04683939) B
Bt , FEAFSE HAE Claudinl 8.2 FHE 524408 i & rh
RS 0 S EZT v A K e

4 HEBESRE

mRNA BTS2 1 A B B2 2 T mRNA 25
W v 3 R 2 (H 2 mRNA 5 R RAEAE 1 2 Pk
A TR

1550, Pt mRINA DT 52 55 14 P 2 1 o A
F8y s TR R , R P A B A 228 M (an SR 3
M) R B AR BT 23k BREE I R
IREAI, 4 TR R A RS R] ok TR 4 2
& mRNA FHTIRY7 1% P 10 G4, n [ 38 &R
il i mRNAs (saRNAs) 7E48 ] F & RNA ¥ 51/ K
B HEATY 15 , 76 40 M 5T mT 2 = RNA B A
(& BRIk mRNAs (cireRNAs ) BEfS #2455
A — i G K T B ) 7 12, BDERR GG H
A cireRNAs 9052 A% iR SN A et 3 5 28 K
RNA (1% 5 fiir £ e 2 1 T ) B o

LU, &P BE A 3 26 2R 48 1T L S0 7E Il TR
H AT A BT () A 0 43 A 2B BRI i A5 DG B T
Ao Pllb e Fih % R G0, G045 nT v 5 Y IR s 4
R AURE (LNP) 35 B A 4 K A0 200 e A P s
BET 20 R M A0 3830 4 RE A5 4 = mRNA 2454 40
A ENE 9B 2530, PHES TR0 ] B B3 1% LNP &
H AT 8 S A W )32 I R fe etk 11
mRNA 3 2% 4R {0 HL AT B8 (14 240 i 25 24 70 AR
X 5 AT A B EE D) 8 BEL A5 L AE I R A

A HETE 24 SOt T &R AL g - 2R
Z 1 (polyethylene glycol, PEG ) H: 45 ¥y 1 7] H
BINE . vl LB NS AR A B pH 25 AR R,
AR EE I 1Y [R5, S0 BEAE — a2 R 1 B i 242
W FERR T pH T AT S AR I T AL 4
AL BB 3% mRNA , i6 BB 51 mRNA MR M 4%
PR Rk %> i PEG BE R ALIE MY PEG 4 5%
A% 35 ZE < LNPs IR PR ] s R4 A
Tk 5 1003 2 (SR A AR . 55 Ah—Ff
AR T = 2 M S (S A ) o A A
HA YA AR v O EE A2
JE i 2Pk RS AER E E RGBT,
P AT = A mRNA 26 R4 4
8 %% 375 K (cell penetrating peptide, CPPs) AJ L %f
175 2 L BSR40 BT v, AR i CPPs F RNA 1Y 1
BT, 38 I A R KR A W ] T RNA B8 16 &
g, BT AE M a0k FR e, AT IR A B Y
SILRE T R mRNA & B0 8 1 Bl % 2 B
Y, iz R EA R AN O T
KAGIR P 005, nDFF mRNA S5 G 40 i
N R EE . A AR TR R T —Fh Al
WA A IR mRINA P B 800 32 2 0 5092 1 I
NIRRT R TV ITIRE N TR, LRI e
Xof 307 7 7 T A I 1 R B b AR S R A mRNA
PEHT o

J3Ah I mRNA YT R B 2008 ) i 5 2
fiff D mRINA () 8 i) 1 (] R, AR 002 X6 00 I LB
U R i 5 S 2 R R % . BT, I
2R 2500 FI7 ki v B, 35 0 am 4
W S| e e S G U B PN B B o 1 NG T YA /B 0 T
R KT 5 30 PT LK mRIN A 185 2 ik 26 21 8k 200 ft
IFRBIIRITHE A, LA, GalNAc 5T
R IS5 A R T —Fh T 2 4 I JFF I 1 38 3% 1Y)
MBI T 5 . BT GalNAc 1y 1% £ 2K
T I 400 0 2 0k 2 I AT 2 1 2 AR RE ),
o Z RN RN EAESS SRR R 2R,
mRNA 5T 245 )3 £ 3% B I IE LAS ) 45 B
B R A T SR AU AL R a6 R 5
W AE I 2 1 TR B T 40 K Uk RE 18 12 2 bl
mRNA %3 ) A8 B PR M Ik 0 45 5 1) g
SRR R GE s R N 44 250 S A RS T4l
Bl B Joi 8 K R A% 326 380 J AR, i 7 A JiR B R
A1 s FET LNP 9 mRNA JG)7 )5 2 a4 PEG



RIS mRNA 2GSRI R | 13

AR [ B A B-4%

[ s RV 25T

B PR R SR

o T G I b B RS , AR A B
IV EZLE=

JUE AR X BBk %, mRINA B 1 78 T B 8 ek
T AE IR
B, BE T AR AZ AR B KR

A5 o

[10]

[11]

[12]

[13]

Z % x #t

SAHIN U, KARIKO K, TURECI O. mRNA-based therapeu-
tics-developing a new class of drugs[J]. Nat. Rev. Drug Dis-
cov., 2014, 13: 759-780.

PARDI N, HOGAN M ], PORTER F W, et al. mRNA vac-
cines-a new era in vaccinology|[J]. Nat. Rev. Drug Discov.,
2018, 17: 261-279.

VAN LINT S, RENMANS D, BROOS K, et al.. The ReNAis-
sanCe of mRNA-based cancer therapy[J]. Expert Rev. Vac-
cines, 2015, 14(2): 235-251.

PARDI N, MURAMATSU H, WEISSMAN D, et al.. In vitro
transcription of long RNA containing modified nucleosides[J].
Meth. Mol. Biol., 2013, 969: 29-42.

VOGEL A B, KANEVSKY I, CHE Y E, et al.. A prefusion
SARS-CoV-2 spike RNA vaccine is highly immunogenic and
prevents lung infection in non-human primates[J/OL]. BioRx-
iv. Preprint Server., 2020: 280818v1[2023-10-20]. https://doi.
org/10.1101/2020.09.08.280818.

JACKSON N A C, KESTER K E, CASIMIRO D, et al.. The
promise of mRNA vaccines: a biotech and industrial perspec-
tive[J/OL]. NPJ Vaccines, 2020, 5: 11[2023-10-20]. https://doi.
org/10.1038/s41541-020-0159-8.

WOLFF J A, MALONE R W, WILLIAMS P, et al.. Direct gene
transfer into mouse muscle in vivolJ]. Science, 1990, 247(1):
1465-1468.

DEAL C E, CARFI A, PLANTE O J. Advancements in mRNA
encoded antibodies for passive immunotherapy[J/OL]. Vac-
2021, 9(2): 108[2023-10-20]. https://doi. org/
10.3390/vaccines9020108.

SHYH P T. Review of COVID-19 mRNA Vaccines: BNT162b2
and mRNA—1273[J]. J. Pharm. Pract., 2022, 35(6): 947-951.
KIM S C, SEKHON S S, SHIN W R, et al.. Modifications of

cines Basel,

mRNA vaccine structural elements for improving mRNA sta-
bility and translation efficiency[J]. Mol. Cell. Toxicol., 2022,
18(1): 1-8.

CONRY R M, LOBUGLIO A F, WRIGHT M, et al.. Character-
ization of a messenger RNA polynucleotide vaccine vector[J].
Cancer Res., 1995, 55(7): 1397-1400.

WHITELAW E, COATES A, PROUDFOOT N J. Globin gene
transcripts can utilize histone gene 3’ end processing sig-
nals[J]. Nucleic Acids Res., 1986, 14(17): 7059-7070.

ZHONG C, WEI P, ZHANG Y P. Enhancing functional expres-
sion of codon-optimized heterologous enzymes in Escherichia

coli BL21(DE3) by selective introduction of synonymous rare

[14]

[15]

[17]

[19]

[20]

[21]

[22]

[24]

[26]

[29]

[30]

codons[J]. Biotechnol. Bioeng., 2017, 114(5): 1054-1064.
WANG Y, ZHANG Z, LUO ], et al.. mRNA vaccine: a poten-
tial therapeutic strategy[J/OL]. Mol. Cancer, 2021, 20(1): 33
[2023-10-20]. https://doi.org/10.1186/s12943-021-01311-z.
RAMANATHAN A, ROBB G B, CHAN S H. mRNA capping:
biological functions and applications[J]. Nucleic Acids Res.,
2016, 44(16): 7511-7526.

VAN DIJK E, COUGOT N, MEYER S, et al.. Human Dcp2: a
catalytically active mRNA decapping enzyme located in specif-
ic cytoplasmic structures[J]. EMBO J., 2002, 21(24): 6915-
6924.

BRENGUES M, TEIXEIRA D, PARKER R. Movement of eu-
karyotic mRNAs between polysomes and cytoplasmic process-
ing bodies[J]. Science, 2005, 310(5747): 486-489.

LEPPEK K, DAS R, BARNA M. Functional 5" UTR mRNA
structures in eukaryotic translation regulation and how to find
them[J]. Nat. Rev. Mol. Cell Biol., 2018, 19: 158-174.
WADHWA A, ALJABBARI A, LOKRAS A, et al.. Opportuni-
ties and challenges in the delivery of mRNA-based vac-
cines[J/OL]. Pharmaceutics, 2020, 12(2): E102[2023-10-20].
https://doi.org/10.3390/pharmaceutics12020102.

TREPOTEC Z, ANEJA M K, GEIGER J, et al.. Maximizing
the translational yield of mRNA therapeutics by minimizing
5'-UTRs|J]. Tissue Eng. Part A, 2019, 25(1-2): 69-79.
ZARGHAMPOOR F, AZARPIRA N, KHATAMI S R, et al..
Improved translation efficiency of therapeutic mRNA[J]. Gene,
2019, 707: 231-238.

CHAUDHARY N, WEISSMAN D, WHITEHEAD K A. mRNA
vaccines for infectious diseases: principles, delivery and clini-
cal translation[J]. Nat. Rev. Drug Discov., 2021, 20: 817-838.
KUDLA G, LIPINSKI L, CAFFIN F, et al.. High guanine and
cytosine content increases mRNA levels in mammalian cells[J/
OL]. PLoS Biol., 4(6): 180[2023-10-20].
10.1371/journal.pbio.0040180.

HANSON G, COLLER J. Codon optimality, bias and usage in
translation and mRNA decay[J]. Nat. Rev. Mol. Cell Biol.,
2018, 19: 20-30.

PRESNYAK V, ALHUSAINI N, CHEN Y H, et al.. Codon op-
timality is a major determinant of mRNA stability[J]. Cell,
2015, 160(6): 1111-1124.

CANNAROZZI G, SCHRAUDOLPH N N,
role for codon order in translation dynamics[J]. Cell, 2010,
141(2): 355-367.

BOSSI L, ROTH ] R. The influence of codon context on genet-
ic code translation[J]. Nature, 1980, 286: 123-127.

https://doi. org/

FATY M, et al.. A

KOZAK M. Point mutations define a sequence flanking the
AUG initiator codon that modulates translation by eukaryotic
ribosomes|J]. Cell, 1986, 44(2): 283-292.

LIU Q. Comparative analysis of base biases around the stop co-
dons in six eukaryotes[J]. Biosystems, 2005, 81(3): 281-289.
KARIKO K, MURAMATSU H, KELLER J M, et al.. Increased
erythropoiesis in mice injected with submicrogram quantities

of pseudouridine-containing mRNA encoding erythropoie-



14

A #HE R# & Current Biotechnology

[31]

[32]

[33]

[37]

[42]

[43]

[44]

[45]

tin[J]. Mol. Ther., 2012, 20(5): 948-953.

KIMCHI-SARFATY C, OH J M, KIM I W, et al.. A "silent"
polymorphism in the MDRI gene changes substrate specific-
itylJ]. Science, 2007, 315(5811): 525-528.

MAUGER D M, CABRAL B J, PRESNYAK V, et al.. mRNA
structure regulates protein expression through changes in func-
tional half-life[J]. Proc. Natl. Acad. Sci. USA, 2019, 116(48):
24075-24083.

WAYMENT-STEELE H K, KIM D S, CHOE C A, et al.. Theo-
retical basis for stabilizing messenger RNA through secondary
structure design[J]. Nucleic Acids Res., 2021, 49(18): 10604-
10617.

WENG Y, LI C, YANG T, et al.. The challenge and prospect of
mRNA therapeutics landscape[J/OL]. Biotechnol. Adv., 2020, 40:
107534[2023-10-20]. https://doi.org/10.1371/journal.pbio.0040180.
LIN H H, HUANG L F, SU H C, et al.. Effects of the multiple
polyadenylation signal AAUAAA on mRNA 3’-end formation
and gene expression[J]. Planta, 2009, 230(4): 699-712.
SHULMAN E D, ELKON R. Systematic identification of func-
tional SNPs interrupting 3'UTR polyadenylation signals[J/OL].
PLoS Genet., 2020, 16(8): e1008977[2023-10-20]. https://doi.
org/10.1371/journal.pgen.1008977.

ORLANDINI VON NIESSEN A G, POLEGANOV M A, RE-
CHNER C, et al.. Improving mRNA-based therapeutic gene
delivery by expression-augmenting 3" UTRs identified by cel-
lular library screeninglJ]. Mol. Ther., 2019, 27(4): 824-836.
HOLTKAMP S, KREITER S, SELMI A, et al.. Modification of
antigen-encoding RNA increases stability, translational effica-
cy, and T-cell stimulatory capacity of dendritic cells[J]. Blood,
2006, 108(13): 4009-4017.

CHEN C Y, SHYU A B. AU-rich elements: characterization
and importance in mRNA degradation[J]. Trends Biochem.
Sci., 1995, 20(11): 465-470.

NICHOLSON A L, PASQUINELLI A E. Tales of detailed
poly(A) tails[J]. Trends Cell Biol., 2019, 29(3): 191-200.
JALKANEN A L, COLEMAN S J, WILUSZ J. Determinants
and implications of mRNA poly(A) tail size: does this protein
make my tail look big?[J]. Semin. Cell Dev. Biol., 2014, 34:
24-32.

PELLETIER J, SONENBERG N. The organizing principles of
eukaryotic ribosome recruitment[J]. Annu. Rev. Biochem.,
2019, 88: 307-335.

SCHLAKE T, THESS A, FOTIN-MLECZEK M, et al.. Devel-
oping mRNA-vaccine technologies[J]. RNA Biol., 2012, 9(11):
1319-1330.

MOCKEY M, GONCALVES C, DUPUY F P, et al.. mRNA
transfection of dendritic cells: synergistic effect of ARCA
mRNA capping with Poly(A) chains in cis and in trans for a
high protein expression level[J]. Biochem. Biophys. Res. Com-
mun., 2006, 340(4): 1062-1068.

GRIER A E, BURLEIGH S, SAHNI J, et al.. pEVL: a linear plas-
mid for generating mRNA IVT templates with extended encoded
poly(A) sequences|J/OL]. Mol. Ther. Nucleic Acids, 2016, 5: €306

[46]

[47]

[48]

[49]

[50]

[53]

[54]

[55]

[60]

[61]

[2023-10-20]. https://doi.org/10.1038/mtna.2016.21.

POTAPOV V, FU X, DAI N, et al.. Base modifications affect-
ing RNA polymerase and reverse transcriptase fidelity[J]. Nu-
cleic Acids Res., 2018, 46(11): 5753-5763.

JIANG T, YU N, KIM J, et al.. Oligonucleotide sequence map-
ping of large therapeutic mRNAs via parallel ribonuclease di-
gestions and LC-MS/MS[J]. Anal. Chem., 2019, 91(13): 8500-
8506.

BEVERLY M, HAGEN C, SLACK O. Poly A tail length analy-
sis of in vitro transcribed mRNA by LC-MS[J]. Anal. Bioanal.
Chem., 2018, 410(6): 1667-1677.

CHALLENER C. Analysis of mRNA therapeutics and vac-
cines|J]. BioPharm. International., 2022, 35 (2):10-15.

RICH A. The double helix: a tale of two puckers[J]. Nat.
Struct. Mol. Biol., 2003, 10: 247-249.

HENDRIX D K, BRENNER S E, HOLBROOK S R. RNA
structural motifs: building blocks of a modular biomolecule[J].
Q. Rev. Biophys., 2005, 38(3): 221-243.

BUTCHER S E, PYLE A M. The molecular interactions that
stabilize RNA tertiary structure: RNA motifs, patterns, and net-
works[J]. Acc. Chem. Res., 2011, 44(12): 1302-1311.
D’ASCENZO L, LEONARSKI F, VICENS Q, et al.. Revisiting
GNRA and UNCG folds: U-turns versus Z-turns in RNA hair-
pin loops[J]. RNA, 2017, 23(3): 259-269.

SCHROEDER K T, MCPHEE S A, OUELLET ], et al. A
structural database for k-turn motifs in RNA[J]. RNA, 2010,
16(8): 1463-1468.

EGLI M, MINASOV G, SU L, et al.. Metal ions and flexibility
in a viral RNA pseudoknot at atomic resolution[J]. Proc. Natl.
Acad. Sci. USA, 2002, 99(7): 4302-4307.

BATEY R T, RAMBO R P, DOUDNA J A. Tertiary motifs in
RNA structure and folding[J]. Angew. Chem. Int. Ed. Engl.,
1999, 38(16): 2326-2343.

YU C, GABRIELE V. RNA Structure[M]. Willey Online Li-
brary,2020.

TAMURA M, HOLBROOK 8 R. Sequence and structural con-
servation in RNA ribose zippers[J]. J. Mol. Biol., 2002, 320(3):
455-474.

SHI X, KHADE P K, SANBONMATSU K Y, et al.. Functional
role of the sarcin-ricin loop of the 23S rRNA in the elongation
cycle of protein synthesis[J]. J. Mol. Biol., 2012, 419(3-4):
125-138.

HUANG L, LIAO X, LI M, et al.. Structure and folding of four
putative kink turns identified in structured RNA species in a
test of structural prediction rules[J]. Nucleic Acids Res., 2021,
49(10): 5916-5924.

LI B, CAO Y, WESTHOF E, et al.. Advances in RNA 3D struc-
ture modeling using experimental data[J/OL]. Genetics, 2020, 11:
574485[2023-10-20]. https://doi.org/10.3389/fgene.2020.574485.
SEETIN M G, MATHEWS D H. RNA structure prediction: an
overview of methods[J]. Meth. Mol. Biol., 2012, 905: 99-122.
MAUGERI M, NAWAZ M, PAPADIMITRIOU A, et al.. Link-

age between endosomal escape of LNP-mRNA and loading in-



ORI 4 mRNA 2GSRI R | 15

[65]

[66]

[68]

[70]

[72]

[73]

[74]

[75]

to EVs for transport to other cells[J/OL]. Nat. Commun., 2019,
10:  4333[2023-10-20].  https://doi.org/10.1038/s41467-019-
12275-6.

WANG Y S, KUMARI M, CHEN G H, et al.. mRNA-based
vaccines and therapeutics: an in-depth survey of current and
upcoming clinical applications[J/OL]. J. Biomed. Sci., 2023,
30(1):  84[2023-10-20]. https://doi.org/10.1186/512929-023-
00977-5.

WHITAKER J A, SAHLY H M E, HEALY C M. mRNA vac-
cines against respiratory viruses[J]. Curr. Opin. Infect. Dis.,
2023, 36(5): 385-393.

HOU F, ZHANG Y, LIU X, et al.. mRNA vaccines encoding
fusion proteins of monkeypox virus antigens protect mice from
vaccinia virus challenge[J/OL]. Nat. Commun., 2023, 14: 5925
[2023-10-20]. https://doi.org/10.1038/s41467-023-41628-5.
NAVEED M, WASEEM M, AZIZ T, et al.. 1dentification of
bacterial strains and development of anmRNA-based vaccine
to combat antibiotic resistance in Staphylococcus aureus via
in vitro and in silico approaches[J/OL]. Biomedicines, 2023,
11(4):  1039[2023-10-20]. https://doi.org/10.3390/biomedi-
cines11041039.

WANG X, LIU C, RCHEULISHVILI N, et al.. Strong immune
responses and protection of PerV and OprF-I mRNA vaccine
candidates against Pseudomonas aeruginosalJ/OL]. NPJ Vac-
cines, 2023, 8: 76[2023-10-20]. https://doi.org/10.1038/s41541-
023-00672-4.

HE Q, GAO H, TAN D, et al.. mRNA cancer vaccines: advanc-
es, trends and challenges[J]. Acta Pharm. Sin. B, 2022, 12(7):
2969-2989.

YOU H, JONES M K, GORDON C A, et al.. The mRNA vac-
cine technology era and the future control of parasitic infec-
tions[J/OL]. Clin. Microbiol. Rev., 2023, 36(1): e0024121
[2023-10-20]. https://doi.org/10.1128/cmr.00241-21.
BORKENS Y. Malaria & mRNA vaccines: a possible salvation
from one of the most relevant infectious diseases of the global
south[J]. Acta Parasitol., 2023, 68(4): 916-928.

LE T, SUN C, CHANG J, et al.. mRNA vaccine development for
emerging animal and zoonotic diseases[J/OL]. Viruses, 2022, 14
(2): 401[2023-10-20]. https://doi.org/10.3390/v14020401.
HERRERA-ONG L R. Strategic construction of mRNA vac-
cine derived from conserved and experimentally validated epit-
opes of avian influenza type A virus: a reverse vaccinology ap-
proach[J]. Clin. Exp. Vaccine Res., 2023, 12(2): 156-171.
ROHNER E, YANG R, FOO K S, et al.. Unlocking the prom-
ise of mRNA therapeutics[J]. Nat. Biotechnol., 2022, 40: 1586-
1600.

BARBIER A J, JIANG A Y, ZHANG P, et al.. The clinical
progress of mRNA vaccines and immunotherapies[J]. Nat. Bio-
technol., 2022, 40: 840-854.

LIU C, SHI Q, HUANG X, et al.. mRNA-based cancer thera-
peutics[J]. Nat. Rev. Cancer, 2023, 23: 526-543.

Pipeline of arcturus-owned mRNA therapeutic candidates[EB/
OL]. (2023-10-25) [2023-11-28]. https://arcturusrx.com/mrna-

[78]

[79]

[80]

[82]

[83]

[84]

[85]

[88]

[89]

[90]

[91]

[92]

medicines-pipeline/#lunarOTC.

AZD8601 EPICCURE Phase II trial demonstrated safety and
tolerability in patients with heart failure[EB/OL]. (2021-11-15)
[2023-11-28].https://www.astrazeneca.com/media-centre/press-
releases/2021/azd8601-epiccure-phase-ii-trial-demonstrated-
safety-and-tolerability-in-patients-with-heart-failure.html#.
Safety, pharmacokinetics, pharmacodynamics, and preliminary ef-
ficacy trial of BNT141 in patients with unresectable or metastatic
CLDN18.2-positive gastric, pancreatic, ovarian and biliary tract
tumors[EB/OL]. (2023-10-02)[2023-11-28]. https://www. clinical-
trials.gov/study/NCT046839397titles=BNT141&rank=1.
SCHAEFER M, KAPOOR U, JANTSCH M F. Understanding
RNA modifications: the promises and technological bottle-
necks of the ’epitranscriptome’[J/OL]. Open Biol., 2017, 7(5):
170077[2023-10-20]. https://doi.org/10.1098/rsob.170077.
KIM D Y, ATASHEVA S, MCAULEY A J, et al.. Enhance-
ment of protein expression by alphavirus replicons by design-
ing self-replicating subgenomic RNAs[J]. Proc. Natl. Acad.
Sci. USA, 2014, 111(29): 10708-10713.

MCKAY P F, HU K, BLAKNEY A K, et al.. Self-amplifying
RNA SARS-CoV-2 lipid nanoparticle vaccine candidate induc-
es high neutralizing antibody titers in mice[J/OL]. Nat. Com-
mun., 2020, 11: 3523[2023-10-20]. https://doi.org/10.1038/
s41467-020-17409-9.

WESSELHOEFT R A, KOWALSKI P S, ANDERSON D G.
Engineering circular RNA for potent and stable translation in
eukaryotic cells[J/OL]. Nat. Commun., 2018, 9: 2629[2023-10-
20]. https://doi.org/10.1038/s41467-018-05096-6.

SASSO J M, AMBROSE B J B, TENCHOV R, et al.. The prog-
ress and promise of RNA medicine-an arsenal of targeted treat-
ments|[J]. J. Med. Chem., 2022, 65(10): 6975-7015.
PAUNOVSKA K, LOUGHREY D, DAHLMAN ] E. Drug de-
livery systems for RNA therapeutics[J]. Nat. Rev. Genet.,
2022, 23: 265-280.

ZHANG Y, SUN C, WANG C, et al.. Lipids and lipid deriva-
tives for RNA delivery[J]. Chem. Rev., 2021, 121(20): 12181-
12277.

CUI S, WANG Y, GONG Y, et al.. Correlation of the cytotoxic
effects of cationic lipids with their headgroups[J]. Toxicol.
Res., 2018, 7(3): 473-479.

XIA'Y, TIAN J, CHEN X. Effect of surface properties on lipo-
somal siRNA delivery[J]. Biomaterials, 2016, 79: 56-68.
CULLIS P R, HOPE M J. Lipid nanoparticle systems for en-
abling gene therapies[J]. Mol. Ther., 2017, 25(7): 1467-1475.
GREF R, MINAMITAKE Y, PERACCHIA M T, et al.. Biode-
gradable long-circulating polymeric nanospheres[J]. Science,
1994, 263(5153): 1600-1603.

SUS A, XIE Y, FU Z, et al.. Emerging role of exosome-mediat-
ed intercellular communication in vascular remodeling[J]. On-
cotarget, 2017, 8(15): 25700-25712.

MA'Y, LI X, ZHAO R, et al.. Creating de novo peptide-based
bioactivities: from assembly to origami[J]. RSC Adv., 2022,
12(40): 25955-25961.



16

A #HE R# & Current Biotechnology

[93]

[96]

LLOREN K K S, JAWALAGATTI V, HEWAWADUGE C, et
al.. Salmonella-mediated oral delivery of multiple-target vac-
cine constructs with conserved and variable regions of SARS-
CoV-2 protect against the Delta and Omicron variants in ham-
ster[J/OL]. Microbes Infect., 2023, 25(5): 105101[2023-10-
20]. https://doi.org/10.1016/j.micinf.2023.105101.

CUI H, ZHU X, LI S, et al.. Liver-targeted delivery of oligonu-
cleotides with N-acetylgalactosamine conjugation[J]. ACS
Omega, 2021, 6(25): 16259-16265.

DEBACKER A J, VOUTILA J, CATLEY M, et al.. Delivery of
oligonucleotides to the liver with GalNAc: from research to reg-
istered therapeutic drug[J]. Mol. Ther., 2020, 28(8): 1759-
1771.

CHENG Q, WEI'T, FARBIAK L, et al.. Selective organ target-

ing (SORT) nanoparticles for tissue-specific mRNA delivery

[97]

[98]

and CRISPR-Cas gene editing[J]. Nat. Nanotechnol., 2020, 15:
313-320.

CHEN J,YE Z,HUANG C,et al.. Lipid nanoparticle-mediat-
ed lymph nodetargeting delivery of mRNA cancer vaccine
elicits robust CD8" T cell response[J/OL]. Proc. Natl. Acad.
Sci. USA,2022,119(34):€2207841119[2023-10-20]. https:/
doi.org/10.1073/pnas.2207841119.

MELAMED J R, YERNENI S S, ARRAL M L, et al.. lonizable
lipid nanoparticles deliver mRNA to pancreatic B cells via
macrophage-mediated gene transfer[J/OL]. Sci. Adv., 2023,
9(4): eadel444[2023-10-20]. https://doi. org/10.1126/sciadv.
adel444.

KIM J, JOZIC A, LIN Y, et al.. Engineering lipid nanoparticles
for enhanced intracellular delivery of mRNA through inhala-

tion[J]. ACS Nano, 2022, 16(9): 14792-14806.



