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BETALIR RS BHES TR B REBOAE BT, MR L. &
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BiR e, SRR S, A BT 4R
[FIEE, LNPELZERLIRZWY), B Ik EIRBRE R, AR
iz MR, AR AZ IR 254 ) N TR (AR kAt

ARCELEAR T mRNAZE W EAR KR, 1HE TH&E
mRNAZJE R PR B PEBOR G 7 e T s,
BT mRNAJE I (13814 R ——LNP % R ikt
FUR EmRNA TRAERNE, JHRET ATHE. &
R AR EEmMRNAZY YA SE . FF &7 T A RE,
FEXFIZ TR PRI B T A A DL
1  mRNA¥E FII A

20194FK, BBtk 2 B4 (coronavirus - dis-
ease 2019, COVID-19)5 448k, X ekt L S 4ttt
FNREE £ T E AW, AT AFCOVID-19,
20204E10 H L £ i 2 5 1B 4 3R (Food and Drug
Administration, FDA)JG/5HtiE T #%i-BioNTech(Pfi-
zer-BioNTech) F15 754 (Moderna)mRN A i3 1 14 %%
SRR X mRNASE A B KR T
BHRIF B8 FI4% 78 5 A mRNAYE i 9, S80Z 4,
AR ST RNG R A Pk . R1ags THEH
ATE LT mRNASZER]. BRCOVID-19REH4b, 4Rk
W 22 HoA A% Y i mRN AJE T A0 T & LA 1 k.
4, ModernafymRNA-164 74 15 (4t 40 Hufs 75 11
RARE A P AER X B 20 M 5 AR R BB ) DL &
MRNA- 13455 15 (it E X I A s 75 1Y Fa o FaR
1 il A A A 2 ) AR AE AT UG R X 5. b4,

F 1 HAERAAIMRNAZ &
Table 1 Currently approved mRNA vaccines

mRNA-1010Z%7 4 DU A 37 B 1t 2L 2E A TR S,
J&EModernafi4Fhik F T A mRNAJE 1.

mMRNAFE T FASE—AFe i A B A 40185 mRNAYE
A 88 ) T A U ARG, oM pe g e S5
BERAE T AT AR, H RTmRNARE B FIZ5 8 ST 4 A
BANEI TR, #F20234E10H, 4 BRmRNAZGYFIE
BUEAG R A IEAT 1884, W 35 B4 v e 1 4k
FEASFNIE NGRS, BRYWPEE (5 HiRoR, FLUCR MR,
WG ERHEA 3. EmRNAB R B2 L sk,
HALIATT FEmRNAZG Y O & 3940 F U, E PRAI%
B2k, WikgEG. ALk FEESE, LIKIE B
AR AVR 2557, WHEEG . A2 B S EAR 4kt
JEmRNA= A RAT R, XA NS5 TR
IR R, A& F H SRR S H
WA FAAE, HmRNAZY) . Bl N T, A&
Wiy FIREZRARRERIE. 26845 THMEHT
N [)3E E A mRNASE I 5L 2454

2 mRNAPETOCHEE A

2.1 mRNAESHLAL

WE2IR, RINL S mRNATESGE Y 5 KIRAT
TEM A mMRNAAARL, BA PEELER, W5 245
WREA A 5'-ME(Cap). 5'-dEEHPEIX (untranslated region,
UTR). Zwf4 H 18 [0 FF L 2 HE (open  reading
frame, ORF). 3'-UTRUI KM ZRIEH T (poly(A)E. H
HImRNAYTIE R FEPR AR Z —EmRNARE = 1, X
SEFZ M mRNAYT I 251X B0 1 25 R 2GR0 e P 1 DG

E4 NG HERG S TR R
mRNA-1273 Moderna LNP SARS-CoV-2 g b
mRNA-1273.214 Moderna LNP SARS-CoV-2 SN
mRNA-1273.222 Moderna LNP SARS-CoV-2 ST
BNT162b2 Pfizer-BioNTech LNP SARS-CoV-2 (A i
ARCoV SCHEA ) LNP SARS-CoV-2 FEEREE JE PG A4 5 S il A
SW-BIC-213 Brida=4 LPP SARS-CoV-2 TR TRA B 2 A
SYS6006 A LNP SARS-CoV-2 e P E R A B S FRAY
HGCO019 HDT Bio LION™ SARS-CoV-2 TEENEEARAS B 2l AR
DS-5670 =kt LNP SARS-CoV-2 TEHA LT
SYS6006.32 LR LNP SARS-CoV-2 A A B 2 AT A
RQ3033 KAL) LNP SARS-CoV-2 1E P E A B Sl A
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Bl 1 2ERmRNABMATAHEIL. (a) ZFRmRNAIGKRELAIZEBI I (b) ERRmRNAIR PR LS E
Figure 1 Global mRNA research and development overview. (a) Types of the global mRNA clinical pipeline. (b) Distribution of indications in the
global mRNA clinical pipeline
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Table 2 Typical examples of mRNA vaccines or drugs

& W IE ZFR | BARIIE It PRI 2 i B I PRI 2 5
RNA-1345 Moderna WS T 5 s i R g I RTIH NCT05127434
FERLR mRNA-1010 Moderna ZE PR Il RITTEA NCT04956575
mRNA-1647 Moderna 55 21 e 7S g Il PRIITHA NCT05085366
mRNA-4157 Moderna-Merck Mo 2 I PRI NCT03897881
iier BNT113 BioNTech HPV16 3k It AR TIY] NCT04534205
BNTI111 BioNTech BT I RTTIY NCT04526899
mRNA-3927 Moderna []iAlknS I AR NCT04159103
IR mRNA-3745 Moderna BRI A I RT3 NCT05095727
VX-522 Moderna-Vertex FEMEL AL I R NCT05668741
! f
5'18 5'IEENEX FFRUSSHE 3 IEBFX DRIRERE

@il T Aassess
| | }
Bl 2 mRNAMIEAS A SRR A o

Figure 2 Basic mRNA structure and optimization strategies

K. A 7 XmRNAHATARAL, HFRAGIRR T EAZAYImRNAR S -IH (Cap-0)& —~7-H 5L 5 4
mRNASSA2E Ry 3l 1) fb A 1 k. (7-methylguanosine, m'G), #it5",5- = BERHF

4815



M Eh & 20245118 $£69% %334

(m'GpppN)H#EH B if TmRNA 5" A U i 55— %
TR, Cap-03 12 2% 6] 45 4 0 i A% R X RN A ) 6 i,
Il it 5 ERERR GG TAES &k R s Bt 1
A EREY T, AL T IR A2 R A
B — AR ST 1 Cap- 14549 (m GpppmN),
2947 50% I mRN AT Ui 55 LT IR A2 2 56 -
LA — DM T I (418 Cap-225 44 (m GpppmNmN),
EATHE T Cap-0HA HARAY e WL AE 111, 1Ak, 4t
S MBSl ¥ (anti-reverse cap analogues, ARCA)f&/fi
FImRNAF] B 1A B R A IER IR T A, Ktk
FI A TS B EoRD,

mRNA5"-UTRAI3-UTR X & A B 1 JH 5751
Je, W LA mRNAR B L RGE I mRNA RS E
PE. I TEUTR A5 AFRE TCIF AT LUERK mRNA Y2
=W, B, o-FIp-BKE FImRNAR3 -UTRfH 5%
mRNAE W T 1R, T3 i MR B
R, IR AR T2 Sa-FIB-BRE FAmRNA3-UTR
A RSN SEIImRNA. L6, BB-BRE FImRNA
(3"-UTREAK AR 7 a5 G —i, nJlE—2
ek, BT HRERE I UTRSL, 4
FFPUTR, AR TEEF170095-UTR, N FBAZARA
i A5 (internal ribosomal entry sites, IRES)AYS'-
UTRAIE A LA A T 1o(eukaryotic elongation factor
la, EEF1A1){3-UTRE FH TA7 PEmRNAR I
FIRVFZS-UTRE3-UTRAT LIS 57 HE5 mRNA B,
{HS"-UTRFN3-UTRAY A R A AT AR KB i i 2 2
FaeR,

X FmRNAR S F gt X, 8 % it ie
EmRNAJFH BN P B A AT 45, T A F R %
i rl BEgm S AR R O IR, B[R] SUB IS T A T#F
ISR R TS, (HHPTREXT R A ERA . &
H BT Man e L e, KA 2t
KEASmRNAFF, DL AR LWy 51 AH R &
Jii. ModernaZs B ST A DL A, mRNA K L5 A]
DL 5 2 AE mRINA B35 1 2 0 01k 0 5 85 1 i 3Rk,
M FRE mRNAZS [A] 2544 B A% T R il LS8l s 2R 1
JFi ek k>,

FEFAZEYT, poly(A) B INTE R AMRNALY3’
Uiy, e 3E i SR DN AR B (8 P 5k 5 EE 2 2R (A) R
B AR, BT REE T RES A A A B ipoly
AR, T EAEHT T KA . FIHDNARL
Mt ohit st 15 BAHRHS FEpoly(A) R Y 7 vk i B
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Z. KIEN100~150MZ AT FR poly(A) & T LAHE =
mRNARRENE, JHEE Spoly(A)ZE S EAEMNE A
WISk A R shEnE.

MLES 24 T FEmRNA P F A AL R vh A 4 5
e e 7R B OV Y. B E AT Ik, R E R
FAER R E AN FB ALY W T &, SERiifis
K, PeAbmRNAR e gbthn] (F H 25 R, R
WIEK T BRI W, giifae b S w1
ALARSS A, PTHTHEARARS. Bk, mRNABTT
BB i R e A S AR R 25 A,
THEEmRNASE T FZG YR58 ). R0, (R SRS 1
FAEmRNAB 25 (B FEH K, HLUISARS-CoV-24il%€
X A 21102 4mRNA, X (L5 mRNAT T
MEL R PR, R S E SR BT N T &
T—/4 MLinear Designfl%ik, LIS TAL 2%
gtk et s e, 78 SR HT EmRNALE 1 Y
e EmRNAFFSIAUH 11 min™. 4551 BoR, 7Ea
FEME . BTSRRI LA B G S 5 e A R e
M E bR b, FIRZ AR BT B e A T
B8 T LR, FERE M R ) B A
bR —E PS5 A PR B AR AT AR L
AL 5 FImRNA T 31 73 51l 2 A% G0 S 15 51 114 128 F120
5. B% T Al FLinear Design-3 %18 ifmRNAYE 1 47
WAL, WFIEE 2R N K S - R 2
FREERET, [IRESRAS T R A 245 .

2.2 4 imRNAGPEEPE

UmRNAFE R 1 I, T B3 2 ) fe e S v
B MEPE R 58 YmRNAYE M2 F s, 728
R, X EmRNAZE W 8 25T & s Bl
HEBERHER. th TRIMNE F R mRNAZSMERNA,
2B A TR A B IR A 5. R SR 2 i ik
MLE RS 3L A I(retinoic acid- inducible gene I, RIG-I)
SZARIRISMNERNA, SRJ5 il % SR G RS, Sy 2
JRLT LA S MR RN A -3 1 TollFE 32 (A5 - 4.

VAR AN S mRIN A G 28 338 ) e A 50K =2
— BB, 20234, Katalin KarikofDrew Weiss-
man KR A& 5 T ) & AR A9 145 DL R A B2 ol R 2
W BT TR R BT R £ XFCOVID-19/9 4
BmRNARE A AT RE. 124 A1k, AR LAY
TR A 2 1 A 6 R 3% TG A 88 D P T AN 52 1l mRIN A ) 3
PERRE. fEn, FN'-H ERREF (V' -methyladenosine,



m'A)ak V- F 5L R 7 (M -methyladenosine, m°A)EiftK
SRR HI5-H LM 1 (5-methyleytidine, m’CyEAL
TR, JH5-FH LR 1F (5-methyluridine, m’U). 2-Bi
fRJRAF (2-thiouridine, s2U). 5-F 4 IR (5-methox-
yuridine, 5moU). fBJR T (pseudouridine, )alN'-Fi J
B JR 1 (N'-methyl-pseudouridine, m'y)#&i# Kok IR
H2 R3S T RSN FEmRNAR F MR A 5
SEmg. R T AP mRNALE 1 Y% Fm wig 6, i
REAEMG Cure VacH R 1 (CVnCOV) BT AR
URH4T%, FREERAIRNE. AR RN Z —EAR B
M MRNAGE S NPT R, PIREAR T H , =
HOR R LA A A R T A AR B

2.3 mRNA TFHEEHr

H & HmRNA (self-amplifying mRNA, saRNA)#{ A
HIELMERNAM T RA 2 —, AL F B 2 1 &2 1l
F, WTUMRUEGRAS A RN, R R 2800 H i ke
fESEmRNAT Z R EEIG L. FiSN Hil 7 SE R
B A E HImRNAK KN HAEGEmRNAT K.
I, HALmRNAE AR TR AR H Z HlmRNA
I BB BRI B2 T'mRNA
Ik, (HHRNAHEZTT B4 T HisaRNA H 3RY 1411
WA FETmRNAM A Z I SARS-Co V-2 i1 kW
REOSTESh Y i S P AR R, IeAh, saRNAYE
B AENFLR IR EE AR DG 1) /N BRU (7 AR A rh 2R 88 i

TS

HN NH,
N N NN
R R
el
o ot
. 5
meA m'A
o o
NH NH
184 . L,
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O OH O OH
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Figure 3 mRNA partial nucleoside modification strategiesm]

T RAFRNARITRCR, HEAh BRI RE 5 S T A RO
A,

I IRRNA (circular RNA, circRNA)J&—Z B VETE
T2 A RE R AE D RNA. —ScireRNA 1 ER [ R
DI RE R VAT R TE R . 54k
mRNAAH L, MURE Y P ER S5 i cireRNA AT B = A AR
FEME, PR A% R ST T 0 5 A T e B A vt S
J¥. —BOFIE R RI, 0 A 574N &P
circRNATE EAZ 20 g o 22 80t i R HLAR e I B 1 ik
B LRPERNARTHR G 11 B e 5 A RN
PAHE AL S BcireRNA,  ABRSIEE A R Fs. BRT
FROE PGS Z Ah, circRNA LB MEMRNAE S
A R A RN 205 2, A BT T 230 TollFE 52
TR R B R 15 FE I 12 AR SF RN AR R A . 54tk
mRNAZER AL, circRNAYER 51 & T 8 =Ko
Pk, FE/NEURE A B0 H X SARS-Co V-2 S FHo
AT A4 Ak,

2.4 mRNAPEHITLNPE L R 50

k. AR mRNAE D EmRNAYT I &
RGPz —, AL TR Y58 16 B8 Bk, R
ZRRB AT DL [ R PR S (U mRNA, 3l N7
VEFHTE IR AR A, (HH A U —/irmRNARE
P HE AR P, X4 A ST 7, mRNA
(1) E SRR RCRAR, 1 H 2R SRR B T iA 24

NH, o
| SN HN)]\NH
N/l\o g )
o o
(I) OH O OH
0=P—-$- o-bs-
& &
m5C U}
o o
o
- \fj\)ﬁ \N)J\NH
N~ s NN
2. 3
o o
‘i CH O OH
0=P-¢- g
& o
OMe5U m'y

4817



M Eh & 20245118 $£69% %334

1. BEAh, #ER I mRNAWBARZ 2 # 4N R Nase 4%,
PR IGO0 4R A3 1) SR S T B mRNA [ i N 552

LNPZAFFE R A Il A I SE I mRN A 3% 2%
PR g 7z T A B S T AT e R R Y
LNPU L Hl % A BB ol T B RO T I
s, FHEIE LA R £ ZBEfbE L. AnEl4f7R, mRNA-
LNPJE B 38 5o 5% Y Bt J5 S8 ook 200 ok 51 % G 88 o o
mRNAE W B P S A A, kB PR AT
HEA MGG, mRNABEAZAR BB A, BB
PO o] Lhaiad 2 R0 R e 245 N
JEWl 2R B A B /NG B, X B Bl it 2
HLMEMEE G (major  histocompatibility complex,
MHO)IZE5 F /R e 1, DA IR 40 s TAn
JHL. 35S 118 200 6 P T 00 30 43 2 L 3R AR AU i 5
R ARICZIEGL AL, BLAh, s A BERT LUGE I MHC 11
o T RS BTN, BT 20 i 1o 50 B A
FEA FORILR, (SRR R R T B

WA AP I IR, WDOTMAELDO-
TAP, DhpHAEMK 77 = O- R 1F s ey, HLRB 57 6
faf A mRN AT 3 #5 FLVE FH AR EC R B, ol PH S B o it
1 2 G0 CR ARG PR 58 T )32 I mRNAGE 1%
RS A S i e R B S A 5 11 B A B
BT IR 9K BURL AR S AE S 1R Y7 Th s i, 1
CATUEAE 114 20 B 35 P TR X A5 e A ML VA0 B ] BELAS:
TR,

ORE 2 SEe R S NS Y A e

HLESHE I, WS RE 5 EA K AE HL R FH
BETNRFURIE, 7T E IR pH T RFEP M, (2
FERRMEpH T AT B4R Az 30 rb n o s g o 1 v
FEAR T 850, IRAE—ERERE L3N T ] e B LNPRYTE
Wi, AN, P SR SRR EpH T I B eAS
ASURT D A0 Mo 78 TR 1 2% o i P v 4 AN 28 mRNA, - 1
HiAH B FmRNAMERYE N AR kg, Xt B —Rn] g
BB IR AR R A 3T MR FiSM-102 R g i
ALC-0315"gyp g, RIS PIFh A LA COVID-19
mRNAZE R PR A . X i pY B a2 PEn] eI
R T 1B o i) A= W e Ak

JUE A B B R TS LNP R 2 A iy, (H H A3 Fh
g o Bl oy ——— AR [E 4 B R RS 2 AL AR I,
W EELE FEG KRR R TE B AT BE.  AH B — i KAk
AEAER IR BT, 38 A 3E R i o =[] 114 [) B2 ok 14 i 298 K
BRI RRE M, A B 7E 40 A B B RR A S P A E k
A1t NG S S A1 i AL e R 5 4 K R 14
AR T, A B TS Py AR 1,
e A8 B A BT () e R O T 1T L S AR BT A L FTRN A ZY
Y). PEGHBIE AT LAFE ELNP, i1 BR$I S 5 al A e i
QIR RS, I E A R 5 R A S
HE B AR FH SR SR 8 K S 2 4,

mRNAZIFE AN AL PN 7= A A2 05 0 G B A R
IRBTRE a VAT ROR. I, mRNARYITFRES AR 25
IR ARES B /A A D, REEMLNPLE Rk
S SEFURTEFFREY. PR, BrmRNARE 58 52% 29k

T
v, IS
r o4
L1
WMHC I
\p\mﬂﬂ@&%
BB PO R | .
° B e
| HBNER ggg@{zgs ”
T4
- —— P 75 | / RN
P
f EEm oo = —/m
MHC | /
“ mRNA N
PR B TR

Bl 4 mRNA-LNPSE i 2 i S HAR L R 2
Figure 4 Composition and mechanism of mRNA-LNP vaccine
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Figure 5 Chemical structure of typical ionizable lipids™"*"

JEIEHZUH R R SEmRNASFIL AR . ALk, Cheng
2t ) ST s T S B 28 BT M A (selective  organ  target-
ing, SORT)P Kk V&, HTHLFEmRNAZ
ik, EAAEZ T4 S LNP R S N B
+. Il AR BN FESORT 43+, 457
SCEE T mRNABERE 5 2 /N UM . RS, DT SE
T AR, Linde AT & A
ISORTH AR5, o5 A BEATRE 1Y AT L B AR,
PE— 4 T mRNASEHCR.

Fres B Ah, R MK mRNA RS 6 B EEE S
RYF A0 P AT DSORGB . R REIRYY. AR
TS EmRN AT ) —Fh R TT A8 RILNP, HT
J7 R X R AN M2 B AT T R4, SR TR
LNPC#H T H mRNARE [] 3 5% 2 T DL FE AT 9 0E
Gty e, I T & R T R B A N B S B T
BrmRNAGEFE PR 2 A0S, 5 —Fh o mg 2 0d
YRR SPERCR. O T RERSRHA YT HEmRNAFE [ 3 3%
Z A RIEVERIR A /N A Ly6c S0 (24N, 4
RE B G AE T AR e B S BRER [R] (anchored  secondary
scFv enabling targeting, ASSET)FEHRALHE w55t
Ly6cl i SLNPR A % E AR E 2 — 2T
DIAR AR AN [R) A9 07 FH 7 (58 b B 4 08 ] B s BEBLAR. 6 D)

OH
SNAAAAAAN H o HO]/\/\/\/\/\
N AN A~AHN~~N
o~ doy 0 H S~

OH

Al-D1-5

— AT, b AR R ASSET - & 640 1) 35 1z A K
F3ZAK(epidermal growth factor receptor, EGFR)AYC
BB FILNP [ 3 SEEGFR-LNPE M H K Cas9
mRNAFIEA ] S RNA(single guide RNA, sgRNA)# %
2 /NN FRIBEGFRAGHE L DY SR, 8 A 30
CRISPR-Cas9 & K] & 417 ] e g £ 1 T4 S A7 16 3. 38
IR B CDATTIAR S I SLNPLE 4, 1T LK mRNAjE
k% FHE R R CDST T4 Y scD4” T4l
BB B AESY, X ey B R EmRNA
6 BB RKmRNAYF I AR T BRI AL,

3 g

B COVID-19%E 1 e, mRNAREHT KR gl
KIFORLI8 1% RG AR T BRI, mRNAZYYIHEZS
Tofr 92 95 114 390 B IR 9T v R A B G BEAE .
mRNA R JFFA DL B A B R 42 5 7 mRNA
RS RE PR S BIRRICR, I Il S PR e k. LNPs
% RG] LA mRN ARG R B R 17, GEmRNARY
BN 1D e ), A B T mRNA AN A Y
AR, B KBRS T mRNAZEYIRIA S, 16—
FREE Fffre T mRNAm PR FH s 9Pk ER. SR, 7678
53 RAEMRNAGOK 2501 1 2Z 015, MKORA L (n] i iR
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Figure 6 Combining Al with High-Throughput Experimental Platforms to facilitate the development of mRNA-LNP drugs

Frfo.

ORI Z R, ReE YR E T RE ST
PEmRNAR % BT B, T s dn e
FZA AR I mRNA (19386 26 A1 B ] LAdE— 22 M mRNA
5P RL. RN A0 % FEEmRNA K H 3k A5 i
HIVBTEREPE R E RN . mRNAR HE— 5 Ak 2 15 i a
E R B33 7 6 DA s HAS e MR AR T 5%
HTL AN, BAREATT R T R U ZUR S M i 1%
FoA, (ERAFAEAR ELNPARY) B RAE RSB, X R T
mRNAYFIEAEILM S BB R . R E A
SN2 7R B mRN AR ] s 16475 2 B L A5 )y ).

S FEn, © F i mRNAE 2 5% mRNAZY
YR BATE R R, B ASEAE T S S p s, n
A mRNAYE 1 15 5 2 4 BR A Mo ATy 2 B Pk vk i =
1%. BNT162b2 b i v LA -70°C F i fr6 A,
2~8°C ' HEEREAFSd, TRAFREHIANCON BT 2, st
BT FmRNARE A B2, DA TR e X kA7
s EmRNALE W FF & — 7). B INA I 7R

CEPUIN

TR, SRAEARRI R T T2, (8 B T 75 F AR
GRS Y, K R R AT St
mRNATESRLE . HNE S5 2 s A P A2 rp 4%
BIEI A R 2 ANEIERE. T S2BA S IR R 1k,
AT AR 2 A J P mym RN AFRUE P A 5 B 1 R A i e
AR, DT R B gk i6 126 5w, SE TRt m B
S Ak i 1 B LNPEC 7 0t BB AR W] L2 s LNPRE 7
At AR, PR TR BB N FmRNARE I
RSN A 1 T fin bR 0 A BE (1l 6). RN T4
fi(artificial intelligence, AT HFFmRNAFS) K
RS T AL, T mRNAFI -8 T RIA R R
P I HZAE TR A AL mRNA 3, [R] s 3 e 3
ML A H BT EF- 6 $EAT S0 g0 Bk, kg 45 R s it
mRNAFFN SR Z MR, &8I fbiit
TEPE RS P B I mRINA P 51 DA K 386 306 5008 B v Y
LNPACT. il sk or 6 . K8 LS T
AEERIEHEH R, AU mRNARE T HIWFIE B FRUARAE
FH, XSRS T2 I R AL B BB e i 3 X

1 Chaudhary N, Weissman D, Whitehead K A. mRNA vaccines for infectious diseases: Principles, delivery and clinical translation. Nat Rev Drug

Discov, 2021, 20: 817-838

2 LiuY,LiS,Lin S, et al. A tetrahedral framework nucleic acid based multifunctional nanocapsule for tumor prophylactic mRNA vaccination. Chin

Chem Lett, 2023, 34: 107987

AN L AW

components. Proc Natl Acad Sci USA, 1997, 94: 2410-2414

4820

Ramanathan A, Robb G B, Chan S H. mRNA capping: Biological functions and applications. Nucleic Acids Res, 2016, 44: 7511-7526
Schlake T, Thess A, Thran M, et al. mRNA as novel technology for passive immunotherapy. Cell Mol Life Sci, 2019, 76: 301-328

Ziemniak M, Strenkowska M, Kowalska J, et al. Potential therapeutic applications of RNA cap analogs. Future Med Chem, 2013, 5: 1141-1172
Holcik M, Liebhaber S A. Four highly stable eukaryotic mRNAs assemble 3’ untranslated region RNA-protein complexes sharing cis and trans


https://doi.org/10.1038/s41573-021-00283-5
https://doi.org/10.1038/s41573-021-00283-5
https://doi.org/10.1016/j.cclet.2022.107987
https://doi.org/10.1016/j.cclet.2022.107987
https://doi.org/10.1093/nar/gkw551
https://doi.org/10.1007/s00018-018-2935-4
https://doi.org/10.4155/fmc.13.96
https://doi.org/10.1073/pnas.94.6.2410

10
11
12
13
14
15
16
17

18
19

20

21

22
23

24

25

26

27

28
29

30
31

32
33
34

35

36

37
38

Holtkamp S, Kreiter S, Selmi A, et al. Modification of antigen-encoding RNA increases stability, translational efficacy, and T-cell stimulatory
capacity of dendritic cells. Blood, 2006, 108: 4009-4017

Bergman N, Moraes K C M, Anderson J R, et al. Lsm proteins bind and stabilize RNAs containing 5’ poly(A) tracts. Nat Struct Mol Biol, 2007, 14:
824-831

Vivinus S, Baulande S, van Zanten M, et al. An element within the 5’ untranslated region of human Hsp70 mRNA which acts as a general enhancer
of mRNA translation. Eur J Biochem, 2001, 268: 1908-1917

Zinckgraf J W, Silbart L K. Modulating gene expression using DNA vaccines with different 3'-UTRs influences antibody titer, seroconversion and
cytokine profiles. Vaccine, 2003, 21: 1640-1649

Zeng C, Hou X, Yan J, et al. Leveraging mRNA sequences and nanoparticles to deliver SARS-CoV-2 antigens in vivo. Adv Mater, 2020, 32:
€2004452

Pardi N, Hogan M J, Porter F W, et al. mRNA vaccines—A new era in vaccinology. Nat Rev Drug Discov, 2018, 17: 261-279

Buschmann M D, Carrasco M J, Alishetty S, et al. Nanomaterial delivery systems for mRNA vaccines. Vaccines, 2021, 9: 65

Kai J, Yaya H, Fei W, et al. Structurally reconfigurable designer RNA structures for nanomachines. Biophys Rep, 2021, 7: 21-34

Zhang H, Zhang L, Lin A, et al. Algorithm for optimized mRNA design improves stability and immunogenicity. Nature, 2023, 621: 396403
Chow K T, Gale Jr. M, Loo Y M. RIG-I and other RNA sensors in antiviral immunity. Annu Rev Immunol, 2018, 36: 667-694

Diebold S S, Kaisho T, Hemmi H, et al. Innate antiviral responses by means of TLR7-mediated recognition of single-stranded RNA. Science, 2004,
303: 1529-1531

Hajj K A, Whitehead K A. Tools for translation: Non-viral materials for therapeutic mRNA delivery. Nat Rev Mater, 2017, 2: 17056

Andries O, Mc Cafferty S, De Smedt S C, et al. N1-methylpseudouridine-incorporated mRNA outperforms pseudouridine-incorporated mRNA by
providing enhanced protein expression and reduced immunogenicity in mammalian cell lines and mice. J Control Release, 2015, 217: 337-344
Kormann M S D, Hasenpusch G, Aneja M K, et al. Expression of therapeutic proteins after delivery of chemically modified mRNA in mice. Nat
Biotechnol, 2011, 29: 154-157

Anderson B R, Muramatsu H, Nallagatla S R, et al. Incorporation of pseudouridine into mRNA enhances translation by diminishing PKR
activation. Nucleic Acids Res, 2010, 38: 5884-5892

Weng Y, Li C, Yang T, et al. The challenge and prospect of mRNA therapeutics landscape. Biotechnol Adv, 2020, 40: 107534

Schmidt C, Schnierle B S. Self-amplifying rna vaccine candidates: Alternative platforms for mRNA vaccine development. Pathogens, 2023, 12:
138

McKay P F, Hu K, Blakney A K, et al. Self-amplifying RNA SARS-CoV-2 lipid nanoparticle vaccine candidate induces high neutralizing antibody
titers in mice. Nat Commun, 2020, 11: 3523

Ramos da Silva J, Bitencourt Rodrigues K, Formoso Pelegrin G, et al. Single immunizations of self-amplifying or non-replicating mRNA-LNP
vaccines control HPV-associated tumors in mice. Sci Transl Med, 2023, 15: eabn3464

Wesselhoeft R A, Kowalski P S, Anderson D G. Engineering circular RNA for potent and stable translation in eukaryotic cells. Nat Commun, 2018,
9: 2629

Kameda S, Ohno H, Saito H. Synthetic circular RNA switches and circuits that control protein expression in mammalian cells. Nucleic Acids Res,
2023, 51: €24

Qu L, Yi Z, Shen Y, et al. Circular RNA vaccines against SARS-CoV-2 and emerging variants. Cell, 2022, 185: 1728-1744.e16

Kowalski P S, Rudra A, Miao L, et al. Delivering the messenger: Advances in technologies for therapeutic mRNA delivery. Mol Ther, 2019, 27:
710-728

Kubiatowicz L J, Mohapatra A, Krishnan N, et al. mRNA nanomedicine: Design and recent applications. Exploration, 2022, 2: 20210217
Lorenz C, Fotin-Mleczek M, Roth G, et al. Protein expression from exogenous mRNA: Uptake by receptor-mediated endocytosis and trafficking
via the lysosomal pathway. RNA Biol, 2011, 8: 627-636

Hou X, Zaks T, Langer R, et al. Lipid nanoparticles for mRNA delivery. Nat Rev Mater, 2021, 6: 1078-1094

Zhang Y, Sun C, Wang C, et al. Lipids and lipid derivatives for RNA delivery. Chem Rev, 2021, 121: 12181-12277

Guo S, Li K, Hu B, et al. Membrane-destabilizing ionizable lipid empowered imaging-guided siRNA delivery and cancer treatment. Exploration,
2021, 1: 3549

Kauffman K J, Webber M J, Anderson D G. Materials for non-viral intracellular delivery of messenger RNA therapeutics. J Control Release, 2016,
240: 227-234

Cui S, Wang Y, Gong Y, et al. Correlation of the cytotoxic effects of cationic lipids with their headgroups. Toxicol Res, 2018, 7: 473-479
Yuan M, Han Z, Liang Y, et al. mRNA nanodelivery systems: Targeting strategies and administration routes. Biomater Res, 2023, 27: 90

Hu B, Li B, Li K, et al. Thermostable ionizable lipid-like nanoparticle (iLAND) for RNAi treatment of hyperlipidemia. Sci Adv, 2022, 8:
eabm1418

4821


https://doi.org/10.1182/blood-2006-04-015024
https://doi.org/10.1038/nsmb1287
https://doi.org/10.1046/j.1432-1327.2001.02064.x
https://doi.org/10.1016/S0264-410X(02)00740-5
https://doi.org/10.1002/adma.202004452
https://doi.org/10.1038/nrd.2017.243
https://doi.org/10.3390/vaccines9010065
https://doi.org/10.52601/bpr.2021.200053
https://doi.org/10.1038/s41586-023-06127-z
https://doi.org/10.1146/annurev-immunol-042617-053309
https://doi.org/10.1126/science.1093616
https://doi.org/10.1038/natrevmats.2017.56
https://doi.org/10.1016/j.jconrel.2015.08.051
https://doi.org/10.1038/nbt.1733
https://doi.org/10.1038/nbt.1733
https://doi.org/10.1093/nar/gkq347
https://doi.org/10.1016/j.biotechadv.2020.107534
https://doi.org/10.3390/pathogens12010138
https://doi.org/10.1038/s41467-020-17409-9
https://doi.org/10.1126/scitranslmed.abn3464
https://doi.org/10.1038/s41467-018-05096-6
https://doi.org/10.1093/nar/gkac1252
https://doi.org/10.1016/j.cell.2022.03.044
https://doi.org/10.1016/j.ymthe.2019.02.012
https://doi.org/10.1002/EXP.20210217
https://doi.org/10.4161/rna.8.4.15394
https://doi.org/10.1038/s41578-021-00358-0
https://doi.org/10.1021/acs.chemrev.1c00244
https://doi.org/10.1002/EXP.20210008
https://doi.org/10.1016/j.jconrel.2015.12.032
https://doi.org/10.1039/C8TX00005K
https://doi.org/10.1186/s40824-023-00425-3
https://doi.org/10.1126/sciadv.abm1418

Fd #& 2024%118 #69% £33H

39

40

41

42

43

44

45

46
47

48

49

50

51

52
53

54

55

56
57

Cullis P R, Hope M J. Lipid nanoparticle systems for enabling gene therapies. Mol Ther, 2017, 25: 1467-1475

Baden L R, El Sahly H M, Essink B, et al. Efficacy and safety of the mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med, 2021, 384: 403-416
Polack F P, Thomas S J, Kitchin N, et al. Safety and efficacy of the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med, 2020, 383: 2603-2615
Yang S T, Kreutzberger A J B, Lee J, et al. The role of cholesterol in membrane fusion. Chem Phys Lipids, 2016, 199: 136-143

Cheng X, Lee R J. The role of helper lipids in lipid nanoparticles (LNPs) designed for oligonucleotide delivery. Adv Drug Deliv Rev, 2016, 99:
129-137

Koltover I, Salditt T, Radler J O, et al. An inverted hexagonal phase of cationic liposome-DNA complexes related to DNA release and delivery.
Science, 1998, 281: 78-81

Kulkarni J A, Darjuan M M, Mercer J E, et al. On the formation and morphology of lipid nanoparticles containing ionizable cationic lipids and
siRNA. ACS Nano, 2018, 12: 4787-4795

Kanasty R, Dorkin J R, Vegas A, et al. Delivery materials for siRNA therapeutics. Nat Mater, 2013, 12: 967-977

Miao L, Lin J, Huang Y, et al. Synergistic lipid compositions for albumin receptor mediated delivery of mRNA to the liver. Nat Commun, 2020, 11:
2424

Cheng Q, Wei T, Farbiak L, et al. Selective organ targeting (SORT) nanoparticles for tissue-specific mRNA delivery and CRISPR-Cas gene
editing. Nat Nanotechnol, 2020, 15: 313-320

Liu S, Cheng Q, Wei T, et al. Membrane-destabilizing ionizable phospholipids for organ-selective mRNA delivery and CRISPR-Cas gene editing.
Nat Mater, 2021, 20: 701-710

Zhao X, Chen J, Qiu M, et al. Imidazole-based synthetic lipidoids for in vivo mRNA delivery into primary t lymphocytes. Angew Chem Int Ed,
2020, 59: 20083-20089

Ramishetti S, Hazan-Halevy I, Palakuri R, et al. A combinatorial library of lipid nanoparticles for RNA delivery to leukocytes. Adv Mater, 2020,
32: 1906128

Kedmi R, Veiga N, Ramishetti S, et al. A modular platform for targeted RNAIi therapeutics. Nat Nanotech, 2018, 13: 214-219

Rosenblum D, Gutkin A, Kedmi R, et al. CRISPR-Cas9 genome editing using targeted lipid nanoparticles for cancer therapy. Sci Adv, 2020, 6:
eabc9450

Su F Y, Zhao Q H, Dahotre S N, et al. In vivo mRNA delivery to virus-specific T cells by light-induced ligand exchange of MHC class I antigen-
presenting nanoparticles. Sci Adv, 2022, 8: eabm7950

Tombécz I, Laczké D, Shahnawaz H, et al. Highly efficient CD4" T cell targeting and genetic recombination using engineered CD4" cell-homing
mRNA-LNPs. Mol Ther, 2021, 29: 3293-3304

Paunovska K, Da Silva Sanchez A, Foster M T, et al. Increased PIP3 activity blocks nanoparticle mRNA delivery. Sci Adv, 2020, 6: eaba5672
Lokugamage M P, Gan Z, Zurla C, et al. Mild innate immune activation overrides efficient nanoparticle-mediated RNA delivery. Adv Mater, 2020,
32: €1904905

4822


https://doi.org/10.1016/j.ymthe.2017.03.013
https://doi.org/10.1056/NEJMoa2035389
https://doi.org/10.1056/NEJMoa2034577
https://doi.org/10.1016/j.chemphyslip.2016.05.003
https://doi.org/10.1016/j.addr.2016.01.022
https://doi.org/10.1126/science.281.5373.78
https://doi.org/10.1021/acsnano.8b01516
https://doi.org/10.1038/nmat3765
https://doi.org/10.1038/s41467-020-16248-y
https://doi.org/10.1038/s41565-020-0669-6
https://doi.org/10.1038/s41563-020-00886-0
https://doi.org/10.1002/anie.202008082
https://doi.org/10.1002/adma.201906128
https://doi.org/10.1038/s41565-017-0043-5
https://doi.org/10.1126/sciadv.abc9450
https://doi.org/10.1126/sciadv.abm7950
https://doi.org/10.1016/j.ymthe.2021.06.004
https://doi.org/10.1126/sciadv.aba5672
https://doi.org/10.1002/adma.201904905

Summary for “mRNABEH 5 i BT AORMURLIE 34 He AR BRI 7 ke

Progress on mRNA vaccines and lipid nanoparticles

Yuchuan Fan, Han Yin, Yu Li, Xi Yu, Xiaoying Tang, Yuhua Weng* & Yuanyu Huang*

School of Life Science, School of Medical Technology, Advanced Research Institute of Multidisciplinary Science, Key Laboratory of Molecular Medicine
and Biotheranotics, Beijing Institute of Technology, Beijing 100081, China
* Corresponding authors, E-mail: wengyh@bit.edu.cn; yyhuang@bit.edu.cn

Vaccines are one of the most remarkable achievements in the history of medicine and the most cost-effective and efficient
way to prevent infectious diseases. By stimulating the immune system, vaccines enable the body to develop a defense
mechanism against pathogens. The widespread adoption of vaccines has led to the eradication of the smallpox virus and a
significant reduction in the global incidence of polio, measles, and other childhood diseases. Messenger RNA (mRNA)
represents an emerging class of nucleic acid therapeutics employed for the prevention and treatment of diverse diseases.
mRNA vaccines involve injecting mRNA carrying the encoded antigen protein into the human body, where it functions by
translating the antigen protein within cells. This process triggers the production of specific immune responses, effectively
achieving the goal of immunization and prevention.

During the coronavirus disease 2019 (COVID-19) pandemic, mRNA vaccines played a pivotal role, leading to an
unprecedented rapid advancement in this technology. In 2023, Katalin Kariké and Drew Weissman were awarded the
Nobel Prize in Physiology or Medicine for their groundbreaking discovery in nucleoside modifications. These
achievements underscore the immense potential of mRNA technology in the fields of life science and medical research.
Although mRNA vaccines have proven to be both effective and safe in preventing infectious diseases, further research is
needed to optimize mRNA design and intracellular delivery. Beyond combating severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), numerous mRNA vaccines are in the development pipeline for various pathogens, including
influenza virus, cytomegalovirus, Zika virus, and respiratory syncytial virus infections. Furthermore, there is a burgeoning
momentum in the development of mRNA vaccines and drugs for tumors and rare diseases.

This review provides an overview of the characteristics of mRNA drugs and vaccines, highlighting some representative
mRNA drugs or vaccines. It delves into key technologies in mRNA vaccine development, such as sequence optimization
and engineering innovations. Additionally, this review also discusses advanced lipid nanoparticle delivery systems and the
mechanism of action of mRNA-LNP vaccines. Finally, the authors thoroughly examine the prospects and challenges
associated with mRNA vaccines.

mRNA vaccine, mRNA modification, mRNA delivery, LNP delivery system
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