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HE mRNAZ @ FHE xR, TR EES KR AR EERRME, O L LR NT ABIEIE BT
SERRETHERWEY. B, A mRNAG H RGN R 2 Ea kiR ELGELR, ARARFET )
Z HmRNA I FfLf TAE. A mRNAR BT R B TE ML b E RN R B4R, MHEAEATEERRY
KB mRNAZ YL T EEEMER TR T EEL. AXEEZANET AT LN, FMRT £20 1
7 Al R B B mRNAYE . B B, £F X mRNASE # 89 4 14 5 2L, AR FEmRNAR AT/ 464 X8, 25 3% 289
B ZERATAA TS G T EmRNAK ¥ 3 M Pa B A A fh s 5. & JE, Wik T ALE @A AmRNAZ
AL P B R TR Mk R KR T .

kil mRNA, i, AT 6k, Bk 24t

PEV JE—RAERG TN AR BERGE, AT TL 5
TR A Y BRSO B AR PR, FEZEd A
e B Jy T R e B A BT A
R B2 T-BL, e MR, BAISE. K
FEPE R AR AR B L BRSO B T IR B
AN R . R e Ao B, (B 1%
(G BE S A58, T B Ul DR T R
AW EE ARG R NI ZLR S SO, SR
R, (B R GRS I N AR A, I H
LRGBS . SB35 A 18 531
IMERPUR, BA w2 et s A0, (B
JFEAES, T EIMAMRIF AT U Bt TR
BE v R T AR A, B ax bk HL o TR

HE R P A S HLA R s ). DNAYE 1
B RIS AR R AU DN AR F 1 AN, BA
FROEPERS L AR T A O, HH: 32 2 [n) R e P
AR, RISMEDNAR BEff A fE EIEHE A, S
HARRE, R A2 2™, mRNAZEHE
T 5 RNA(messenger RNA, mRNA)FA & 15 1,
W —ZH ¥ R B U (5 B A R A . A
Ji PR 3 5 mRINAE A 4H L P R 338 A2 1 4 e,
V5 APE N, DT RIS .

1 mRNAYEHTT 5

FTE19904F, WFFT st 2 % H AR I mRNA >
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T mRNAFUEPEAR E  AEFR SR S R S0 SO 5%
DR AAR PN 3 325 B8R AR A M) 8T, mRNAYE | () — H
ZRNRE. BEEAREARI I, IR B K ok (lipid
nanoparticles, LNPs)i#i% R4 0] LA S SR mRNAT
B HALR BN, A mRN AR 1Y 2% Ak tEA5
5, R HAKUON T2 TR, mRNASE
EA S g, R, SRR A SRR 2 Fh
RO B2 BT, CA ZHXmRNALE At e FiiT
B Tim R I B Be. R HITECOVID-199 18 KA T
[a], M PfizerfModernaZy &4 i I & B mRNA ¥ 1
BNT162b2HImRNA- 127334 3j453 52 [FIFDA R 5 2 AL,
SHAERIE 10/Z AR AR COVID-19¢ i, ],
BEOOE VRO BE  AE KO BE S5 B 5 R B9 15 B Y
mRNAFE ARG RBFFE M. Gt Modernatt %f %
TP RUR A mMRNARE HTmRNA-1010E 258 )%, T MY
IR 5 (https://news.modernatx.com/news/news-details/
2023/Moderna-Announces-Interim-Phase-3-Safety-and-
Immunogenicity-Results-for-mRNA-1010-a-Seasonal-In-
fluenza-Vaccine-Candidate/default.aspx), 25 52 B HAF2
it FF S BE(H3IN2AIHINT)_E i b5 B3
Fb, BT mRNAZEHEAR MR AE IR YT 259 R
ERBEITH ). XA AR AR 2 1 (personalized
cancer vaccine, PCV) ] LL7E AR P 28 P Ra P,
M S B R S et o dg an it 20234
127 15H, ModernafERIP AR A R A T mRNAJEIEE
HimRNA-41577E1574 B8 300 B #% 2 5 B92b i
BEALIG RILERAS . S PEEmRNAYE BmRNA-415738
b5 5 R AR N A0 RS U PR B BT, R BT X
X SEHT L) e g% S, [R) R A 88 A A o5 410 ol 5]
KeytrudaFHL K PD-1/PD-L 1 #, bR TN MG P i,
HE R OO R L R R B R 3 R ), R G
A FRIR SRR W TT A R A A BRI TG 28 o A A% A A 4B,
AR K s pE T UG S IEIRI, JETFmRNAR &
F TPV AE O e A — e g R R 2 1
AR 0, MY ModernaZy R HIA AR 1/
I HIG RBFTE 25 5%, mRNA-3927/E 03 FmRNAM &
FIRAIT IR, T LA 35 0 P T 7 J3t Sl ke =2 i 28 2
(9 &9 U ) 248k mRINAYE 1 76 S5 g P -t T s
— ek, FEREMEZE . HARBEBCRA . R
RGN AR OIS . EE X ek, PR AT A
IR T VR 25X mRNA RS A AL TAE.
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2 mRNA¥ R

2.1 mRNA¥E & R

HoE, TR B R UL A mRNARE H 1 H
Ml Bz —. AMNEFmRNATESE A ARG 29 TLRs
(Toll-like receptors)iF L], MG | A AU ™A= [E 4G fe s
N2E, MRS AAE RN, BERIMEmRNAT ™A 254
RBIFER. i Ak A M A R, A PR 7
(P)POTRINT - B - PR A (m )P AT L IR
mRNAZE A AAERIVEF. 20234F 1 DUJR Az 2ok =
SRR 4 T Ok A ) R AR AR SR KR B B R 3L
FH(Katalin Kariko)F1k [ 28 H i - 8 H e
(Drew Weissman), DA TEMRNALE /£ A F
TR 7 T RO TTRIPETTHR. AT, m Wik Al R fd
HEREIT HEmRNA B E M= SR, Bl
WFR R, m VIR mRNATE B 2 i) B & A%
AR, A AR BUN IR FUR, 51 R R RN, X
— AT 0 O,

2.2 mRNA¥E SRR

bR T RAZ T BRI T2 B A, AT DL R
AL mRNAAR R Z5 448 P51, mRNAFZE i A4~
SER A (), A3 S e FAs ke . S A3 i A
B X I (untranslated regions, UTR). ##f%[X (coding
sequence, CDS)FIPoly ALK, (L5 A 50 7 it
BT AL mRNA AR E X8, 7] LATE— @ FERE A
TRmRNAJE 1 1Y —LE (A BREG. SR, XFMESE TR
TSI A R R R AR, TR RRCRAR. SEE Ak
AREWE. N T fE(artificial intelligence, ADFL AR
FIAHImRNABR R T 3t A8 k. 8 g
S RLER 2R 2], ARSI RRAE L T A TPl B A A
SEHEE A TR 2], D A AR T R B2 P
mRNAJTH. LAk, AR ] LIAR P A AR 22
S EH A mRNAYE .

5'E F-25F9 TT AR mRNA G 37 A% 1R 5V il ) B
E, JHHTAMRNAREIYI, J5 SImRNAR BRI (2
mRNA MR A5 S n g S ko
SEMRNASH FHR G 7:. HH, CleanCap“25blAH
T —E T2 7E AR b T R
HeAk, AR, MR R eIE 2 Re s
PEMRNARZUAE, I3 i HAE R PS8 1 BHR A A

5'UTRIE % PR S i R B PR 3 3
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Figure 1 Five structural domains of mRNA and representative optimization methods

B, W R X SRR, S'UTRA] AR il A 36
IAZKEFImMRNA R EYE. £FXF S UTRIYZL S5
T BEHUIE A A0 B PN B 1 63k 7K v A L R BT X iz
fI5'UTR. 4, COVID-19%£1 BioNTech BNT162b25:
Sl & A AL B K ozak FE 51 AY N a-BRE FTRNARY
S'UTR™. Kozak 81> &0 T BRI sh3r 45 BRI 10
FrE AR, EXT TR B A e B R B o7
PN IER B BRI s T 2 o6 g, Jhi Xt & Rk
AOEFE A B, HATE XK ozak FE 5 ORI vk =
TR R LR AR N TR ek, [FIEF, Maugerds
AP, e 1R S T IX (RIS 'UTR FICDS B Rif
Y10 TN ) —esbmly, T AR R 1 ik
K. HE, SUTRIYZI BT i Bl AR Wtk
Se ok FHREAL IS UTRIFS, HES30 T A JH
Wi K HACRBAR. AR & Rt — e sh T 4%t
S'UTRGBETT, AR & A B AT LORSE . DRod i iR A5 f
PS5 UTRIFH. SampleE AP F2877 & KA1 T
TR S 6 I S 5 s R 5 U 28 W 2 VR T R T T AR
AIOptimus 5-Prime, F 15 UTRIFHI X mRNAAZ A
1171 Z(ribosome loading) 5N LRI AR 111
P ZEL(RY)IEH0.93, TR il BAFRITIIVERE. X — 75

AT DL — 209 J 2 5 E 1 25 A 3 i UTR X mRNA
R R 52, [RIRT, Cao%s AP FIZSFFHYRibo-
seq FIRNA-seq #5045 3L T BEALAR AR LI 25 T ABLRLH
T B PERCR FImRNA S L, Bl e R 12 T A 750 D
BEEEGE A T — AU A S RRSCR A L
S'UTRFE. LAk, R E B & S UTRY B
(L, Tang AP?ES7 () SmartSUTRAL A 4]
Fm'W-mRNAMISUTREH. 8, ChuZs APk
AL T 5 UTR I -4 H T mRNA Y ) gE i
4T 55 7. UTR-LMAR I B F Transformer B A L7 2
YRR R RIRmRNAFFFI LA K —Ha54 . fe/NH H
REZE ZRIRBE F T IO, AR5 St Mo S 7EA%
WA, BHFRCE MImRNA R A ZAMTES R
WSRO TERE. [FIRE, BRI T 21145 A SR A
M AFEEmRNA  S'UTRIXIFS, Flt T ix L)y
HFHFmRNAZE W . g5 BoR, M T HAI 2
N B GEmRNARE T P31, 1% A BRI 4 mRNA
PEHT R R RK = 5 132.5%.
3UTRSS'UTRZEM, HEZEDREEMHEEARS
HKEFIERmRNA R E PERY . ERTR 2L & T
F oI I 212 1 P 35 BA%E R AR e 3k JE DRI 1 f 3"UTR
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DX IR . Holtkampi AP % MR P/ 4
ZERYPEREE FI3'UTR B AR #Y 7 U AT LA S RN A Y
FOEPERBIFERCR. Ak, S HREHLT 9 8RR FAE R
FF 30 R B AT KBTI T 7445 43 T (massively - parallel
reporter assays, MPRA)™" HE 17k th e (e
3'UTR, WRARIN T EZ —. oK A SH0E - IR
AE LU IR 2, s T3 UTRAT LB
mRNAZAELTE P E A6, DA S 48 A (1 ) = B
CDSIX Sl 4t 2 (BT 751, /2 mRNA R G5
AL 5y, 5 B AL R A i T4, X [A]— 2K
Y mRNAZ# S X AT RE 4 5 5 ik 2™, iR [ g
mRNAZwAS X JPHIERE T, B BIERCE, EHRA
TR, B I AR B S5 T 2 T Y OB R A
25k, 228 T CDSKI A EEE. HFCDS
IR B I TE R, BrLA e T 25 n kit
JrEMELASEELAL. A O R B AR R S TR
2 MU AT . PN CDSHY BT — IR
M, BT B M2 T mRNAZS MR e MY
k. ] BSR4 B R AR BT RO,
S I oty o o 3 R R o 4
BT A5 PR3 4E: CAl(codon adaptation in-
dex)[4l], tAI(tRNA adaptation index)[42], RSCU(relative
synonymous codon usage) 4. HRTC & &I T 2
BTtk (codon optimization) T H., HHOPTIMI-
ZERYYRIICat k) B R BIAS TR, e
LT WA ) B S (8 Al - (codon usage preference)
KRR FH. R, X TFmRNARZ e i
SR, FEAFESS MMFE(minimum free energy)fIAUP
(average unpaired probability)%. Wayment-SteeleZs A *
TPk —F45 HRiboTreeHYF2: T H, HITXRNAFF
HEFTIRAL RIS /NI AUP. . CodonBERT U 1 5k
H 35 3E A BA T & B9 £ XFCDS P T K0 5 AR A,
BT —42 k3 & ) TransformerfE S 7 Z (LA
YIRS IR A9 1000 77 S mRNAZw A% 40 [ gk47 1311 45,
AT LAV FH P S mRNA J& M1l 49 e 55, &
FEEE TR A FImRNA FEAF . 20234 7 Nature & %
(it LinearDesign 8 ik — A4 3 T 7 FIRA E PEIE &
Pud, BEREAEEC PPt Rl N TR AR . SR
mRNAZHIGXFH, s T H LN ] T mRNA
WItME K7, BT, LinearDesign®.: i H
TZAmRNAZE At Aife. B, i
TPV 3 T P S8 ] LinearDesign 3 B 4 AL 5 14
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mRNAZE R SL8 25 R, BICOVID-19 mRNAYE B Al Ik
#3392 (Varicella-Zoster virus, VZV)mRNAZEH. 4558
/i, LinearDesign ik TP ol fER e M. BH&RA
KL PRS2 I b 35940 He A 7 8380
HAE A B R, H B EmRN AR 7EHT
1A 2 )% 7K F-(anti-spike 1gG antibody titres) | f42 7H
T128f%. HEGHETIZE LRI A B EmRNARE |,
TR 2 DA R 2 B, H T COVID-
19, G T 184 KL ARE™, %08 it T-20234F45 1Y
75 35 52 JIfe PR TG . Modernafi H7 RIS O U
— AR T AR AR FImRNAE [R5 2 A X 2,
K cRa fE H AR = I mRNA B 18 & 19 5 3h /4
HOR T HE AR 128,

£ FmRNAK EAPoly AX I 5mRNAKIFEE
BRSNS, GiEmPoly  ABEH T LU RS
mRNA R FRCE R E TS, Trepotecs A HgmESE
W, F1Poly A5 Al i LAAE AL MR PR M s
BCmRNA M BHFRCR AL AT T, B i
KIDNAY A E 4 F IR R K. Ak, Li%k
APUSERA T 7EPoly  AJE AR CHRUC T L) ik — 5 4iE
KmRNAREE . Jm R B FRE 3 T 22 BE ) Chends
AL 5 A 24 Poly  ASFEHImRNA, iH—2
RS mRNA R EVE, $2THE FF KK
3 Wi

F1528 75X mRNALE W BT 3B A Stk 7
B WHRTAT AR, R T B3t o, L TALE
A mRNAB A 9 2 (. R4 XS UTR
FICDSIX AT, 249K, ATBEHILE R H] T mRNAF AR
Pt a2 — Lo Pk iR, 1%, ATBERITE BRI B
ol I A S B R A T A N Sk, (E AT B 52
BRSO A I, PRS2 HAEL Hak, ATEERY
FPT AR R 22, RIVEAT T Bk R AR ALY, Xl
Fei B H SR o AR A A PRI ME. U anitt, ATRVEAE T
ARSI PRI IV 7 I mRNAZG 4 )5 T s i T H
KEGES, FRRETEAG YRR IRRE I o 2 D R
BRI, B AT AR R & B A Y
PR R, AT B FUIN e TR AN, 5 AT 351 UL Y
J&, 1914 AlphaFold3" V4% 5 T A 35 250 1 1 o (0 475
RNA. S Y Ko+ 0 5L R AL AR 25 Wit &
STV TR, ATRSEDEE BEAS B 4 T Hb 4T
RNASDNA. HAGEAEY TR, N



F 1 mRNAWEHRFF & FEBE

Table 1 Summary of methods for mRNA property prediction and sequence design

X 45k ER BN PRAL S S Ty A
5 Cap [24] FHCleanCap” B2 AL1) BT TriLink
[25] RSB TE2E 295151t LN
[29] IS 'UTR I G444 LIt BLflig (Moderna)

HIHES UTRIF S5 2k A 4k

[30] (Optimus 5-Prime) S AT NTHhE AL R VU HE B 43
[32] (SMART5UTR) %Tﬁjgi”]’fﬁf?%?)zi*{tﬁ iy NTHE PR
ST LY S UTR B 0E 5
[33] (UTR-LM) AR, AT T A A £ N TG LA
. BEACRS
[44] (OPTIMIZER) PeAb T 5 s+ RIS an PYPEF 2 G- R i Rk
[45] (Jeat) PeAbS 35 s+ Byt -
[46] (RiboTree) /MEMRNARJAUP ANTHHE WA R
DS [39] (LincarDesign) I 2 9 B TR b AT 2 R
BT R AT X T A 15 AR
[47] (CodonBert) Y, W] F RO AR A AT A FEVEE(Sanofi)
mRNAREfi# 5
SUTR [35] PR ERIKES N3 UTRs T4 BT TR LR
[38] T3 UTRFS et any 22 TR VR 0
[54] FUFIM H CHU s Poly AR Z BT FW AL
polyAE [55] £ Poly AFZMImRNA it IR BT

M T mRNAB RO, 23 ERTiE, FTAWE W) E-2 Bl an P A g, a7 &Rt 2
TR PEAC AR AL mRNA B il RE ARSI A BT AT A AT REME.
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mRNA vaccines, recognized for their strong immunogenicity, low risk of gene integration, and cost-effective
manufacturing, hold significant promise in preventing and treating infectious diseases and cancers. Indeed, mRNA
vaccines were among the earliest vaccine platforms developed in response to the COVID-19 pandemic, demonstrating
robust immunogenicity and playing a crucial role in protecting countless lives from COVID-19 infection. However, they
also face practical challenges such as poor stability and suboptimal protein expression efficiency. To overcome these
challenges, extensive research has focused on the design and optimization of mRNA vaccines. Traditionally, this design
process has relied on iterative empirical refinements. With advances in artificial intelligence (AI) and bioinformatics,
mRNA vaccine design is evolving toward more rational and efficient approaches. Thus, this review systematically
introduces the characteristics of various vaccines and outlines the principles of mRNA vaccine design. We then focus on the
optimization of mRNA vaccines, examining both empirical and Al-based design methods across five key structural
domains of mRNA, including the 5' cap, 5’ untranslated region (UTR), 3" UTR, coding sequence region, and poly-A tail.
Traditional empirical methods involve designing and optimizing these regions to address some of the inherent deficiencies
in mRNA vaccines. However, these methods often require repetitive experimental iterations, resulting in low development
efficiency and high costs. Currently, the evolvement of vaccines is rapidly being revolutionized using advanced Al-based
technologies. Al models can rapidly and efficiently optimize and generate highly druggable mRNA sequences by learning
from publicly available or proprietary biological data. By comparing empirical and Al-based design approaches, we
highlight the advantages of Al in mRNA vaccine design while also discussing its limitations and future potential. Centainly,
Al models also face certain challenges when applied to mRNA design. Firstly, Al models require large-scale and high-
quality experimental data for training, but currently, the available experimental data is limited in quantity, varies in quality,
and is also scattered. Secondly, the interpretability of Al models is relatively poor, as they are often referred to as “black
box” models, making it difficult to explain the decision-making processes of Al models. With the development of Al
technology and the accumulation of biological data, the predictive capabilities of Al models will keep improving. It is even
more foreseeable that base models based on large language models, such as AlphaFold3, targeting biomolecules like RNA
and proteins, will play a significant role in drug development. Al models will be able to more comprehensively analyze the
interaction patterns between RNA and other biomolecules like DNA and proteins, thereby further enhancing the
effectiveness of mRNA design. In conclusion, we argue that personalized and precise mRNA design driven by Al could
revolutionize the biomedical field, offering unprecedented therapeutic possibilities for patients, enhancing the vaccine
development process, and providing new strategies to address future challenges.

mRNA, vaccine, artificial intelligence, nucleic acid drug design
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