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fH%E 4 Sk, 15 OB (messenger RNA, mRNA)VEZ H otk . & A FERET. 2HH
R B BT T (L ] BT . % IR TmRNA B & 69 38 U 0, 40 T (R IEmRNA B 83 N\ 8 40 fig 7F #11F — B 2 mRNA
BN TREMANEENA. FRALLERNEXRZAE. REENEEREMAZEWNARNRE. FEH
B BB R, R . e F AU (virus-like particle, VLP)Z —#F 1 4% 2 25 B 41 09 45 & et Bk, BB
AW, BHETBMN NIRRT RITHENHEREMAE Y EEE, BRTEEHARGE%EE ﬁl\/)ﬁ?@’* = R R

02 T L T

mRNA# 4 7 5t 09 3 28R 2 418 7#5(? Bk T TE R e A VLPR A AmMRNAG & A fo i %07 @
WA R R, W T 2T VLPImRNAS % 2 58 B7 W I 69 9k & Ao laB, DU 7 R 3T 2 mRNA# % R R G5 %

XHtidl mRNA, #3% 245, maEFNN, 2, AR RS

{5 RNA(messenger RNA, mRNA )J&—ZR 45
WHIZTR, HDNAR)—ZRHEVE IR ik, 5 A st
A5 HITRESE SR A . H mRNA L I IF 29 52
AT AR, mRNAS: B R RAATT E
FHRJHE R F AL, BB mRNAR AR BN &
&, FLAEFEW . SRR REARYT < Rk DN G R 4 L
TR FHTE I AW 248 . mRNAZG Y EA AR
#e H\SE, mRNASFIERMTh A HEVE, At A2
W, AFAETFERARAGEAE R HIR, mRNATERN
R H RN, T BBE R, AN, mRNAY)
FA= . AR, T 4 SRR 245 T 2 1 1 5
A0 (B, mRNAB B RREE. 255 WAL IR %
ity JoIE A EAM. BHPERCRAR LA R SR s 1 4

AR T mRNATE A Wy BB gs v )z i .

B AT mRNASEHE A TR A B L) X mRNAF
BB HRA CHE AR AW, bR 5 3 e
KIRMRNAH S AR ER AL TE 454 (Cap)~ 5
A BIPEX (5" untranslated region, S'UTR). FFJIE L
HE(open reading frame, ORF). 3'%wdFE#Hi% X (3" untrans-
lated region, 3'UTR)FIZ R H R (poly(A) . FEXIT
RN SEmRNA(in vitro-transcribed mRNA, IVT
mRNA), B35 AP AT AR = 85 1 Rk K
(F): (1) SuRIEF 254 7T 5 1E4S5 4 2 1 (cap-binding
protein CBP)Z54r, LAB IEmRNAREMEY, Jf: 5t ik
TN TS AR R IA™. ZEmRNAR KA T
e, AfREH BLCIE W CPBIR BN AY S I WE 254, i
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F 1 mRNAMRILSRREE
Table 1 Modification of mRNA

mRNARYAL RS (CLIWIRFS Hefess S0k
ST SO IR 57 1EmRNARESR, 5%@?&6?2&%@&@% (8]
poly(A) IRIN100~120 IR H R PR mRNA I BRI [9]
S'UTR T e\ QR HUTR I MBHHHRNAZE S E A, S RmRNARREN
ORF T2 Eim’C. mU s"Us mPAL ORI FObAL FRIEX TLRAGHECS, A B FmRNATER PR BIF [11]

] I 2 {PI#) (anti-reverse cap analog, ARCA)Y H PRk
Tix—E" . (2) ZEmRNARY 5 i, 35poly(A) R
KB (]2 AT mRN AR B AN L ge 1Y, AR SN
A mRNARS, 35 7E 3 s i — A~ K 100~120
AR Epoly(A) ", HHRRE S poly(A)4: £ & A
HAERIE ARG BRI R E 59, (3) mRNAM3FI
S'UTR STHASERNALE A 1, BE W& R MmRNAF %
TEPEN RN oA I mRNART, YEPRIE A 2 ik 5L
WA o-BRE A B-BRE IR BSUTRIFA, 7T LA
mRNAFIFEE PR BRIRRCE. Ah, *FmRNAGHELK)
P AT LR mRNA B 2 s v, 5-H1 e
H(m’C). 5-HERHF(m’U). 2-BRTF(s°U). 6-H1 K
R (mC A LA R (P) 1 1 1 B mRN A REF A X
TollBE3Z & (toll-like receptor, TLR)AJILIE, [FlAT4 e,
mRNATE R P (93 1 2k,
FEALA B RS [, 3R S mRN AL A ) 2%
JE HAImRNAJRYT 9 M. ER A mRNAS T
K(10*~10° Da), HIEHECHER AT, MELLE S 2
AT, PR e A R A 2 o 2 AR A
HmRNAVE AL 52 B8P 5 1A/ il ik i - e 24 i
TIFIPE. AR L R o R AN ], mRNAGE 26 44k ] 3
S L DN | B ok = NI ok ot L N | Bk e
R EEALFEIR AR R . BEY . QIS FI L
KA. BRI A TEmRN AL 2% 07 | 28R B AR 1
JRUE201 o) e bR B RN AEE 1 3902 ) FH IS T 4 ok
Wiki (lipid nanoparticles, LNPs)/E Rk afik, @i
FEL M T A D S 0 i 7R R 45 s 1 R 28 S 1
mRNAFJEEEREE. HAT, Pfizer5BioNTech#t A4
% IBNT162b22 fIModernafimRNA-1273E sk 1
e, FRE A E AP RS AT IR(AWeorna) > R L IR
(Convidecia) 452 1 O 52 1 = WG KRBTSR, 205t %f
B T A mRINASE B 2 3 A G PRAFFE B>
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W E IR MY FE R 6 AR, AR R H ol
B4 G % 7% (lentivirus) . %% 7 (adenovirus). JFEAH
5 7 (adeno-associated virus, AAV)HUE R FEHURE
(virus-like particle, VLP)3E. Hi, VLPEHAIEEY
—. A A EERE NIRRT YA AT
FEWIA . T HAR AL A5 A5 Y, R AR Y 4
AR AT A6 R, 9 B ZEmRNAS 2% 17 H
rh i i Sk A1

A FEREBA IR A C LI mRNAG R
F13 3% A VLP#E 26 2R R s R T R B, B2 A
T SPEIRIT AR YRR LA S DR 4 i 4 Rk Y i
M, IR VLIP3 22 50 Y 1 1 I iy Pk A% AR Sk Al fig
AR ZRBE ) 7 1]

1 W TEFERIRL(VLP)

VLP & H i 85 H— 8L 2S5 F 8 11 A 2H 2T B
5 RIIFBEASTH IS BB, BT S e
TRREFEDILL, PR HA e IR VLPHZS 4%
MR, PR AN ST AR N I, P8 X VLIP3
THTHEA TR (B, SEEIRYT 259000 = 3G (151 1).

IRYL R B IMARE, VLPAI 4R AR AKE Bt
IRVLP(nonenveloped VLP)FIA G VLP(enveloped
VLP). AR EEA VUL AR S BERR 7 (cowpea
chlorotic mottle virus, CCMV). WEEAMS2 ML)
T EVLPFI LU RGEE « HH 2 A AR R M4 i VLPAE
mRNA#E % FP YN H(F22).

2 JfRvVLP

2.1 CCMV VLP
2.1.1 CCMV VLPHy & #4F &
CCMVE—MiYhes, M55 1H3.2 kb
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Figure 1 Different types of VLPs for mRNA packaging and delivery

RNAI. 2.8 kb RNA2. 2.2 kb RNA3LL%0.8 kbilF A
ZHRNA4H AL, HASEHE [ (capsid protein, CP)H IV FE A
ZHRNAAFIFMR, 43F 820 kD. 180/ HCPH
TRLLME B — A 4228 nm T=3 (0 1E T ik A 5550,
CPIINA v 2 F1E NS, B CPIANGG & A 67> Arg 13
ALys, A THIERATA A EFRE D, B ER
o PN R 67 B fef A% B0 =2 TR A B A AR, A%
R > F A EEAECCMV R, W SE BRI (1412).

HMNE R ST, CCMV  CPE #IF A it 41
) R R R 9 B BBERNAY, 2ceMy Cpy
RNAJ & R R, K ELE140~12000 % R 1)
RNAZ THBREE 2 20, RNARY — &5 HI7TECCMV
VLPAuE s f v & HE B EE ], RERSRZ I RNAS CPAY i
HUAHEAER. SAH R PRI AR S EL, CPIR
Jerh A T B R IRNA, 111 LA 25 g e 04,
2.12 CCMV VLP1E ¥ # f# # mRNA

R T BEAYRIE BRI VP 1% 1 5 5L R 7E
T FL s i b k9 nl BB, Erdemci-Tandogan®
NHFICCMV VP AR # (056 65K [ (enhanced
yellow fluorescent protein, EYFP)JmRNA, H T &7

%2 ETFVLPHmRNABEZRL"
Table 2 VLP-based mRNA delivery systems‘”

7L 3 ) 2 L RN AR R BORT B A R A Jeialn)
Lipofectamine-2000# B T, VLP-5 4F4UH) 7 BUEF
Y fifi(baby hamster kidney, BHK)WF &, Aol 21|40 g o
EYFPHIZIE, UHHCCMV VLPAREMEI RNAN YL MR
WA, [l ZE L 3l Py 20 i v o) Bl R ZR a8, il
YA EE D B R SR T BB BB R,
TEAMEE AR TB W AT T, ARk Aok
% H(enhanced green fluorescent protein, EGFP)mRNA
fICCMV  VLPTEMSIRE B 2 % Je il 7L 2 P 4 L (an
HEK293. HeLafTHK 241 [ifg) I w2 B, EARAIHLE]
A Pt — Aot

RO T T S B AR P3R5 /2 mRNA
TER N IE R FZEIRE Z—. A T s iox —HES, Gel-
bart A 2M4 515 2 1 (1) STINFEK L2 (0 47 A S %F [
JA B (nodamura virus, NoV)RNAJK#IRNAZR & i
(RNA-dependent RNA polymerase, RdRp)F il it iSEAE
J&, OB A RIS FImRNA. LICCMV VLPAE
iR, 2 INE R 1 H FmRNARVLP S R
BRI SR AL [R5 B S, B A I SIINFEK LR
B RNAZK PRI 7P 5 5 R ER 1Y 5 i A LA 2 2
BT, i R 5P 2 3% T R (I CD 86
MHCIIFICD80) f4 5 17 i B 2 i 1~2 i 2, Ui
VLPHEA R - mRNAIEHE By i A S 4R 40 .
FERENRIRN G, BEVLPF=A: BT AR PR T4 i e
5175 FIFNAITNFAI R 73k, 25 1, CCMV VLP
AR — AL i mRN A X 2K, A ARSI A
AL R E B R EmRNA, 045 H B8 H &8,

2.2 MS2 VLP
2.2.1 MS2 VLP# 45 #y 45 5
MS2 WA IR B IF U RNASREE, ENAEALEK

Wik ARG mRNAZRIS A o FH E YR S0k
CCMV VLP Y% & 1 STINFEK L {3/ R e [32]
MS2 VLP PAP. GM-CSF W R [idisE T) [33]
LVLP SpCas9 EAP R B B P P RS fes v S [34]
VEEV VRP DENV EZE [ 4M5H st DENVEE SR S [35]

a) DENV: B #Hk##(dengue virus); VEEV: Z2 N HiHE DI 48 7 5 (venezuelan equine encephalitis virus); CCMV: BL G ABRZEIELL I 7 (cowpea
chlorotic mottle virus); PAP: 5| R M MERRHE (prostate acid phosphatase); GM-CSF: 740 fitd- F W 41 it £ 9% 33 K T (granulocyte-macrophage
colony-stimulating factor); VRP: & & il 7 (viral replicon particle); LVLP: 1895 #: 50k (lentivirus-like particles ); SpCas9: fhJiet: 55 ER #

Cas9(Streptococcus pyogenes Cas9)
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Figure 2 A strategy of using CCMV VLP to package mRNA in vitro

3569 nt, FE Gt AR 1 (BAKE ). CP. &l
T IS4 1. MS2 VLPH11804~13.7 kD CPALAY, 4h
1227 nm, 4215 nm, S1E AN M (1=3). CPA
A. B. C=RIRFIRS, AIEA/BELC/CHIFP R
A, kSR [F R G0 SE R PIAE AT I B IR IE A
VLPI RS FIRFREE, I 2 fEfE IR . pHANES Tl
B W AR B S0 R S i e e Y Ms2
VLPR A B 2R o, B i 2285 M
FE B A 7 vk REEMS2 6 1 SEBUHE 1] BR A /R, Ik
Ak, MS2 VLPEAMX KM ERZs ], FTLME 2
Pl B B A Tl oy T RIARE, SR W% . B2
Wi SERTT &SRR R B AR — 104,

M S 215 B 44 42 ] il 2 L) 35 R 1) 5 "ot A7 76—~ FH 19
AR RNAZEIRNEE M, N FRpachisf, BES
MS2 CP R4S EAEH, /- SR EERNAR AL

WBH A pachi S EYE T8 LIT M AE AR R
2 sk, MS2 VLPULREAD R HA R I RN A (AN
siRNA)™, 7E/EmRNAE L EARIS, FlSAMS2 pac
DS MNEmRNARERE S PE B U2 M S2 VPPN,
AR MRNA G SZA% R B4 P (14]3).
222 MS2 VLPE 4 # fR#% X mRNA

MS2 VLP H B {58 G It DA X AR mRNA
LR RE Sy, il O BEAR A mRNA S 2 2R
— O BRgE R IR, AUBEAHIV-1 gag mRNARIMS2 VLP
PEH R R R EE, Bk B mRNATE3FIA
[ 40 2 (HeLa. HEK-293FICHO)H Y RE = 8 B,
FEFE LR 5 S B BALB/ e/ A 5 & R S b
e Rt

TE 55— T LAMS 2 Ay s 36 2 1A FH 947 i 871 A 14
mRNAZE AT, Gt i 51) i R 14 B R 1 (prostate
acid phosphatase, PAP)mRNA R/ FI: 4 i ——5
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21 B £ 7% i) 8 X F-(granulocyte-macrophage - colony-sti-
mulating factor, GM-CSF)JmRNAT] I #EMS2 VLP
TSR, JRFEIL LR e CSTBL/6/N. ELI-
SAZERFRM, /NG HFIL-12FA TNF-a 5K F i,
TE /N BRAAR RS T 381 1 33 B2 1 PAP R S PE Tg G iR il
CD4"FICD8™ THIMMIFR, iFK& TR FART e Al
YRS RN, SEGE T /INERIRE A AR . IR S I ]
THFMS2 VLPHmRNASE M WA SR b, Ry
mRNASEF R T — R 6 0k, IR T
M S22 38 BUATERT S My 7 R BT 7. MS2AK
FC IR 2 1) B R il T8 Y RS SRR AT LA
i3z Z2 R BKAYHE A, 7EMS2 VLPZ 1 # 2 S AEHSI Y
Ok S B AR ) B Y, X — R S MS2
VLPH A mRNAMRE LG, AT — P TH A
mRNA-Z R A RER.

2.3 HAbEuhEvLP

B T CCMVAHIMS2 VLP, HABEVLPHL A] T34
mRNAST. B Aquifex aeolicusht) — FVUEMELES
B (Aquifex aeolicus lumazine synthase, AaLS)J&H 607~
i IR E AR T sy 0% VA B 2 B
HHEF T2 e Hilvertl A AR FH BH 25 F IR FIRN A AL R
SZIEMEAEN, Bk T REEH R B B mRNA
AaLSAEIR, TECPRNA il A - W B AR DT 1 3 FIN
AIRNAZE SBHANT BK), AT LU SEPE R R JmRNA
5'F13'UTR LAY N T-BoxBZEHR45H, M SZEImRNAF)
Frserbtude. oAb, REBMA L TR E A (low
molecular weight protamine, LMWP)fIl# [#{APP7 VLP
Al LIRS 2 Al B A pacil 15 B a0 ¢ B H (green
fluorescent protein, GFP)mRNA, #4H7LMWPJK[PP7
VLPRERS ZF & AN, I H H AL Y mRNARETE I 7L 5)
WA b AT A R, RRGEAETTRIET
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Figure 3 A strategy of using MS2 VLP to package mRNA in vivo

RN AR 22 A E R 8 177 32 X J9T 997 A 7 7 T
JREBLH T Rk 1,

3 HFEVLP

3.1 ek
311 BREHREREMEE A

PR T SR BRI — R, N A IS
IEAERNAM ARG, B[R ARG Ak 4> 2440 i Fn 4324
. HIESERNATES M3 Kumss A — KA EE T
%ll(long terminal repeats, LTRs). LTREA )3 shFi&tE,
AT LA 3NS5 B 3 P (gag s pol env)IFRIX. gag
FHAGCP, FEE AT pold K 4 fith i
B SR (p66/p51) FRHKMGEEAEL G, envIER gt
gp 120 Flgp4 1 IR BB A%, AN, LTRIFSIE S
H ) shidi e SR R B AL R A1 4 B A S AL
5%, W SREFEGRIT, 1B LR T
RNA KM G icDNA, LIcDNA Jy# Mz & pi 34
DNA, 2 NG EDNATE G B B R, oy
AvEFGRET. R, R, Rk AHIV-11
AT A IR % TR, 5 B0
B LB YA L, A2 B R AR I L R
B AR R, AR . A
263 N

MR EAR T TR R AR sk, (1
P20 T AR AL R 1) 1 B T S 2 v L R G 4 1Y)
TR 7 BRI, A T S IR R e 4 1 R 5K,
ST T K 17 38 2ok 15 7540 B 40 2 38 % 2 BmRNA
AYLVLP. LVLPEIAEmRNATRIE FEA 250 (1) LVLPH

prin=sl S

mRNA@MS2 VLP

—
DB

mRNA@MS2 VLP

MR #ERNA  LTRIHE WAL S S ARTREAZ
[i) P AH A FRS mRIN A 2 7 390 7 S il i B 5 il 2K 0%
FLVLPNFS, mRNANRESFE S, HAEE N Faos
F2%; (2) FIFHRNAGE Bt A K Ho e AR 45 2 1 22 16 4
M EAEFRALREFE A mRNA, ZmRNAANI S LTR,
AT DARE Gl i S AR G, JF B AR A A0 v il ) B3
KA. IR PR IS D5 I mRN AR HAT bR
IR MR, REASREARAS R () SsiE SRR 5 3 1
FIER AL RS, R SR B T AR R 1 5
3.1.2 8% & 3K E mRNAF % IR
mRNAJHYT T F PR G 48 400807 FH AT 5% ) (. i
1B 1% i A BEFE B BRIl (zinc-finger nucleases, ZFNs).
TALSUV AZ TR BEH(TAL effector nucleases, TALENs)Fl
CRISPR/CasfimRNAZ T, SEHIXRFE DNA K B4
A~ MBR, SREE DNABIEREIG . BrilssE, Disas
H By FE R a8 e r e s ko Thig, Mimfe
DAL 2 T SR 1) T BURYA YT . 129 B URLAR 25
GBS TALENSHImRNA, {H i A S0 405 TALEN
FEHN I 2N ERE T e st fh kA E A,
W%, B, Mock@E APMIF % T —Fhisifts 5
il 5 A% 1 A BN o B AR T e A ), 25 SRR
FF 300 7 SR T2 1% 1) 2 B 48140388 1% I TALENs-mRN A
RENETE RN P DR SO 2 IR T R T 2 M . L
Hi% 3% 1 CCRS$R S PETALEN mRNAZECCRS /293 THk
ARSI T IR 12% CCRSHER:. 4h, mRNAF]
Apoly(A)F 5 Ja CCRSMBRACFIE N 22,565, X FHr
TR 7 AR Rt FH TR B 3R i LA B A R%
N, FREAA R T B A, A e T8k
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A PR R I8 TR RN A 58 A8 FH G 1) 1 7 [R)
WL SEAMAEIAHZS & DB 1IR3, W LA —20 1%
P o B 25 R A1 47 A A 3R

LuZs \ PO 4 8 8 345 3R 18 Cas9(Staphylococcus
aureus Cas9, SaCas9)mRNAZ [} B0 Ff5 I A PILZL
#E 1 (human beta hemoglobin, HBB)JL[A 13’ UTR/F5
FMIMS2iE EiAR, FIFHMS2KFEHE F1(MS2 coat protein,
MCP) F AR5 ZE 30 2 [0] 19 R S5 PR A EAE K SaCas9
mRNARSEFELVLPH, Ffif5 53 AHBB-sgRNA1/JEL
B BB % T 3K (integration-defective lentiviral vec-
tors, IDLVs):[F]5% 5 2= GFPR 45 41 Mo . 4558381, Sa-
CasOREMS S BUBRIN FI R RIS, He 48 hE, 13%H94k
M L GFP I, 86.5% 11453 HE PR i A4 AFIIBRZR.
S fdtid R RGN (B A =R, % A BN IEZER S Sa-
Cas9 mRNA 5sgRNA a4 (1) vl e 1.

AR T R AR A AT A DR AR R A AT &
T —FBEmRNARF AR, ZBARL G TMCPXT
RNAZEPRE5 1) 045 S DR RN = e 36 LT BT A 4 AL )

(@) (b) N .
CMV>- Stem Ioopl pA N 4 [\ !
C CcMV )|:|:|—| PGK )-— IgnNA
Y >

pMD.2G

Transcription l
pMS2M-PH-Gag-Pol-D64V

MS2 stem loop (6x) — pA
Cas9mRNA - /

l Production

mLP-Cas9

Cas9 mRNA

B B e, FFIE E HIV-10 TR 5% 5 P )
1 1%SpCas9 mRNAFIHE ] 1145 N Bz A= 4 I -F A(vascu-
lar endothelial growth factor A, Vegfa)[JsgRNA(&[4),
FHRIBTT M Vegfaifs 55 L AOTRITE B AR s BT PE. 1
HEK293 T4 Jifg o 1% [5] B 5 4 SpCas9 mRNAFI
sgRNA ) —1A&fL.CRISPRIZ% #: VLP(mLP-CRISPR). 7£
PAYHI RSN 59 5, mLP-CRISPRE[%:44% 11 ] [l
OF LA B VegfaFk N, Jl/D T 63%H A L4

L SEEL T R A R G i, R B3 2% Y Cas9
mRNATELERTE] A 72 h, AT LA 25 R R ot S XU sk
DRPERN. ZWERAE A TR T IEA EE VLPAYCRISPR
WIRIRIT RGE, R T VLP kR IR & %A%
BE A e H R Ty T ) B

3.2 Wiarikik
321 BREHELEMEA

F % 7% (alphavirus )2 B IEAS RN ARG 28, fE
WAEF 2B M ROCEMEsh 2 ). RN 2K

5 U3 R U5
N\ /

IDLV-gRNA :
l Production

Vector RNA containing gRNA cassette

Transduction iand reverse transcription

AU3 R U5 AU3 R U5

N\ / | N\ /

© Packaging system
- pMD.2G MS2C mLP-CRISPR
pRSV-REV \2, C b /'/—_%
pCMV-Cas9-6xMS2 = \ ///,S & A
— —> ISIS gs |S;
pLV-egfp-U3-sp.gRNA N7 2. -///
==
pMS2M-PH-Gag—-Pol-D64V
Cas9 mRNA Cas9 mRNA

L pMDIg/pRRE-D64V
(WT Gag—Pol)

Vector RNA containing Vector RNA containing
gRNA cassette

gRNA cassette

B 4 T 0% Cas9 mRNAFIsgRNAILVLPAL AR 0 35 FR 2 ECY. (a) M 8 BRI (D 25 Cas9 mRNAJGEE; (b) IDLV-gRNAJ" AL FIf 5

L (¢) —MAbmLP-CRISPR Y0 i 72

Figure 4 The packaging process of LVLP for co-delivery of Cas9 mRNA and ngNAm]. (a) The principle of packaging Cas9 mRNA into lentiviral
particles; (b) production and transduction of gRNA-expressing IDLV; (c) the process for producing the all-in-one mLP-CRISPR
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12 kb, ¥4 2/1~ORF. 55— A~ORFN7 T 5K 415 A Ui (1 iy
2/3%5r, S AESE#) 8 1 (non-structural protein, nsP)
nsP1. nsP2. nsP3FlnsP4, J135BERNA T EE FET
IEBERYEE S 55 A ORFAL T RERI2H 3 AR o 1) 5 1/3 5
gy, UMASZEREEH, MESCP. B HEL. E2. E3M0
6K 1, 1 DT AL B B RN AR 221 255 i ol ks
PR ENSSHEA BT EEAmRNA(HEFK26S
mRNA)BIPRIEH], ZmRNA ARG & P
(52 12 A RFI AU BERNA - ORF ] (43174 (5 3 7
B SRASFI (5 ()) . 2 R TR B N S5 RS 1 A A
B, FF 9 R A Tl 6 i 7 R R 21 5 N3 R i (4 A
FHFF SN AR AR S5 8 R B, 4548 25 1T ORF A 4b
PRIBE PRI, BIBARR A A E i T BT RNA SR AL, d
LW T RNAGLE AVLP. 5655 il 77 A 5y sk
a8 FANE)E, T S R FERNA SR S i
AT HIRE .

322 WREHEFLHTHA

ob ERR 7 B sl DU BRI ST BT 9 B PRASTZH L o B
AR N T — PR e B e AR T (severe
acute respiratory syndrome coronavirus 2, SARS-CoV-2)
/N FUBRYLAR RS FE i VEEVACSE AL I EE 1 i 5l B
RNAFFEN T, A7 A ShR% 19 A L8 59K R 45 i 2 (hu-
man angiotensin converting enzyme 2, hACE2)A%% il
F Y EIVEEV-VRPsH ([E5(b)), M8 %
hACE2# X SARS-Co V-2 Uk (1) /N RS Y, VEEV-
VRP-hACE2%% 5 1)/ FRAESARS-CoV-2/ 4 Ji5 L 5
COVID-198 E RIS, W] FH 2 A I v
TERIHOR TR 25 A i,

JEY HImRNAYE i 7014 N 52 B 20 A mRNA K A
TR A g R, S RE S B K-k, I
B UCH LR, T H Y B mRNAYE § R J
PR, R R AERNATES B4 AR E
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In the past few years, the global COVID-19 pandemic has led to widespread attention to mRNA therapy, with the
emergence of the mRNA COVID-19 vaccine driving the rapid development of mRNA therapeutics. mRNA has shown
great and unique potential in vaccine development, protein replacement therapy, and gene editing, which, however, has
been limited by issues such as poor stability, inability to enter cells autonomously, low translation efficiency, and immune
stimulation activity. With a deepening understanding of mRNA structure and continuous progress in mRNA synthesis and
modification-related technologies, optimization of the cap structure, 5'- and 3'-untranslated regions, open reading frame,
and poly(A) tail have been implemented to enhance mRNA stability, increase its expression levels in vivo, and reduce
immune stimulation.

Efficient mRNA delivery into target cells to enable high-level translation has always been a major problem in mRNA
therapy. Developing safe and efficient delivery vectors has been a central pursuit to solve the problem. Based on the source
of their composition, mRNA delivery vectors can be divided into two categories: Non-viral and viral. Non-viral vectors
include lipid nanoparticles, polymers, extracellular vesicles, and peptides. The most commonly used is the lipid
nanoparticles. However, problems with this non-viral vector remain, such as cell toxicity and the inability to target specific
tissues.

Viruses are natural vehicles for nucleic acid delivery. Viral mRNA vectors include lentivirus vectors, adenovirus vectors,
adeno-associated virus (AAV) vectors, and virus-like particles (VLPs). VLPs have many beneficial features as mRNA
vectors, such as uniform morphology, the activity of entering target cells, having three interfaces for modification,
biocompatibility, biodegradability, and scalable production. According to whether they have a lipid membrane, VLPs are
classified as enveloped or non-enveloped.

In this review, the recent progress of mRNA delivery by VLPs is summarized. Specifically, cowpea chlorotic mottle virus
(CCMV) VLP and bacteriophage MS2 VLP, which represent the non-enveloped VLP group, are first introduced.
Lentivirus and alphavirus representing enveloped VLPs are described in the following sections. In each section, structural
features closely related to the immunogenicity and biodistribution of VLPs such as structural composition, icosahedral
arrangement, genome components, and surface chemistry, are discussed. Based on the structural features, the mechanisms
for packaging and delivering mRNA drugs by VLPs are explained respectively. The fundamental studies and applications
of VLP-based mRNA delivery systems in cancer immunotherapy, antiviral vaccines, and gene editing are also mentioned.
Moreover, an emerging group of de novo-designed artificial VLPs is introduced in the last section. The application of
artificial VLPs has opened up new possibilities for efficient mRNA delivery. They will benefit the platforms for mRNA
therapy in the near future.

Contributions of VLP-based mRNA delivery systems are expanding the frontier of gene therapy by nanocarriers. It
should be noted that the regulation of mRNA delivery and translation efficiency still needs to be improved. Considering
continuous multidisciplinary efforts in this field, we anticipate a promising future of mRNA therapy in VLP-based
nanomedicine.
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