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IR R AR TT 3, 5 X mRNAJE H AR KR
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19904, Wolfr&E A FF QPRI FE 14 B /R T KM
mRNA 520/ BUE- B LA rT 5 B AR R A A &
ik, AmRNAFAAEZE W & 40Uk 4 1 2958 T B8
FLhh. mRNAE BIVEFBLEI S K 52 2% i 4 A oo 7
(B, Ao B (1) 4EHEI: mRNAYE
it NAVE BT b4 2 41 i (antigen-presenting cells,
APCs)FEHGHA AT, (2) MG SEALHMIR)
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TR R RS a) QMRS BB e
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Figure 1 (Color online) Mechanism of vaccine action based on mRNA!
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AR, AR 48 K kL (lipid nanoparticles, LNPs),
B AR K BURL AN £ JE AR BURLAE, LA mRNA YR
B, PR MRNAGZAZFRBGRE A . 3 5 Al MRk
RN R ) 36 6 ORI, o, it 5 AT gtk
sl AE DR e gk R, v DA — A 4 e B B N 1 2R
FasE k. RS A E AT . ANk, HAa R
P 7 R 118 09 K 328 2 AR 2R T e AR P A 85
LAMAIRE), SEEImRNAR TR, T SCKE N R A
T-mRNAJIESE I 156 35 WG PO BRIk R R
TR % 7 =T, FEER ARG PRIV A H v 7.

2 mRNAFFIERE TS A &R

mRNAJFEAESE i 138 36 R RIFR AT T MGG
TR B Z RGO BRI AR ) B AR AR
U 2, mRNAJE s RIS 2 T 8 % 40 e o7,
HAET, EEAERE AR RN N RS AEYIRTEG K2
PRANAR A WU PR K A A R 40 K 2 A 5 A
ZRG M (dendritic cells, DCs). M REMEH
JE A, X SeRE W BA R A AR A . BRI
PEYR AR FEALFELNPs . JCHLA KR AR S 440
RIORE A, AR s R 28 D7 AR (AT 5, 25 R R
PSR IARTEmRN AR 26 U IE VAT 7 T 34 s H RAT
(7 ). (EAS TR, IR bR AR Y & Ry
SR — AR S BRI AR AL T . E A A AN
AR, ZRIE R G A R E T mRNAJEAERE
Fiky s 2% 2R 1281,

2.1 IR A &
2.1.1 AmEREAK

FEmRNAFEAERE A o0, s A R
RGBT PR A R R R S
B, MO RRR R A 1 TR R E Ak,
G RREPIFBRASR DY, BRI & ik
BRI 73 . SR, R EEBA I R FHAAAE
W R, A fbid A Rk A R 5, fAESh
VRSE R A G 1 A AR XS, IR RS | & M TE
FHEF. T, AT R T IR EEFE R (virus-like
particles, VLPs)FIHERE R AP VLPsE —Fhak
2o Tl 3 45 F AR 11 ) 2L T ) 4 0 R T K R
(K2(a)), S1EGRTFREARAALL, VLPsA SR EEE HlpT
TR ALY, PR A T R A 22 4R Lide AP
5T J8/R T VLPSTEMRNA 2 H N FHTE A7, AT TR

FHVE R IAMS2 (9 S re 8 IR R akdd, ok T gahs
HIYIBRIR VE BRI I mRNA, RIS VAT . %
FMEAALBEAT SR mRNA G Z R B A, 815 S
TIRFUA AR AR S RE S . R IAEY R R
PRI AR TR AN 35 1k, A ROW Th1/Th2 5 i
JO7 FOSPARTE , JREER H E R MR A K AT
2.1.2  ZapEik

4 i AR AE S — o 2% 0 25 1 3 K R W, FE
mRNAJEAERE HiFIE s R e 3. Hirp, DCsH
FLJ5 B AR Y GE KON B SCERE T, W R R L
FIHIMRNASE 136 2% 2R AP, HAR 3 BRI A
BUF AR e RN, TR B A B DCsREIR
JEHE R RN, TRl B R P A BRI 3 SE RE
Vik-Mo% A\FOE I RIR G /R T DCsER AR 1 1 F Al
S, TR R A AR SR A R T AN Y mRN A RS
P A BDCsH, MINET T R RN A, HA
ZEH W A B B s SO s A RIVE H (B12(b)). An-
guille A HEFT A — T 1Y I R 56 0 — A2 T
DCsERAA I ARANEL. AT FH i 5 20 Mg foiA i
F1(Wilms® tumor 1, WT1)[ymRNA¥4YLDCs, PAZESi#
PERER R . LR R IR, 1E“<65% 7 H
“>65% B E AL T, SHERAAE R (overall survival,
0S)73 ik 5169.2%F130.8%, $4 15 T Fi B 201k 1 1955
BACANIT S AI51.7%M118%. AL, BFFTih R, K
OS5 FE R BB HURIEHECDS ™ Tk [ 4 i iy T4k -
YRR IRAEI o WTURRSME S 0 S B G,
T AR AT 5 L 52 & B A T — i LS.

SR, BT DCs#E A mRNAYE B A7 AE — L5
M, Bi4n: (1) DCsHIRERY AR S DCsi b . e
FE NPT R S BACR ST TN B LRI, v RE S8 s
AT, RN H D CsEK ) 2% 540, T RE 235
HARERER P, (2) il & R A &2 4 DCsEIAR SN
FERNBT IR B 5 PR i 2 B, RIS ELOAS B 5, BRI
7 AR AR K (3) 7 R A —EPE Rl DCs
A7 e AR B EAEAE LR [B) A8 S, 124 T DCsEiA
B RS A P I ARHE ). BRI, AR SRATF5E 1 % FE An ]
PEADCs 3T FBIL A, bR M ER0R, IR
EHASMEHI A
2.1.3  ShibiR AR

Ab W AR & — B bl 40 oy W Y . AR L AE
30~150 nm )i 50U B B ) A L . XS4k
SR LA A A0 ) T P A DGR A, [ RLELAR
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H N-SFSIIHTPILPLGGC-COOH

Fusogenic Peptide (HSWYG):
HyN-GLFHAIAHFIHGGWHGLIHGWYGGC-COOH
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Figure 2 (Color online) Bio-derived nanocarriers for the delivery of mRNA. (a) VLP serves as a carrier to deliver nucleic acids®”\. (b) Schematic
overview of preparation and inoculation of DCs vaccine targeting glioblastoma stem cells'*”. (c) Exosomal RNA delivery efficiency is several orders of
magnitude higher than that of synthetic LNPs™*®!. (d, ¢) Biodistribution of in vein-injected Exosome complex via tail vein over time!*”
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K(E2(c)). (2) SRAEIENZL: LIINBE N BRI mRNA
PE T AT AE /N U NI 5 50 1 T G AT g A e i i 1 147,
(3) ik DIRE:  AMUMA T S ER A RS E R ) i %
(] f LA 206 38 2 2R 0 TR 5% AR ZEE K A P 0 S [ )
PEUSL BRI, (EARE A, REBMINBA-mRNA
PEVEAEIFIE . B RN A8 B A A YRR R
PERHE, SEEBA L mRNAK EIR(E2(d),(e)), 50
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fifi 2355 iR (cell-penetrating peptide, CPP)J&H £95~307
IR I RS, RERSTE A0 40 M A s
IR 2B ARSI ol & o KN, B R AR, Ud-
hayakumarZ: A\ SRR IR T & A P ETERALASL T
() CPPXTmRN AR ROR I 2 IR 751
LRI A B0 A mRNA KA i Hodh 1% 2 CH 2, 1M
2 RALAZEFF 25 T Bm RN AZE 5 Ik 55 F1 4 422 32
4, FET I A Y DCs FIF S TN M G e N 2 i g

RS 2R U SRS R R B R IR R AT,
EReh AR A AT IERAFIR ], IR AL IR
BRI, FRARZMEmRNA S T (10565 E Y. Sebas-
tian5 AN POWR I PRAFF 5% 1 — MRS T #0KS 6 1 -mRNA
FERTIIE ). W R B NTE ST CVI103(—Fh dfih 2
o ik 92 A ST A AR B T -mRINASE 1 ) 0] il R
HEATRE TR, S5 R Wiz i B R rm sz bk, Jf
REAS U 1R Sk i S

RS B T A3 DR HL 38 4 R 2 s 1 P I 4 M A
PEFF R BRI R T R I A SR, I
PR BE . pHFNER IR Ve i B R, R BURNERETE
2, Gkt Ryl —JmR, 23 IR
N T ReH RN R AR B AR i B, 4G
TR K/ 2 1 5 R FE A T) A BRIREE R AOAT N, oAbk
MR 7 91 LIS i HAU R e ), AR S mRNAM &
YERFE M AR e v, il X e AR, AR
— AR 2k A,

2.2 TEHLAR IR

TCHLAORAL R LR A T JH, Refards . £
Urfe i e YEERE AL, H BT EmRNA S K U8 8
AR, HAT, B FmRNAGSDZE W IO K AR
F B AR B i AN BEE MR L 4 94 K kL
(AuNPs) . i KBk (SeNPs) 3. XSGR ST (G
PR YA T, FESEPIATTY . 25k AN
BRI E RIE ],

fie ¥ R EAYOKRE R . RS Tk
17 1 D Re B i 0 R, BB AE = 80k ik IT IR B
mRNA.  H [ B9 A S BE A 328 106 2xf 78 52 3 AT 4
1k, BB TIRAWFITANH N 5 LY. ChenE AN
J% B 25 PE Bk 1 - 45, (amphiphilic carbon dots, ACDs)AJ
AR mRNAZS X ZAIETT. A ACDs@3 DGR
(luciferase, Luc)mRNA(mLuc)& AW 1155 YR B
FiLipofectamine 200035 T £20%. ##lkid 5

ACDs@mLuc/7 6124 hit) 4= 91 % H AR (K13 (a)) i 1%
5B W AR DGR LA v R e R R R GR TR . IS,
ACDs 1 484 % UP 75 2 [ (ovalbumins, OVA)fJmRNA
(mOVA)ZEH RERHEDCs L, BIEHUA R RN,
A e i A KR %

LS ARG K UK (mesoporous silica nanopar-
ticles, MSN)JZ Ak FLZR M MALLER. MSNEA W]
MFLAE . LR IRRIRSLEY, BIEAT LT 25
FARRE S, BUA, MSNEUERIZEH . RIS T
A2 1 T B 1k 25 YAk i B vh R Atk s, g
R0 6 DRI Ry i — P Dy BRI M AL T 4G
B0 %3] Zhang%E AIF % T —FMSN-mRNA 7
T RS, WS AR ABMEHDHIRICL6, WA
T mRNA AP BRI 78 B /) U i
EL4Z0iE(B.G7-OVA) M 22 B He P B v, G208 3% 2
SR A NEHERIRITROR. RS R R, B2
C165%C16@MSNsI3B 2% (1)/NEL T, g & 2 I 2 4k
R, H80%HE3Z . 1 G 19 /1N BRUAE A7 0 [a) A H 0
ARG, A ITIESE T8 1% R A I T
Jifrs e TP . A, HuE AUl AL
AEHE D 40K R (mesoporous  silica fluorescent nano-
spheres, MFNs)%E 84t 95 Mt i (carcinoembryonic
antigen, CEA)MmRNA, M@EBFAER KR, ¥
MFNs@CEAmRNA¥ 1 5DCs 5 5, #4kDCs
(CD11"HICD40") 1y LBl A 34.9%+1.3% & $E T+ &
57.4%+1.5%, 7~ Tz IR RTEA 5 FDCsEL
AT 328 BNy T (v .

AuNPsHISeNPsIEAR | S5 449 FIHR/INAT DL i ]
FOEIATIRYE, SEnE e A L Ao A A
PRI, ST, IXGURIRI iR 22, FEAER 2
TGS HAT BRI fL. Yeom 25 A3
T AuNPs-DNATRERY), 813 4507 i 300 il ek A4 1
FEJHT-HFBCL-2I A XX E I (BAX)mRNA, it
T —FMBAX-mRNABRIAR. A5, FE/NEFEHE
AR R SHZ R RE % S mRNA Y = 2026 %
Mk, A4 T, R A K (EI3(b)).
MaiyoFISingh!*"FI| I SeNPs{ft 5 (Bt R BE 11, Moz T
IREILSeNPs-mRNAK &), F-I5Wb# 5 T MR (folic
acid, FA)Um] i Bt. PRIMSZES H Luc ) SRRk b 1
ZE AW EA B EmRNARE 1, FASE A BEOIA
REARTH IR 52 1A PR A 55 P AL (13 (€)).

UG TG R FTURE LA 328 12 VUSSR ) BF 5 D R A
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Figure 3 (Color online) Biological applications of inorganic and organic nanodelivery systems for mRNA vaccines. (a) Bioluminescence imaging of
mice 6 and 24 h after the intravenous injection of the ACDs@mLuc®". (b) Retardation of tumor growth by delivery of AuNP-conjugated BAX
mRNAL®, (¢) Luc expression in folic acid modified by SeNPs-mRNA complex®”. (d) Ionizable lipids deliver mRNA efficiently in the liver'”™. (e)

Antitumor efficacy of mOVA-loaded sugar-capsules!®”
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DRI BRI A W) 22, S b AR AR A R
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B IXBE ) 48, TR 55 R E 2T ).

2.3 ATHLAREIK
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HLfar, BE-557H B LT A YR BSSAE A FH, etk i Ak bk,
T 8 25 B 5 3 6 R (E13(d)). 3 — TR A 9 o,
Cai%e NS i3 7 i o B ABRERREE, it —Fh s 1
AU 1 TR AT AR LN, A8 A T e P 200 e
PEmRNA, /R T R RIETTRCR.

SR, LNPsTESEFRR FH 1A 7E 5 BAL R . AL
B AT AR — | A A R MR 3 e e 1 kA 46 )
FEE )T HAHRE Tl AR PR R AT T, PRI, T
AFRIELNPs-mRNAYE AL . PR ZEIR AL DL A
HAE YR A, Tt — 4R T Hege ek |
IR S R4 v ) AT S
232 RAEMMARBA

REWBIRH L Z RS TIRE, SR E S
DIRE ISR, S mRNABS LI T RGN T4,
WAL R AW . SN AR P Rk,
AT DL 2 2 B A )-mRNA K A W) 1 3507,

BAE WSS F T 0 EERIS S SR A
SR CTRG o - 5110 N = e I P R o2 3 BN 0 R N 4
AR LA 13 L P 4. E AT, AR B )-mRNASE
T bk AR T A IR IS: (1) 5| AHA mpHZE
WRENI IR A Y E REH], RS & RN R I
WV % (polyethyleneimine, PEI), BtZSk44n] i i 4240t =
W IIE T, SREmRNARE SRENE, IR N
TRREIRAE S AL, FEERAR 5] A L 2R s bk 3 (4]
W] DU R R AP PR R AR (2) 254 T
TEHERE Y RGLIMNRRE IR T, B, Louds
AR pHBUR B il IKGAL A B HimO VA- R 54,
PRHNSZIR A8 R, %R W T A AR B B 4 FIDCs
FFmRNAM Y KF . GALAMGHE i3 JE 7 WA I 1
2, HEEmRNAR N LRI BRIk, M2 FOVAR: R
TR TG AL AN 2.

PELE— M2 ML BHES FRAY), 5 B bk
PRI, 8572 0 1 TmRNAS LB ). K1, PEI
(22 AR 2%, HOB e DO 40 L B mT BE S | & 40 i IR
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Table 1 Delivery systems and characteristics of different types of mRNA cancer vaccines
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\ Intranodular injection
‘ mRNA-5671 (NCT03948763) |
ECI-006 (NCT03394937) )

\.—-\\ Intramuscular injection
PTX-COVID19-B (NCT04765436)
| MRNA-1273 (NCT04860297)

Intrathecal injection
NR2B

Intratumaral
injection
0X40L
(NCT03739931,
NCT03323398)
BNT-114
BNT-122
(NCT02316457) |

Intravenous injection

CV9202 (NCT03164772)
BNT111 (NCT04526899)
| TriMix (NCT01066390) |

Subcutaneous and Intradermal injection

mRNA-1608 CV9202 (NCT03164772)

mRNA-1468 TriMix (NCT01066390)

mRNA-4359 mRNA-1608

) mRNA-1468
mRNA-4359

B4 (PRI E)mRNAZE R B RIER T R ZORBERR T SR A 25 MR S2. 452507 85 45T (intranodular injection),
TESRRMR 254031 T, FHTFmRNA-5671HIECI-006%:254; LA {34 (intramuscular injection), #£_HE LA H#E1T, % FHFPTX-COVID19-BFI
mRNA-1273%588 17 ; WP TEST (intrathecal injection), HA%AEH T35 HEH FE, FITFNR2BE 254, 54 NS (intratumoral iniection), £1X 43 e 4
£z, WA EERETR, 1A TOX40LHIBNT-11445:25%); # ki 44 (intravenous iniection), 7ERRIREIKh#EAT, HIT°CV9202, BNTI111HITriMixZs
2%, BT 1 5T (subcutaneous iniection) 1 7 PN ST (intradermal iniection), 781 ARJZUEFT, i& T 2 mRNAZGY ITmMRNA-1608 . mRNA-1468%%
Figure 4 (Color online) Different strategies for the administration of mRNA vaccines!'*!. The scheme illustrates various drug delivery routes, along
with their application examples. Intranodular injection is administered at the cervical lymph nodes for mRNA-5671 and ECI-006 drugs. Intramuscular
injection is conducted in the deltoid muscle of the upper arm, commonly utilized for vaccines such as PTX-COVID19-B and mRNA-1273. Intrathecal
injection targets the area surrounding the spinal cord for medications like NR2B; intratumoral injection focuses on specific tumor sites, exemplified in
the abdominal region of the figure, suitable for OX40L, BNT-114, and other therapeutics. Intravenous injection occurs within the veins of the leg and is

employed for treatments including CV9202, BNT111, and TriMix; subcutaneous and intradermal injections are performed at varying skin layers to
accommodate a range of mRNA therapies such as MRNA-1608 and MRNA-1468
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Figure 5 (Color online)The controlled release strategies for mRNA vaccines. (a) Lipid-enveloped pH-responsive polymer nanoparticles deliver
mRNAM, (b) A universal GSH-responsive nanoplatform for the delivery of DNA and RNA''?!. (¢) Ultrasound-responsive biomimetic calcium

carbonate nanoparticles deliver IL-12 mRNA!"'®. (d) Schematic illustration
activatable NIR-II Cy-lipid upon NIR-II irradiation!''”!
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Cancer therapy is often lengthy and challenging, substantially affecting the quality of life and health of patients. mRNA
cancer vaccines represent a novel strategy in cancer immunotherapy that work by activating the patient’s immune system to
target cancer cells through the delivery of mRNA encoding specific antigens. Compared with traditional chemotherapy,
radiotherapy, and surgery, this new form of cancer immunotherapy offers improved therapeutic effects and reduced toxic
side effects. Unlike DNA vaccines or viral vector-based vaccines, mRNA vaccines operate exclusively in the cytoplasm and
do not integrate into the genome, thereby avoiding the potential risk of insertional mutations. Furthermore, mRNA vaccines
are recognized for their short half-life, favorable biosafety, compatibility, and avoidance of T-cell depletion due to
continuous antigen exposure. Nevertheless, challenges such as instability, autoimmunogenicity, and low delivery
efficiency continue to limit their wider clinical application.

Recent advancements in nanotechnology have opened new avenues for mRNA delivery. Designing mRNA cancer
vaccine vectors involves careful consideration of factors such as size, composition, charge, and hydrophobicity to
maximize drug loading and minimize immune rejection. Research shows that effective mRNA delivery strategies can
improve the stability of mRNA, protect it from nuclease degradation, and improve cell transfection efficiency.
Consequently, the formulation of optimized delivery strategies for mRNA vaccines is essential to enhance their therapeutic
efficacy. This review explores the mechanism of action of mRNA vaccines first, then identifies potential issues with current
mRNA vaccine delivery methods, and provides a systematic summary of delivery strategies using various carrier systems,
including bio-derived, organic, inorganic, and hybrid composite nanomaterials, discussing their advantages and limitations.

Moreover, different delivery routes, including various drug delivery modes and mRNA controlled-release strategies, are
summarized. The administration of mRNA vaccines has been shown to effectively regulate antigen expression and
modulate immune responses. Common approaches for cancer vaccine administration include intramuscular, intratumoral,
intravenous, subcutaneous, and intradermal injections as well as noninvasive methods such as intranasal delivery. Different
administration routes considerably influence organ distribution, expression kinetics, and therapeutic efficacy of the
vaccine. Additionally, implementing an appropriate stimulus-responsive controlled-release strategy for mRNA vaccines
can minimize inflammatory side effects and enhance safety. Given the unique characteristics of various tumor
microenvironments, such as acidic pH values and elevated glutathione concentrations, a controlled-release system
responsive to these cues can facilitate targeted vaccine delivery to tumor sites, improving the utilization efficiency of
mRNA vaccines. Furthermore, external physical field-responsive mRNA vaccines can adapt their action timing and
duration based on real-time treatment conditions, allowing for adjustments such as targeted aggregation and accelerated
release to better address clinical needs in cancer therapy.

Finally, this review addresses the current limitations and future prospects of mRNA cancer vaccines. mRNA vaccines
have been developed for various diseases and have garnered significant attention and research in cancer therapy. Although
mRNA-based monotherapy may be effective for early-stage cancer or as adjuvant therapy, advanced cancer often requires
combination with other treatments for optimal results. It is anticipated that with ongoing advances in overcoming current
challenges, mRNA cancer vaccines will become powerful resources in the fight against cancer. To facilitate clinical
transition, researchers must investigate the role of mRNA vaccines from multiple perspectives and models; conduct
comprehensive clinical trials to evaluate the vaccines’ immunogenicity and safety; optimize dosage, treatment plans, and
administration routes for different patient conditions; and validate practical vaccine administration methods. Tailoring
treatment to individual patients can ensure efficacy beyond merely laboratory mouse models.

cancer, mRNA vaccine, nanoparticles, drug delivery, metabolism
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