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Figure 1 (Color online) Exogenous RNA sensors in cytoplasm. Different types of exogenous RNA molecules are packaged by lipid nanoparticles and
delivered into the cytoplasm by endocytosis, and then naked RNAs escape from endosomes. TLR-3/7/8 are primary RNA sensors anchored on cell
membranes. PKR specifically recognizes double-stranded RNAs. RIG-I/MDAS binds long double-stranded RNAs. PKR: Interferon-induced dsRNA-
dependent protein kinase; TLR: Toll-like receptor; RIG-I: Retinoic acid inducible gene-I; MDAS: Melanoma differentiation associated gene 5
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ModernaZ\ 7 565 7E AR E A1 9% [ par, % UmRNAJEH 1T
K, IR A A BRI FEL N I PRI A TS 2010~20204F19
LOAERF ] L, RK/NVINRNATIZ5 A T oy, 300 THmifE
BePEPOR . R A I mRNAYE T FIZ5 ) K.

20194 R ERF AU AR IS, I T 2 BRE A EERTH
RS PRA BE ) 28 B I ImBRINASE B (I R . #3220234F
¥], RO RIGRIAE MmRNAZS Y 28601, 1RTTI
PORATRE: (1) BB M AR bk (2) Mg fesis
ST AR T, B ) A PR 2R T D L T e A1
U (3) AEYMEBOREE, NZE RN EE. EBRNRE. Iitek

The discovery of First mRNA-

mRNA liposome

1961 1978

UJALCJUj ClAl Gl GIIUJUL CRAIUJAJCRUlICRA Gl GLUJU] CRA UL Al CJ U CJALGlYUjlUl CRuUl CrA] G

1953 1969 1995

\

o ,IIIE .w:ﬂ.;\; i

DNA double In vitro mRNA
helix translation

B2 (M4 ) mRNARE TR iR K AR

First mRNA-company
(Merix B)ioscience

First mRNA-
cancer vaccine

JRRES APRADZINTE . CBUNTFRINEESE; (4) A NE B
PR TIA, ATmRNAZR Y 5 SR 2 P L RE i,
KT S EIRA N BEAEF R Z AT, (5) UL bRy
SRR G AR s AL s, FEIR G AR 5,

6 RNAYY: Pl 5Pk

mRNAPE BRI F 5 A A PO S i fn Bl ], 3%
FmRNAYT LB BILERGIRY T AR R P R B B S R
U FA A B 2 Wi AG Y7 7 :0(K12). (915, mRNAZS
YIRS T gt /Ny 290 biik258, B W] R i
(1) AHXTEEINZR 5y (I #0 S e B 25 i, MoK bk T 24
IR R, (2) mRNAZGY) E B4R o b R DI fE, HR
AR HERERI 201", (3) mRNAZGHIRG K22 AR B, FRi
FEPIAE TR, VAT FRE A R

(AR, FiE AT A mRNA AL 7 AZEFEH
2%, HA98%IR A ARGIDIRIT S, T 1Zid) 12555
P TR R AEASRNAZ T, mRNA AR RS X 38 (40 s’
UTRHI3'UTR), | ZZ 5FEmRNARRENE . Ha35L
., SRR B ME A ERRCR. EF 2 ER AT
(nRE . =& Mg, JERHBRNAETTEEMRNAMRF
EME. BIEIRRR. B R190% L L AESR AR SCAS S8 T2
PRI ARG XI5, ik s 2 IX IR AR AR 545 A T %
AL R UmRNAZYYIBEE LR, IEAh, REIESITDRNA
(E5HE . DRELL S HAE R A A v s £, R %)

First trial of
mRNA-cancer
immunotherapy

COVID-19 mRNA
vaccines

1997 2009 2020

ullujCjA

2005 2013

CRISPR-based
mRNA editing

Non-immunogenic
mRNA modification ()

Figure 2 (Color online) Landmark events during the research and development of mRNA vaccines

4950



BN

PRAR R A it B T ALE . B0 kA R R IR 2 56
.

AR, AEgRIESRNARDIRENLHIBT ank angs. FE4up
W, AERIBRNATE 378 AR E s, FEEReE
HEFAnE#HET. PafESRT. AEABHR T
Ay, B A A A B RNA S F (R B mRNA ST
microRNAZ>F45), SPGB A R WA
R ERUERNAM EAEANES . ZRaT, KA
FFRATHEAR I E S A RN ATE 2 P mRNA 53 1M 98 47 A= A i
FRAGHLEE. ) XS 1 DR ME IR ZRADRNA, W] {2 5T
RIRNAZGHIUNSIRNA . [ X EEAL TR 25 (antisense  oligonu-
cleotides, ASO)SEMIBFA. BLAN, FHXE RERT & RIEH
mRNAZF, WATEFsiRNAFR LSBT IR P T T3,
INTEEGIT M B .

RNAFEANHE ERASERRER Y, MRARNALL G B A
B FIT B R E 2R S R, RGEHTmRNA RS FhAE G5
RNAMENIAGS, Fi3RAA N AYRNA-RNA. RNA-FE AR H.
YEROLE, TR 45 S mRNAFIFHCR AR TR 2R, XT LA
RNA MRS 25 & B EHE. 20164F, Howard Changs
3% PIFF % T PARIS(psoralen analysis of RNA interactions
and structures)F AR, T ZENE AN H 48 8 RNA G 2544 L) Rz
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Breakthroughs in mRNA vaccines and innovations in drug
development

Lu Wei' & Yuanchao Xue'?
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On October 2, 2023, Drs. Katalin Kariké and Drew Weissman from the University of Pennsylvania were awarded the
Nobel Prize in Physiology or Medicine “for their discoveries concerning nucleoside base modifications that enabled the
development of effective mRNA vaccines against COVID-19”.

mRNA was first discovered in 1961 and characterized as a class of RNA molecules that can transfer genetic information
from DNA to ribosomes for protein synthesis. In eukaryotes, mRNAs are transcribed by RNA polymerase II and go
through multiple rounds of co- or post-transcriptional modifications, including m7pppG cap at 5'-ends, poly(A) tails at 3'-
ends, various reversible chemical modifications in coding regions and 3’ untranslated regions. These modifications can
significantly increase mRNA stability, half-life, nuclear export, and translational efficiencies. During 1961-1984, along
with the discoveries of tRNAs, codons, anticodons, cell-free mRNA translation systems, and in vitro RNA synthesis,
researchers began to show broad interest in delivering exogenous mRNAs into the cells or body for disease prevention and
treatment.

Since the 1990s, many attempts have been made to achieve such a purpose. However, these attempts are unsuccessful due
to the severe inflammatory responses induced by exogenous RNA, which can activate cellular RNA sensors, including
Toll-like receptor 3/7/8, PKR, and RIG-I/MDAS. Such limitation severely restricted the clinical applications of RNA-based
drug development. Drs. Katalin Karikdé and Drew Weissman discovered that introducing RNA modifications, such as
pseudouridine, to exogenous RNAs can significantly reduce cellular inflammatory responses and increase RNA stability
and translation efficiency. Their groundbreaking works promote the rapid transformation of highly effective mRNA
vaccines targeting COVID-19 from basic research to clinical applications.

In December 2020, the FDA approved two mRNA vaccines against COVID-19, BNT162b2 from Pfizer-BioNTech and
mRNA-1273 from Moderna, to prevent COVID-19. These vaccines have been proven safe and effective in preventing
SARS-CoV-2 infection, saving millions of lives. The success of COVID-19 mRNA vaccines also set an extraordinary
standard for other RNA-based drug development. Up to early 2023, more than 60 RNA-based vaccines or drugs have
initiated clinical trials. These vaccines or drugs aim to prevent and treat different types of diseases, including COVID-19,
cancer immunotherapy, personalized therapy, and infectious diseases such as influenza virus, Zika virus, and hepatitis B
virus. Alternatively, several therapies for protein deficiency diseases are under development.

In this paper, we reviewed the journey of mRNA vaccines from the initial discovery of mRNA molecules, the in vitro
synthesis of mRNA, the various modifications on mRNA, and the specific modification, pseudouridine, which can
efficiently prevent the immunogenicity of exogenously introduced RNAs when delivered into the cells. These discoveries
together promoted the success of mRNA vaccines against COVID-19. We also discussed the possibilities of setting
noncoding RNAs as therapeutic targets and promising drug candidates based on our understanding of their crucial roles in
regulating life and health. In contrast to protein- and small-molecule-based drugs, mRNA- and RNA-based therapies are
more programmable and druggable. Scientists can easily and quickly design drugs based on RNA primary sequences and
higher-order structures, significantly reducing the time and cost of traditional drug research and development. RNA-based
therapies will definitely revolutionize drug development and show more substantial power in preventing infectious diseases
and cancers.

mRNA vaccines, RNA modifications, COVID-19, RNA drugs
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