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Table 1 Comparison of oligonucleotide drugs, small molecule drugs, and monoclonal antibody drugs, partially compiled

from the reference[ 8]
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Fig. 1 The development process and milestones of oligarchic drugs, some of which were compiled from the references [10, 17]
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BERHRAMNERHREMERE, BoNTEEESEIH (10, 17]

M T HMRENE ML TR AW R POR IS | 25t S B, /R 25 TN TRST EOL AR ILYOR . saRNA: /NEITRNA;

ssRNA: HLEERNA; CMV: E KRR MR (cytomegalovirus retinitis) ; HoFH: 44 F % =5 IH E BE M AE  (homozygous familial
hypercholesterolemia) ; DMD: PN JLEF# A K (Duchenne muscular dystrophy); SMA: H#EMENIZE4E (spinal muscular atrophy); HTA:
WAETEFIRIEZN- S AOTEM A (hereditary transthyretin-mediated amyloidosis); BD: EJ#J% (Batten disease)
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AR O A 2SR A 25T,
FEEEXT R 2 AR R BAG G N T 2 I ME L2y
PFEWSE (R2), YEtRAGCEE S TiF
B PRI . AR R GE e . pR AR AT R e
(neurodegeneration diseases) . U» Ifil 45 5 955 55 & U,
e SRR ZS ) [ 1998 4E 1 3k ASO W36 [ &
mm 2 BLR (US FDA, T CWFKFDA) il
MRS TA 204, W2 Py 1T 180E LAk
JERTBE ™, 20064 RNA T3t (RNA interference,

RNA1) HLHIZRAG I DUR A B2z F B 2 Tl 3t
AR F LY HE B K, (B Z3RNAL 251
Il RIS B ik, —EER O R B2 — R
IR, Bl AR B2 3 siRNA 259 i D 4RIt 1
i, FT/IMEZIR 2593 3% () i B8 K0k (lipid
nanoparticle, LNP) i 1% 5 i 1 GaINAC 4[] 3¢
WL AR T MR R R T, iz A 2019 4F
COVID-19 18 % Je I A R L T LNP A mRNA J&
B Z A, D RS AR AL IR 245 W A sk ik
1 24 kT B e A Y . DL Alnylam

Table 2 Nucleic acid drugs approved for marketing by the US FDA (compiled from references [18-19, 22-23] and the

FDA website)
R®2 EEFDAHLE FHEZERERTY (EEBESEH [18-19, 22-23] RFDAN ;)
e H 3 ZFR KM RYEIE BT P PR & AT
1998 Fomivirsen ASO VT CMV mRNA 15 490 it 975 5 4L R % Tonis Pharmaceutical, Novartis
(i R
2003418 1)
2004 Pegaptanib  Aptamer IVT VEGF-165WIIF 245 G380 7 A 100 M 4 8 A o M 2 B OSI Pharma-ceuticals
APk
2013 Mipomersen ASO SC apo-B-100mRNA Al G SR e E ] e I KastleTherapeutics,
(221 (HoFH) Ionis Pharmaceuticals, Genzym
2016 Nusinersen ASO ITH SMN2 pre-mRNA HHEMEILAZ4E (SMA) Ionis Pharmaceuticals, Biogen
2016 Eteplirsen ASO v DMD 5154+ FLIRNUEFFA RAE (DMD) Sarepta
Therapeutics
2016 Defibrotide ASO v 7T T kPR 2E R ,
(sVOD) Jazz Pharmaceuticals Inc
2018 Inotersen ASO e TTR mRNA FIEANEVE B FE 2 40 4895 A2 Ionis Pharmaceuticals
(hATTR)
2018 Milasen ASO  MEE NS CLN7 Mila MakovecffJCLN73£[5 5 Boston Children’s Hospita
AU AH G
2018 Patisiran SiRNA v TTR mRNA HVER BB BRI 2 R v Alnylam
2
2019 Golodirsen ASO v DMD 53 54ME T FLIRIUE TR A RAE Sarepta
Therapeutics
2020 Givosiran siRNA sc ALS1 mRNA SVEFPERRIRE  (AHP) Alnylam
2020 Lumasiran siRNA SC HAO1 mRNA 120 J5U Pk v B PRORE Alnylam
2020 Defibrotide ~ Aptamer v BREFAT/A25Z R JHT 5 ik 1 56 05 Jazz Pharmaceuticals
2020 BNT162b2  mRNA M SARS-CoV-2 SHURH14  Hdhi e /4t (COVID-19) BioNTechAlIPfizer
P2 R PE AN ) B
2020 mRNA-1273  mRNA M SARS-CoV-2 SHitJ5ifJ% COVID-19 Moderna
P R PEFNPULR B
2021 Casimersen ASO v DMD 4554 & FEIRIUVE IR A RAE Sarepta
Therapeutics
2021 Inclisiran siRNA Sc PCSK9 S R FERE AL P00 ML 5P Novartis
2022 Vutrisiran SiRNA sc TTR ALV IR I 2% & B Ve A Alnylam

FEANE 2 R AL M (hAT-
TR-PN)

IVT: BYFSRMAR 25 (intravitreal administration, IVT); SC: JZ Fi: 4} (subcutaneous injection, SC); IV: ik 4F (intravenous
injection, IV); IM: JJLAESS (intramuscular injection, IM); ITH: #§PN1:4T (intrathecal injection, ITH).
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Fig.2 Mainstream organ targeted delivery strategies for oligonucleic acids
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Fig. 3 The main known pathways for substance exchange across the blood—brain barrier
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Fig. 4 The blood—brain barrier crossing strategy of

mainstream drugs '’
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Fig. 5 Common surface modifications of nanoparticles and targeted receptors for crossing the blood—brain barrier
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HRT AAZERIE IR ) 254, — 0Ll 4 9H
KR A% U B ERIE sIRNA R 251 NU-0129 4,
Eadt AT R — W ARG, it UiEk BCL2L12
SR TP B R S i e Joe g R P8R (Il
PRIRIY ID: NCT03020017) . 3% — I PRI 16 & B A%
HR 2GR T RO R R . AT
ESURIAEEI YW e e IR N s R
JETFLiAR (£3).

R S T 1 8 9 9 I A DR S [ T
N = E B 2y B S S S S e A R g (2SS
TP AR R 55 f o LA 2B A T
RS AD. M4 #%% (Parkinson’s disease, PD)
¥ SRS, I H AT EW A
F. AD DIMPZ e £ . ROIRFNCAZ K A FRE,
J& H AT A EUR KA M 2B 1%, BIE
WFEEE I (B-amyloid, AR) HERUEMAYBELE . AB
HIAZR I LR 2875 | tau 25 10 BERE R 1L . 28
R E4 (APOE4) MZR7AE | FRARAE . M
LA NS AD RO EE RN 57 AR Sl
DAVE YRR B S e A . BERIRA . AB KK
L AEDIRYIE R VE B AR I BE PG H 7E AD B H
IPRT UL, AT 5T SR B VE A AR T X 2T i 7
PE S EH R AR LR AD BIFFTA W 28 B AT IR
2] IR A, BT AP BEHIE G A o S s Y
B4y 1 (B-secretase 1, BACE-1), A WY
PheZ U RIR S AR R R fii%63% T BACE-11Y
SiRNA Jf HZZfift T AR 553/ B AD 1% 7,
UeAh, 38— R EA IR R BE ) i CON £ JIk1& 1
() —Rh 17 2 BACE-1 siRNA F 4K AR B T
XF AD /NERBE AL IR 5 I PR ARE FDA L HE TR
T 10 AR BEBIE (4 BT, AR LR A - 11

SR T M B, I B AR — e w4
W TR A R (FR1), B
R T ADIRYT I 2L R By ok B i
A8 A K e RUBS: O AR 22 Y SR R A N ]
JSATREDR BR BRI R ME S5 A 4R /N F i, DAREAIR
LK, SRRV F 2R
8, AN TEZTRNTI 24, Ee S m
Rifi. WA, ADWPRHE . ABER B, &
XTABTE BT R IS G TR A, AR Ak
B, —LAD BHF NS 5 ABIF L EHIE LR
Bk ABUESL, APOE4 XSS5 LA, tau 2 FIAHOC
(R £F A 2 45 D S 28 AR E 2 32 AD i RO o
tau 25 FUAHSCHYZF 4E9H 25 H T F25A N2 tau S 1 1Y
PR E B, AR T AR R A EE
PE i APOE4VE R e B 221 AD 15t A% XU 45 o7
B, WR LS AR RUTEBR Y, I BBB Y
SEREMERIMR A RAEA G, HATA R R
ASO IR E 12K 2 (APOE-R2) /Y HIAL{A
X} AD B —EI7aL 7, IeAMBAT — T R AE
PEA 8 3 ASO £ P tau A K 18 22 |, R4
A — S 2 RIHIG RIS, HETR A FEAR
PSR T TR 25 KW T AD F3R97 . T AD W
SHEIMLHIEAFAE R EARA, AT ReTE e AL A
W T AR DA T 2 AL IR T LS

PD 2 f5 UL 0 5 A s B B, HLRRAE 2
Bk Z M eRe M 200, IR RIS ik Y
o A% E I (a-Synuclein, ZfbILH SNCA) 115
A o Rz R A R R B VIO, PD 2 —F
JEE AR TR, BT AR N
2 mA RS, BRI o AL Y
FRTR Y B AT 2R A SRR . At
5% 3 18 o T IR TR B SNCA 7 ASO M7 JL A
VE ST IR 20 W A 22 (1) SNCA siRNA % PD /)y B
W, KBRS A RO 7Y, S — A
i 5 S 45 2500 ASO 3 1% /)N BRI Y AL A T OE [)
Wegs o A ST A AR R 0] RVG 22 &I 1)
HMIMANS SNCA 1) siRNA 36 2% F /NG, A
BRI T o Rz Rk 7 BT SNCA A,
AL 2 TR B 2 B 2 (leucine-rich repeat kinase 2,
LRRK2) WS WA PD A G, A58 X 4)
SR VE BT ASO T 7l PD R 74, bAh, EFXT A
gt AA L R T, AR E L KEAP]
(1) siIRNA BRI Tl s 4, IR 174
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PD A5 2 R 25 ) MPTP 5 & F #2284 757
Zi b, HETCSA —Leniod i 40K 240K SNCA
(1) sSIRNA B D) 3% G N, HJ2 H AT & R &
(IR R PD VAT BN i 1% 205 kE ik X AN Th g
PEYIA, BP 22 MM BE AR 22 0 A R 15

IR (glioma) 2 — i FIAR U4 AH G ) T i
i, HAEEE K. BT R, HisrkE 22+
REEGHAIT o TR 1) — LR 259 F B REfb I
JIBPUME 25 Bk e, A2 PR T BBB, BT
PR 25 e/, 8 TR T 25 1Y) [l A0 7S X
YRR DI — PRI, AL R W TR IR YT
s A — e i, WA T — RS EARE
PR AR T TR IR L S R AT AN TR 2 AR Y SE AT TR
29k o ANIMAAE R A MR AR P = (R R 2 A
Wk 3z I e B 1 SE A AT TR 25 Wik ik T
Fb A S 2o b 28 T A i A3 2% T STAT3
1 ASO 77, WA A 2L R IR S G 2
JRAG R ()2 28, T STAT3 FE P 14 siRNA 18] 72 5 41
JH A U8 A A A FH T itk 245 Ji SR A ey U, A R
T7 FKBE T 1 A0 WA 1A 1] K i % 26 microRNA-21 [
ASO ™', RAMAARTT LIOKRIR T HE A S, i HH
Akt et r, B i FAR G
BEPEAPEAIL IR A, TEA S 1) 355 SR v e R
AT B oS SR A o SRR P A TR e 1%
MG LA R A, VP2 B B MR RS R S
FAKKEF1 (IGF-1) ZIRW g VRS AT R 2y
YIRSE 5, FEDMEIBESR T T 40 (03T e sy =,
AL KN T B (TGF-B) o AT e o 9o 1) 4%
HRRZGYHL A ™ BB WA AW 6 ik 4 Ak
MIZREME, WL R A WA T T P S iy P A
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DULER YL AN, hZiikia iR ZEEE, WA
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BRI RBL, (ARERE RS, /NI RER
FEXHARE ZLmE NS, AENR T SR 4G 2T R ik 2
AR RO T E 2 S E . 25 1, XTI
IR SR AT RGN IS8 8, T3
AL SR mEE LA PRI, SRR Z T
PIEWEIE, H H AT JoHE ARG AR Y BT
JEEATIRZGY), T EPRERMRIR IR % k%
Ve REREASRER . BRI R | $EEin
TG R RE 1 LA B BRARIRT T AR

Table 3 Oligonucleotide treatment targets for different
age-related diseases
®3 ARREHEXEROSZEHBIRTES
PRI TRITEL A 225 R
i fsz S e BCL2LI2 [54, 77-79, 82-85]
STAT3
MicroRNA-21
IGF-1
TGF-
PLK1
CD73
BACE-1
tausg [
APOE4
APOE-R2
< AR 7 SNCA
LRRK2
KEAPI

R /R IR ¥ R [44, 59, 63-65, 67-68]

[69-72, 74-75]

2.3 HEEMBEPER A TSR

i B 25 W) I K B BRI B T BBB FIURRIR 11
ARG LAAL, Hopm R R 2%, AR ELZ [E]
FHESZ, FF B s A T2 W & R AN
L0y it R BT A 2E AR . B ST AR
2, MMEEE (ageing) M40 E % (cellular
senescence) TEIT 10 4F il OB A5, B
RH BHEE ARG B2 SR IAR, JFE
TE AN 7] 32 2 AH G 952 5 A AH ABL A 2 21 g 3
ST R R RN A b A R 2R A TR Y R
i o F 39 o PRl 5aPS | S ST 2 SPS ELE N
FE . RWBAE MR | A TR AR . T AHfRE
Uy AR . LRRTIRECIE . BRI AR R
W EABRRASER . R S A S P
TR TR ZAR A T o0 RS JoR & A e e vy i o
2 (Ke6) ™, LRI TS 2R
WERE L, ™2 THRY 209/ Nr T 25 Wi s 24 4
o /IMZTR 25 X X X 2 0 A I T 2
PR

S 3 A R AL R 2 i T
RS ERE LR EENE, U Y HE X AR BT
TR SATR LA PR . AT B 7843 RS 156
IR MEIRIER, WAtk TR E G E
WS MR R, (AR R T
RGN, WATEE K NEE S TS E 550
P, wREYFNHEATFRA .. HEESh
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Fig. 6 Aging is a contributing factor to neurodegenerative
diseases ( with reference to the image from[88] )
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T3 00 AFE A ST R 24 ) R A3 o 2 A I G i
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K 0 DTSRRI Y, A At B AR R A
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H AAV Y5 75 R — i g U e 1o, Rk
W2 B F AE R, R RERA v sE 2 T Wit
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BT LNP LASL, GaINAC B EK /AR 25 W) 178 fF
ERE ) S T ), BATRIRE TR A
J'& ok A, A G I R R B 0 B R 40 LNP A
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ik 8 3 105 S BT B s PR AL . esh, i A
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41 SR YR A8 AN IAA AR By B BT — 5 (1) BBB 2Rk i
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Fig. 7 Research trends and application challenges in oligonucleotide drug delivery
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Abstract Oligonucleotide drugs have experienced accelerated development in the past 10 years, and some of
them have been used in clinical treatment. Because of its convenient design, flexible sequence, and high
specificity, it is expected to solve the “undruggable” challenge of many targets which are difficult in drug
development. Moreover, its clinical transformation period and cost are relatively low, which makes
oligonucleotide drug become the frontier of emerging biotechnology drug discovery. Brain diseases include a
series of incurable diseases, such as neurodegenerative diseases, glioma, and motor neuron diseases. Many of
them are age-related and regarded as aging-associated brain diseases. Due to the complex etiology, many targets
are difficult to be drugged. At the same time, the existence of the barrier system “blood-brain barrier” in the brain
makes most drugs unable to achieve effective accumulation at brain lesions, and many small molecule drugs have

failed in clinical transformation. The specificity and sequence flexibility of oligonucleotide acid drugs provide
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new possibilities for drug development, but they also face the challenge of brain delivery. Although a variety of
oligonucleotide drugs have been used in the medical market, brain-targeted oligonucleotide drugs are still
extremely rare. This article reviewed recent advances and discussed key topics and clinical transformation
challenges in this field, such as clinical approval cases, bottlenecks of brain-targeted delivery and current

strategies, as well as potential targets for aging-related brain diseases.
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