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Gene therapy for rare diseases: technological innovation and clinical
translation

ZHANG Ying-Jie, YUAN Hui-Jun"

(Institute of Rare Diseases, West China Hospital, Sichuan University, Chengdu 610041, China)

Abstract: Rare diseases, though individually infrequent, collectively affect a substantial global population, with
approximately 80% of these conditions arising from monogenic defects. This unique genetic architecture makes rare
diseases the most viable and paradigmatic application areas for gene therapy, positioning the field at the forefront of modern
biomedical innovation. For decades, the rare disease community has faced the daunting reality of delayed diagnosis and a
profound lack of disease-modifying treatments, often leaving many patients without effective treatment options. This review
aims to systematically delineate the rapid technological evolution in the field and discuss the critical transition from laboratory
breakthroughs to successful clinical translation. The manuscript provides a comprehensive mapping of the key technological
landscapes, beginning with a detailed categorization of the rapid progression in therapeutic strategies. It discusses the
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transition from traditional gene replacement—providing functional copies of defective genes—to precise gene editing using
CRISPR-based tools, and even genome-level reprogramming. These advancements are driving a fundamental shift in the
treatment paradigm from lifelong symptom management toward potential "one-time curative” interventions. Following this,
the review evaluates the current state of delivery systems, focusing on the engineering iterations of adeno-associated virus
(AAV) vectors optimized for enhanced tissue specificity and reduced immunogenicity, as well as the rising prominence of
non-viral platforms such as lipid nanoparticles. Building on these technical foundations, the article systematically summarizes
the latest clinical landscape, including approved therapies and promising clinical trial progress across various organ systems,
such as hematological, neurological, and neuromuscular disorders, highlighting the real-world impact of these technologies.
Beyond technical milestones, the article delves into the multi-dimensional challenges hindering widespread adoption,
including complex safety risks like immunogenicity and insertional mutagenesis, the bottlenecks in large-scale GMP
manufacturing, and the socio-economic pressures exerted by exorbitant pricing. Based on current clinical evidence, we
propose a "dual-track” developmental roadmap that advocates for the parallel advancement of "universal platform-based”
strategies and "individualized, customized” solutions for ultra-rare conditions. We also emphasize the "scientific spillover
effect,” where technological maturity in rare disease research serves as a catalyst for expanding gene therapy into more
prevalent chronic conditions. Ultimately, gene therapy is not only reshaping the framework of rare disease research but is also
spearheading the global transition toward an era of definitive, precision-based medicine.
Therapeutic strategies Limitations and Challenges
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e Gene silencing « Epigenetic editing o Safety challenges
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Figure 1 Schematic diagram of gene therapy strategies

Current gene therapy strategies can be categorized into three levels: DNA, epigenetic, and RNA. DNA-level strategies include gene

replacement and gene editing. Epigenetic-level strategies encompass DNA methylation editing, DNA demethylation editing, CRISPR
interference (CRISPRi), CRISPR activation (CRISPRa), and RNA methylation editing. RNA-level strategies comprise mRNA
therapy, RNA interference (RNAI), antisense oligonucleotides (ASOs), CRISPR/Cas13-mediated RNA editing, RNA base editing,
RNA base editing through recruitment of endogenous ADAR, and RNA exon editing.
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Figure 2 Gene therapy delivery systems

Gene therapy delivery systems consist of viral delivery vectors and non-viral delivery vectors. Commonly used viral delivery vectors

include adeno-associated virus (AAV) vectors, lentiviral and retroviral vectors, adenoviral vectors, and herpes simplex virus (HSV)

vectors. Frequently utilized non-viral vectors include lipid nanoparticles (LNPs), exosomes, ligand-conjugated carriers, and virus-like

particles (VLPs).



TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1 1469

R
2.1.2 % EF(lentivirus, LV)5i¥ % R®E (retro-
virus, RV)

LV 5 RV # A RUR w2 A, vl AR SE AR
SEREA A TG EIEAL, WIMTEEx VivolRIT i it
O HT , JEHSE T FHSCIE R I T FICAR-THH
oD E RN i Bu e <l R 1 e SIS B e DN 7
T (N4 BRI AR S FALE) 4
GRS S ORI B RS Ak Lt
A5 2440 M IR LG SR8 0, (8 HAE 2 Fh Al L3R YT R
m PRI R FRE TR
2.1.3 HMEEHME

FRAAVHILV/RVA , oA B 2R A Fr o 0
Yrsoh RRE A MR R . M as A 3R e
PR A SRR R BE 7, 38 F T R IR T g
BT A, (H H A g JE vk o, ANl A K R R
P, Rl G T LA R SR D B A B R
SRIP LGV | 76 P HX A 28 R Gk R R 16T
R 30T R R R A i 2]
WEVEFN S R 7 T 5 AAVAILVIE B H 4D, R AN [
YIRS T H ARG
22 EREBHE
2.2.1 BERRANKEARL (lipid nanoparticles, LNP)

LNP i ] B B A T B IR [ B K PEG i it
BT B, 2 24 AT mRN AT 35 A Py 358 [R] 24 6 A L
Il REL AT 1 03825 & . COVID-19 mRNAREH]
(LR A 3 3l T LNPAERC 5 Ak R Ab A = K
G AR RRIE 7 T A . LNPA] S 20% 5 mRNA |
sIRNA M B[R g T B, B AR RS PE BRIk |
BhAK A KA PR AR B S . Al
TS AR L L J7 , NP R SR SR I ri 7, 5
BURFANE 3% 0221 H T, NP3 % AU CRISPR/
CasOFE R 4t T HLAE B LR FUIR IR 2 3R 1 TE R R
AP AT I A K I AR T B S B AR
%[93,94] .

2.2.2 FRAEBELE AR (ligand conjugation)

B TS8R B 3 K S5 LNPish ik SR g 41, 3 T
e A S BB %) 38 356 5 AR 78 SR 1) 285 IS T 97 v SR 3
R AR A ORE HE R . H N 2B LB (N -
acetylgalactosamine , GaINAc ) B4 AR J& 1% 408 1Y
AINHLTE . A B GalN A T2 A 3% 1 2 W Vi B A
FEAZIRE LT, 5GalNACB B AYsiRN A B

ASOsZj Yl il i WAFAE R — & ok A4 , Bl 5
GalNACHESE K H Ay S A5 APl 4 , AT S B
JIESIRNAZ45 ) FTASOs 245 ) 1) e S8R [ 3B 3% o AHARL
TLNP, GaINACBIY BAT 71t/ e R AR
THER N A5 B ORI T T A WL 24
Wy (0 1 PR AT Bt 5 R AR LS R T
GalNA o ff Bt AR 09 25 WL A% 2 25 9 2 3k 41t =
Fﬁ[%,‘)ﬂ 5

2.2.3 SN (exosomes)

A1 DA SR T A ) P TR 3, B R
FIAE R AR IR S SR RS A W B g 7, Ok
VR T 7 G R 2 AL Sl A ) e e e
T o A A1 M TR A e B B R R G SN A
EL 9 T2 1% siRNA ,ASOs . mRNA & CRISPR/Cas
Uil oy , 7E 2RO AR A Hp R HRIT I 1. 4R
1, FCAE RS A AR 77 SR v A e 3 Ak o3 K S o
Pz A TG PR 20500 R, AT
AR RN AL 5502 sh SRR i (8] 78 5T 4 A b i
PREHEA NG PRI B 00T, T B 22t %ok 25 LSRG )
SN IBMASIES FRIFTE AL Il BRI & o B0
2.2.4 fREMEFRAL (virus-like particles, VLP)

VLPARIRE T sk 2 AHY0 85 MW i A, AR5
BRI BT, AR OR R T 1 A LA R T, FE
b ik S arE . W g E A TR,
VLPE #H T 6% mRNA siRNA JAI7 1 1 M
Cas9-sgRNAEMIZE AL AW .. HEME SR
A, VLPTEREAR A 30135 M R0 52 90— vk 1k o 4 vl L
A H R 2 A RO AL B R A i #5477
Fape— g 02108 i T VLA Y 5 W
AT R ZAAE TG PRETRFTE BB

3 FERREEEBTHATR

F 20124 2Bk B A5 W £ G 7 25 )
Glyberagfifit LI , 5 BKITE 7 78 77 UL S5 bl ek &
JE o AR, B I 20F0 5 W L RGP T AE
AN B G XA T o [RIAS D A BT oi i iy 7
Pk TG R T ~ T s A 55 3 % R 09 I IR 3 35
(investigator-initiated clinical trial,IIT) Fr B¢ , Friti
128 E MRE S IR AR Im IR A B (1) -
3.1 MikER

IR 5552 27 DL 2 BRI 7 e G | 5 4 e i
FU N Z — o IX PN 2 i B — L K B B 5,



H38%:

B A LR R (E)

1470

(1pIIqe L) L T (ooa
YEvaddyyeoct (ezesdn) son rad (41 AWND) -4 -oArednxo suoegeoop
T HWEVINGdyTeor  -nedesoyl D1d  FrsgkE R g Ao MR M¥Foaa TAVY RS (/MFoaay  -erd)piiged/ezeisdn Z¥OAvY kds
(LOHIN) (ros
sonnad S DR -0oa0A1edoxX0OW QUd3
WTHWVALAyEor eyl mdareg B WM MR kTrana PLWAVY  I/MTEQNARITYEE  -onsipue[op)sApIad[g ana k)
([ (101
{7J-S1IBAON ) jala (OVO) LIz -02a0A1edoqge Qudd
T vV ad=y610c "Ou[ ‘SIXAAY BESCa T e L MR INAS 6AVVIYE H  ELREN T/ MFFINASY — -OUWOSEUO ) BuSUdS[07 VIAS IYh7]
k4 YH¥HETZ
-5 ¥ sonmad (S e 1722
-8y L YISO HOLERYTE OSHYHWEE
[ s[ednneo VIITOghOSH  El A #4 7 6seD A /FELk (1eowmjoiny ousd S 7
QT IRV AL=y€C0T  -rwuIeyd XOMoA AU 4 D By ETE MISRIOY & HYTresedMdSID  -o[sweSexy)Arosse) kg I 3L gk g Wi
1722
Tl 17 T/ - TOT )
e uoyv[eL [AFSVMTE DdSHY H BHE 4 ([9owj0ine q
HPVINAIY VAd=47ST0T SUOIZEPUO] EEsli ] BE HYOdSHY H 3 & MeE L H [ SVMY/FESYM  SUSSIPUOAMD JBIASE,  EZUOLIPIY-HOYSIM W
B
MFFaaHYE HOSHY H Y eSS e B 17 (190oumdj0ie 9UA3 SRR 7 Yk A
T PWVAIt€T0T org prqanyg L WE  HAOSHYH JHEMEENH /[ MEIIHHIELOLL  -0[32quor0T)eIuoS AT i Mkl sESE 5 W B Wi
1
MFragHYE FOSHY H S 2 S4Bz 17 (190umdj0ie 9US3 g
WTHMVALTeor o pugenig LU 4 WH  HAOSHYH FHEMEMYEH  /MFIIHTEEOL8L  -0133q09q)0184ukZ  fylch TR T 1Y Wi
(I'7dXT1)
T TS (P E:
HPEVAINN=YSTOT gy BESCATE HHH YR F6A EY8AVY /IAFr6A Y THILRET8EE  F [ N3 v £ MM 0h7]
(dTH)
‘U [eonnadew S D (99nr0A1RdRXO01 SUAT
TR Y TcoT  ~Teqd uLreNoIg BesCtE A Y EFesd SAVV  Fr8AY [ YA[uewop-g  -000)00[BA )UBIARIO0Y M7 I e v I0h7]
(Ll gy
LV VU Egrdody L
W) -1z B A (wizp-oanoAtedeyo
T #HEVAdyy20T Wk SRR 4 HHAH M dFred VLYIAVY /A6 Y BIFRRE18€€Y  dusSooruept)zaabag L7241 s a7}
(qup
Ol (1dT) S 12 2R 4 -Hy -00A0ATEdRZOp OUSS
LT HHvVadceo Sutyeg 18D LR R T MR F 64 SAVY /64 [HILRETREC  -00rUBHH ) XIUOSWOH e MR h7]
TR/ LT T E (97 HTLEYE Hg L LR LI B0 LeEk 4 e MR IO YA LS

SAS®ISIP daed 10j sdrdeaay) audg [edruI Ige)s-de| pue pasoadde jo Lrewwing | dqelL

W G LG M T R S S Y ¥ 2

12



1471

TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1

Rl “eISY L el[au] LR T N S dNT MY Fr6SeD/ddSIND  uelown(olz ueinSIoN  H MYk th 3444 3 Y A7)
A
o o &5 Bk Uy (Iar) 4 £
MUY T S FEREY i EE g MR MIENYD 6AVV Y H H [E RS (JMFENYDY LNVO-LR[/6AVVIS 7 e S 007
B
e el MCgOLITE FOSHYH WS 1 GG EA R [oowod} [FaELs
MU/ T AR ERIRY R MH  BAOSHYE FEME Y EREIW/MFCGOLNY  -0me-oudSerSoloure N B3 i R I 1] i T Wi
£
(LVINEID) Trich ¥ iy
UMV T FEVONVAYRE A OSHY H HEY (IDd) £ (20171
MU/ T Ja gl i b LU ME  HAOSHYH FHEMELYH Y (/A VONVAY -dd) I-NITOONVH i VI REA( Ju T Wi
fes[eonnasewt 1 Bl S0z B (eymd-oaared
TV AL970T  -Teyd uosouasay TR WGEMNME YR MFI0L0 IAVY B/ MFA0LO0Y  ousSojosun)iuoue)y Mz LS HIOLO Yh7}
B
2 (Bl 7 B/ T
ord durp Y MEVaryd F)OdSHY H A FIE LT R AR B
T HMVINGL910T  -AYHWSOXE[D B EIHY/AE ROdSHY H O 5 B MK 54 it NTWNOW/ [ FevayY SIPAWLLS X 1 2 580 1 {3 Wi
(tpr (A1 AND) Sz B (o9nr0ATed EuF
) LT PWVINETI0T amQrun MR MEE  YEMFETdT IAVY /¥ TdTHFREXLYYS -1 ouoBodie)eidqkis i (Sl LI B HHFAE V7
¥ 1v.700 T 7
-ouj sonnad Mg Y H S R PRICISENN (1oorI03IUIEZ SUAT ARE T B
T HWYALAyST0T  -edY BUOAqY P22 W BiHAMAE 3w ANTNOW/IVLTODY — -ewidpeld)ukysessz  Z(Emirpd WS Hsi
ouf M5V 700 (1pas-ooaediodo3 IR N
TV ALET0T  yotorg [esAry pZEatib WA AR [-ASH N/TVLTODY  ouegewasog )yoAnlAA  Z(3 i 3l Wi S {4
Bz 2T %9 L8k
AW ECCE Bl M7 20T % 9 Ml
“ouf ‘s[eonnadew ¥Y EMZEE T b W GH R 5 2 (Aam[-[011018) At 5, T
TRV AIAST0T  -reyd YosjomnaN R} e i MMy GNCEREYRY TR GHAIND 3R E N/ MFFAIND Y QuSeuD[eAdr)oNodus il TR B 2 4 N Wi
([=
{74-9y00y]) son g Bz T hY2 (OvD) & (14z1-99n0A1RdoU ENE 3
TV Ad-yL10T  -nederoyy yreds EE 3 e Wk )l b W B MFSoady TAVV (S (/T S9adyY ouaSnaIOoA JeuIXNT Ml o] Wk Y€ 9TTY Yh7}
(prowuaT) T #) ik (dnorn urryy Y (190
VAd=yb20T (Apfowiqry)  emoAy) sonnad Y MFVSYVE¥E HOSHYHHE (3IDd) £ -woloine sudgesieple) k|
T HHNEVINGAF0T0T  -BI0YL PIreydIQ BUNE  EG/ALE WAOSHYH FRMENMY H  EHE (MEYSIrY  @ApPPWUTAPPWAIT N e I IR Wi
I B
FIaOgyyrtr AOSHYHGE  (ENANIN) L E 3 (Sowqone EUF=N4
TNV Ad=yToT org priqonjg FLURY( R W/ BYAHOSHYH FEME Y EH  GIREYY/MFIAOgyY  oueSoplealld)euoskyS L w1 T F Y5
SR/ LT YR (272 4 Sz Hitk LY halrgasing @ B/ A0 ek S % iz Mg Lell NEAELEG)

(PaNuUNUO0)))SISBISIP 1k 10J sdtdeady) Juds [edIuId I3e)s-aje| pue pasoidde jo Arewwng | dqel,

(FEH e I GE LS R T S MY T WD 1%



H38%:

BRI LR R (L)

1472

i 2 LI
e 102 ez e A e 2T HEYEE  REMEM FEMEE YMSMEFIOLO TAVV B2/ M FF1010Y dOLOU-IAVY  MEZiiREH10L10 807
4 2 LI HF
SRR YIBEY, B WY RN REMENM  WEMEE YEMFI0L0  SYTI080UV-AVY B/ MFA0LOY d0LO-$9T080UY  MEZ I HIOLO kd
[
£sonnad FIIITI W a3
MY/ 1 -eIoy [, B[] FLUN £l M B A dANT  E5¥Z [ Fr6SeD/ddSTID C00T-VIIN ol il 5 TR 22) B s
(F
[ B LV VU I - Eh
by godv ¥tk ) [z K
MU/ 1 Fuoypuan Eaar e W FAFeIviIon SAVY  EHMA/MFF IV ILONY €000LND i EzrelfeN-19131) kds)
2l
& 7% 230
BTl o BT by’ (DVD) £l ENE2
MU T AYRERE R Mg EDEMW §FEFArdiD 8/TAVY  H(H_(/MFFCAPdADY  TAPIADU-8/TAVVY il kit By ki morg YR}
JuE9TSAL
[F062dAD (130400 L[z &y
it 2 B e 1] B R ey Y bl W 2
(M) MY/ 1 57 2] A 4 F MM MR EEOC RN EEC SAVV M| Fr6SeD/dd SO 101-LIAd  FEHEHY IMFr06ddD 007
B
7 4% 230
s B BT (OVD) £ 27
MY/ 1 DAY |22 9.7 R C N < ) EElele MR MEFNHD TAVY IR (/MFFWHOY INHOU-CAVY (3D WS EFX Yh 73
(139Ou)
Tz LA i B I B T E D Hll
MUY I/ 1 WULEYIEY B WA YEMFYOLY SAVY  Y/MFrIDJIAY [HECHE OAY AAU-SAVY i W1 FEXE IO 7S
S LR
Kase) (NSHO) (13r404)
e it B VH I
MUNSI/T  EEEXEYW BRI BEREEIC M$aiono SAVV 2o/ MFAcAoNnY T0I-NSLV i | 355 Y 361009T kd
£ Uih
R AT 1Y hY (OVD) £l
M T THELC L T WANEE STy T 6AVY (R (/T cdWYTY 10SV-d¥ MEpYr %p7)
34 Y 27 WG (VD)
MU T WY T NHANMEEE MEMEFEYYD 6AVY  ElEHEH (/FVYDY 10€DD M2 kA
R En
F;sounad [AFFALL A/ Lk (100Z-VIIN) % W TGl
SRFLH Y DT R YT DY i Sz LYt YR SR LR N RALL ORI NI

(PaNuUnuo)))saseISIp daea 10J sdatdesdy) Judg [edrurpd I3e)s-aje] pue pasoidde jo Arewwng | dqer,

(EHEYVGELS ALY ML T XD 1%



TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1 1473

T 1M1 R 46 AT 38 R AR S MRAE SRR S, DR
R PR A5 DR i e O ek ) SELAELRE 0 AR NYRTT
JTTH , 23 AAVA T IEE I R ATk 2 3
i, Hemgenix '/ 5Beqvez! "3t TBAL I &
FIATT , Roctavian 7 ettt T AR A AT , 3
T T LR FR DK 25 24 42 A I A M 4 2k Rk B il TR 1
AT ik 2 s i A R AR AR . e
{5 IABE RO R AR 5 AAVEERNA YT P2 i E A
E AR S Ex Vivolf 7L FRHSC A%
Lo Zynteglot ! 4RA il 118 2 HAA T Ak T B
BRAR DA {0l a0 0 A6 750 B b v v B 00 R AR A
5 I 5 Ly fgeniat 'O TSR 400 1A YT
Waskyra " BHE T A Wiskott-Aldrich £ A 1iF £ 4t
TWHRIT TR, BHREENE, 20234 5Kt 1
Casgevy "2 2R EAS F T CRISPR/Cas93E K 4
YT, OB AN R HSC Y BCL11ALT 735
+, EOHTROE G LI 2128 1 3RA , SEIXT B TR
I AR A0 s 1Y — IR MR YT . IR TN
“HEPRIERAR ) < L [N g 2R A S R AT S
A, e AT JEFT LAY (Fanconi anemia type A, FA-
AR T A A A R R E T R A
2 IEHSCYT VA MR F 40 77 DL it R 1) 48 4
PEFARESS SR O A, A BAEAR R S
3.2 #HZALAER

P2 WL 2 DL 22 A0 B 40 LI AR , 1 JRe ke
I RIG T =K 8 U1, R AAVIR N IERIGY7 AY EEEL4E
W71 . Zolgensma! ' TF20194E A F T SMATA
7, T Z AN R AGE o — R PR DK
FIHTA AV OX i figi 5 e 1) 25325 4 P i 38 50 A A7 A
B kKB, CH AN ERESMAR bR HET L.
Elevidys' ") F20234E 8841 H T DMDIAYT , 70 H- B4 L
AL AL S2 B RE PEmicro-dystrophind F1 3Rk .
Kebilidi' "7 W34 1o ik P4 114923 3% 139 7 AADCHiR
ZHE , BELL LG B R 25 R v % & B ARRN X,
PR T X il 28 ZR G0 B L DR % I R A H
HAFTEARANE S F AR VR B 32 BR 45 Jm PR o
TEEx Vivosmg 1, Skysona"s FlLenmeldy' /] 4351
R TS EIRAFEFRA R (cerebral
adrenoleukodystrophy , CALD ) Fll 57 444 i 1 i 75 7
N K (metachromatic leukodystrophy , MLD)J&¥7 . iX
PR 2 ) 35030 S R BB AT HS CSE XS Fh A fif 28 2R
GEBIR I KI5 —IUEAT TR ET X SPG50

YN = 1AM EERR YT 220, JoiiE 1 A = DLk
S8 PR U T R VA R AT A T, OO AR A R
T HEESE BRE ElR 2, B2
J7 (giant axonal neuropathy , GAN) i H H.4PAAVZLY)
SCAAVI/JeT-GAN! ') A& 4 R R 3 26 (1
FEAS P A 22 & P ¥ 259 (hereditary transthyretin
amyloidosis with polyneuropathy , ATTRvVPN) [} [
ST ¥ Nexiguran ziclumeran! 22 D) S 697 g U1
WP RR A P A 2 LY R G T AR Y AAV
STk E A G IR L E A BE R A5 3 A B R
A
3.3 MRS

HR 2K DA HCAR G S B 5 B ik 1) 4 1 Tt ) 2 S
SR AT R, BN R R B R YT R AR B AR
20174 b HifLuxturnal 2> R E A IRAL I In Vivo
AAVIEPIIEST 254, FIF RPE6SH A M I35 77 R
RAIBYT s AL T IhREVMERL 180G, i B IR R GE
N TR R L DR VA T (e BRSO AR RESE , S
SEIRBLIERATT = 5 i DA L 2 PG A (i
PR T OGN SRR SEREL 20 2025 4E IR ALY
Encelto! 271 5% FHER55 40 34 7 5w , 4 b A 35
O3 UAPR 28 SR R - 1 T AR AR, A N e R
PEBA M A sRAE2 B SR B T[] T e B AR
SPIRIRTIEAR . BARIRER A AR LAY iE I
PR HFR SRR 6 T R e 155 8 5, I
AEINAYT AR AT RS2 BT R K J2 T I T BRI AS
FSZ0 , TSR T B2 b, ih
J7 Leber o R PE S 170 | RPGRAH SEX i 4 400 190 I
FRASME 8RR K4S I 2 4 A Biett ft bR A 50 00 fi5E
FFRANBAYATSN-1011"%)  AAV5-hRKp . RPG 1?07
AAV2-hCHM!®! tAAV2/8-hCYP4V2 P2 A AV 2
W, LA 6TT CEP290FE PR DG 1 it AL P AL I AR Ak
F 5 DR 2 M EDIT- 101113 44 2 R A s PRI
LANERA R B , A BB T,
3.4 FRRERISHERR

JH I DR EG 15 e SRR RN 22 s 16 R8RSR
I, ORGSR EZ — R
AW TC LA IR 2R 40 5 U R b ST 2 S AR Y JE A
BT AR 2T b AR E A AR
PKU ., Crigler-NajjarZ55-1iF G0 e L[] 82 1l i A
AL I A P K fif ) 13694, 105 134135 8y ko - 41
LR IR R YT R 1 B A DA G i 0 A i



1474 LA LB R (L)

H38%:

W 5L A A AV R P L R 4 AR SE 1
JHF A 5 220 T o 30, 47 7 5o R 255 A [ e e
ARV SRR 2T B8 W 0 T IR RS 45 P

3.5 TiER®

AL M BB iR L B R R AR 2 — , 1
TCATAT IR 25 ) ok S PRIA 7 SR W o P H- 45 4
PR Ry st i T A el B R A EL v ) R R TR
wE . Ho F A B & 1 (Otoferlin,
OTOF )RR i IX (296 kb) K FE T AAV 4.7 kb2
B EBR, TR FHLAAV RNA S [ 5L 4 s a5 14 75 ik
-0 H T R MR LR B AT P EE 4 SRR
OTOFZ 1 LA & AF3G PR30, 12 ms Al R4
T Myo 7a % HoAth A 35 PR H: 2458 784 (14 T 5 2 i ek
271 20244F  rE A A T AR TE O TOF A S 4
ZIR BB AR AAV SRR 28 J5 , W5 55 TR
s R 5 [ AT A A S ST R IR
TIZSFRR T T RN et R R TE I R 2
TTUE A JE AT A SR B SE AR WT e DI BE , 2 itk
P B A YT RIS I T SR 1) F AR SEAE
(8 ST
3.6 HthRZEFELR

FE B2 IR AN R G AW, SRR YT R
JRER AL RIZHL TR #H . Vyjuvek! S IWE g A gk
HEF AN L RIVE T BE I , 8 1 HS V-1 28 47 sy i asf 1%
COL7AIEN TR B WMAEIAYT o Zevaskyn! ']
W) R L SR FH A4 710 356 R 46 i 1 Jo 40 B RS L, SE PR
TR0 32 B P PR e IR EEFMB 52 . X PRl 2440
SRR T R P SR 35 DR 3k 2% 15 A A1 35 P 48 440
o L 79 o e SR s, M ) B8 TR R A L A
5 R HIAIT ARG TR g RGBT,
Strimvelis' "> FRHE ) FH 8 A A DA D Y [ 1R I
/4041 g (hematopoietic stem and progenitor cell,
HSPC) 477 B it 2 i ol = T 240 A T B56 A e 38
BefE . T Rethymict !0 i i 7 i i (BRI T IE 1
FEFER A1, SCPR S TN T BiE £ LA fe e F e,
JER T “DIRetEA 2 H " 0 e RR )T R .

H ] 7 5 LG 3R PR 3 7 A Al S R S e )
fiEe —J7 T, H B A BR A T BR A B AT IR IR
WIEFITAS . TR, EEOTOFM st Ltk
HE R AR IR 18] MECP2H & £ A F 4%
AU A 22 30 i PR AR 56 s LT TR T8 W) 28 T 07 . 5
—J7 1, B INFEAAV T AR A 7= DL K 24 b A

i FHLYE (good manufacturing practice, GMP)
A3 R TSP 5 5 s AR D7 T2 HORR BE E
NMPAVEAE I T 2% UL 25 9 () W LR T, # 3
5 BRAEP B PPALS] , IR R 25 5%
VPR, it R R B A T R DR

SR, LR R AT C R — R REAR
AT Ay R i R TR G AP TR A S R Y
Z 7 RIRITAR R (0 H A4 R 2505 DL a7
SRARBEH 2 o AR RGpm S %L T 8T
FREEE AR R E R R B 25 . AR K
JE S AR R AR B AN IRl LS A
Bl N5 AR R A EE]

4 FERRERBFTFHBRES Ak

JUE DL PRSP AE IR T RIS i ik 2K
PR AR K PR N 2 T S T A 25 R i,
J 2 Wi A ST BRATI AT A AN [ 4 g BR AP M 22 2 S 1k
o IXLEEPREAMLIE TR A FaE
P A] AT T AR, AR 25 e A D — o
AREEA IR R AT S 2 B
41 HHFETHERESZEHRE

S B PR SRS 1 2237 DL 245 e ]
T AR AR Az B PRI, AT AN ]
A7 5 LS, PR 1 IR RS — kiR
A EEEYE . X IRIRY R, A AT A S
PR 3 B PR A S T i ) L DR 17 22 5 WL
TENG RIS, PR SUEE A A A Al 0 454
PEA T A HOIR T SR B RE AE 52 5 1E e, {ELE
W E R ML TR . X ERE X TR
FEME I ) R, FEDIR T A I PR A 45 AT REIL I T 93
W1, 5w 7RSS TR 2

AAVZ5 Y S5y FRAE U 32 BRI 2 BE DA ) F
RN 55 R AN L RIS TAE TR A
KB W E LU BB, S 2O TR
BEET [ HERS T 08 T AAVIRYT ™ A (9 T R I
S BELAG [l — 75 A AV kg 25185861970 iy
b, R A 245 R B FE R RN R B R
5”5 AAVEENE” Z (8] B F J& 2 05 — N R R, n]
BE BRI B IR, 78
AAV9Yf T DMD i RIS, £ P AMAT 75
R AVET I LA R AE T R R R Rk A
FAAERF RGN Z 2N REVELEAE IR



TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1 1475

7N, AAVAH A SN 5 AT BT g O LR SR AN B
SFORARX , ML S SR e S i e ) i
A, N 8230 A7 7E 19 SR A AV LTS B TRAF AR 5
ZBRH T AAVZGHIE PR 0L (R Y A R
BTEEL G B RN HEBRTEAAVIR YT Z 5h o A XT
X — PRI, VT AE ARG 2 o G ]y SR 5
YRR S S T 32 2SN el A TR
T 7 8 T b 3% R PO R A I AL, SR RH
P ol 7R A A 2RI T R 2 1Y

FRAAVAL , AR AR R IR H AR BRYE
s B A PR SR B A 8 K s s e vk, 8 2
P 3 TS T R A8 AT 32 0 T 9 v g e
WBIT, MAE A KR AR 02) ) ek
FRULNPEAR L R8T B AT e S 4l M A+
TN, HLI A 9% XU 55 8 J57 4 RS 4 2 7 2
YIMOG , WA NG IR TP RRE I . T mRNABsiRNA
ST E T R L B2 BRI S AT
(= AR S 2547 T RS | AR BT ITUAR 18k A i 5
Xt PEG L3 (1 S BEANTIR 32 45 ) 1531550 g R
Y BE 1B 16 2R G0 KR 0 ) R S BU A 2% TR
ME o X TR SR ) ) 5 DL , BT A LNP RN LA
IR A UIRT S B PA) 1 S 5 -3 S A0 P 5 e 2400 L
BH AT R AT B R SE S T MR LV/RV
BARTEEx VivoiHLIAYT Hh B2 8 5 2R3 #ddk
E RS B & T 2 R 2 ) R Mt SR AP 978 RN
TE TR AU, T EAT KA 22 4 W 281560 e
Ex Vivo 20 PRIV 7 R ek 38 i s 22 KR it AT iF
TTIERERAL IR, AT RE & 8™ B A B RO, XFFAR
55 P 2 DL FE R T 7 R e AR AR B TR T
[ CRISPR/Cas .BESFH AR HRTE R 43 i 13 5%
BAL G B R A AR S B S BR e AU TE
TR 2 4 XURS: , 7 S PR Af B 3R 5E vl i A
AR Ay e A T 5 K Bk R PR 2 i HE G
A0 2 o S LAV AE B R R B o A, LT B L
Y A A 2 T A M p S 3 07 BT e A R T B AR KA
W T s AR A R W R R LS00
X BRI 3 15 SR 1 ey BR AP A2 ki, AT
T it — P A B AR AR
4.2 ERRAYHNLZE FiE S5 (chemistry,

manufacturing, and controls, CMC)#k &%

CMCH2 7 WL 55 KR YT I &2 3 1o e R R RS
AP AE B OCEE RS . AAV 25 AE AR 7 rh 3 s 1T I 2

BERORA N A 5E L A A Bsk i DL R T
OO JEER — B 22 55 ), B ek 2liAe 43 Hr AN
PR R TR R R AR R I
ARAWIIE | (H 5 B AR AL T RS 1 (1) GMP T
DA A5 8- 190) | LNP-mRNABIE P 2
BEZHY) B CMCME 5 3 B T 0 7 &2 28 P An T 2 8
BES BRIBRALN KA A L BRCR KRR E X A
PN 53 A RN e R IE LA e P g i), TG AR P i i v
/NS B AR A B AT 5 3505 f e 2, ol RRASE IR
FI R 52 PR A% DR 2 1 Ex VivoZH
MO RIVRTT B 22 E TR Ry 5 1 . M AR B B Ry 2Y
Yy A, FORAE S (P38 A Il i 4 R
TEF“HE IGMPAE N 58 i, ARG PE 9 3 8h 7~
FAS AR ) AR Sk R —2obE KR e MRS
BRI B BB R ST AT T, S IA YT R
MERIOFARE A — IR SZ B, R S5 b L AR R L T 20k
B AR AN YR R 1 R Gk [
4.3 HYMBESTRE

S L BE RIVRT T AR AR RIS A4 AN BT
G, FLEL ST AT R AT s B Az B . L b
ZLLHUR B2y K INREE " R B, ik Ak
FH T FETTHA A5 R AR R MELI R EZ
5 BblRl b, 22807 AT ik 2 B A AR A TR D4
i, BT BT AR S AT DAL A AN A 1
TR A B A B L 235 e s B ANB S IO L BRRY T, A
AR ARG R REEFHEA R, X L FE 70 Fe e 2B
# R RE R KRR eah, 0
BN T B, Bz 55 4 FRUSERLN , (HI6)7
YRS XELL TR, £ EIEBRR WA S T7
R S AT B RS P A5 S ASTHILA , AFL v AT b s 2
JEA202T RS IR IS A PR T A S i
AR By SRR i A L B 1 . Ex Vivo HSCHE
RIVATT 5 S0 R R AR (28 TR | [0 R T B
TR Z, BMETE SO E AR FE DB 7 ot
FEIR e RSO R S S X L L, 0E— 2B R 1 4
BREE LI ()RR AN -SR] R M TR

5 RE
Bl i AT DN G i T AN R 2B
Sk, F I HE AT IEREA LUIn Vivo$k [N 45

Fs S SAMRAE IR T, T B R AL
N HGHT B . X — AR T LNPAIH F AAV



1476 LA LB R (L)

H38%:

S RAARAE B (A AR P 3 % BB ) 2 , AL (AR B 7 3 Y
F-H5 5N = UEGIF RS, UL ek Y
Te) 5 LR U TR AT g o TRDINE, 2 DL v B e o
AT R, T a2 AR A A LA S
BB AL Z I IMEAE S BONES HAR AR =
i R AT Ktk By S S 4
5.1 In VivoERE 4iERIUER

Ex VivotR Bl i 16 F T LI R G A 3=
GEPIN , (H AR Z2 00 4 B e AR HS C—FE R L
FEFE . B, AR RRE B R N BARES B 1Y
In Vivo W , W] £ 155 254 1385 0 1 FH M, T4 26
B AU B B BEASAR AN ALY T L R . Bl LNPi ik
TR ZFH T AAV A FAA Y K J | 5 DK G 8 1 0 F
Ex Vivolsiz [ In Vivo HLHEEIL AR . AHEHCO 2 24
RANEVEI Ex Vivolk i, In Vivodii v] EHZ/EH T
HArH 2L, W WAL I AR A . LNPAEAHIE
SESL AR I R ARG IR RE T, (X S S B A K
S A PR R DR S AN SR A IE A E A AR 04 T
AAVEEAE L BUE P, 7E3B 73X LA A A 55
(LH L BT AN BRI 500 I Vivo kA
S B DA Ry S HE B B AT o] B2 PR T R
JE TR SR ) B Ty )
52 EAREE5N = IMAMLERNNNEL R

AR DI HE AT TR 2 I ST & 5 A
e W IEAT W R ReAs Ry . — 5 T, AONTHAE S Y
Platform Vector Gene Therapy (PaVeGT )i H , il if
G5 — MR A 7RIS HT AR 2R S I T ALY 5 46T
R, ITEZ R R FAZ DA, 3 IR T &
FAFIRGA 02T 55— 7 T, A A A L A AR
AN = 1ETJT %, WiBespoke Gene Therapy
Consortium(BGTC) S A FAAVEEE B HESh ), o] LA
NG — PR WA AR AAE PR, R R R
TERAR TS 2 T B A AT AT 03 s XU S
W 4 DL B E DRI 0 T R 50, ORI o L
AR SRS AR R TR MR T A
5.3 EHRM

PO TR B R AR 2 e A ) KA
Bl A 7= T8 7 TR R 2855, A7 52 [ B DS 401
B A 0 2 ) RN o IR T DL 1 3 5 A
LR G A, o 4 R AR o 1 A7 S5 40
WA 28R T DU R U, X 2 I 2 AR
SKRERIE b 25 3 T U , 10027 L9 E O i Ay =

AR Y E B T R R A B 2
DLEEIRIRE AT BRI 1), inPCSK 9L M i
AT F MR IR B AR O AR AL 9 25
R LN SR 7 RS O U559 i B A e T 1Y
B DL e A [ B L AE SR YR T
54 SHIMEETS

I AT TR O 1R B S AL O IR 3R, b 20T
BEARSE AR ) T A BOR B K
DC P AR A S A B 2 WU IR T ROARAS 4% . A,
SR AR ARG B35 e S Wt AR 2 1) T 4
g i, Gl B EIC RS S H AR A
FISHAYIT K, BFHHLHEREAR TR AU
FSRANED I 25 (1 T & 4 BRI OO0 ok
K, AL SRS S AL A TR B
VB RERARTHI AR WA PRI FIGE 258 n]
LAk IRE)

6 it

SR, I EE G YT C 2 L AV A
AATPESIE A T LSRR B B, TG R
SN SR ] SR e PR AL AR
Pl BE 1 AR AT B AT R i 24 H 2 ]
19 = BT, (H R 1k A TR AT e T Bk
PR i G R 5 TP R A3 i, LG B AT R 54
PR SE Tl A7 A BT A SRS A0 Sk, O 22
A9 5 DL TE A TG 2 R] B2 75 [] “ AR, B AR ER )
I TR R S BARAS P 4 il el D RE TR i
ARSI RE . WA E DR T ITIE LA B A2
it PRAE A 2 FI PR, TEAE S B )32 0 90
AR AT RIS . X — RO I
DI ST TR Ry , QLR R SE A B 12 2 DA i 45 34 [m]
R HET B NG Ao A il AR AS PR + B 300 H
Pkt o

Sk

[1] Kaufmann P, Pariser AR, Austin C. From scientific
discovery to treatments for rare diseases-the view from
the National Center for Advancing Translational
Sciences-Office of Rare Diseases Research. Orphanet
J Rare Dis, 2018, 13: 196.

[2] Schieppati A, Henter JI, Daina E, et al. Why rare
diseases are an important medical and social issue.
Lancet, 2008, 371: 2039-41.



TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1

1477

[3]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Lu Y, Han J. The definition of rare disease in China and
its prospects. Intractable Rare Dis Res, 2022, 11:
29-30.

Han Q, Fu H, Chu X, et al. Research advances in
treatment methods and drug development for rare
diseases. Front Pharmacol, 2022, 13: 971541.
Nguengang Wakap S, Lambert DM, Olry A, et al.
Estimating cumulative point prevalence of rare
diseases: analysis of the Orphanet database. Eur J
Hum Genet, 2020, 28: 165-73.

Li X, Zhang X, Zhang S, et al. Rare disease awareness
and perspectives of physicians in China: a questionnaire-
based study. Orphanet J Rare Dis, 2021, 16: 171.
Wright CF, FitzPatrick DR, Firth HV. Paediatric
genomics: diagnosing rare disease in children. Nat
Rev Genet, 2018, 19: 253-68.

Mendez-Vidal C, Bravo-Gil N, Perez-Florido J, et al. A
genomic strategy for precision medicine in rare
diseases: integrating customized algorithms into
clinical practice. J Transl Med, 2025, 23: 86.

Ma N, Zhang JZ, Itzhaki I, et al. Determining the
pathogenicity of a genomic variant of uncertain
significance using CRISPR/Cas9 and human-induced
pluripotent stem cells. Circulation, 2018, 138:
2666-81.

Vanhooydonck M, Debaenst S, Vanbelleghem E, et al.
Evaluating variants of uncertain significance in adult
zebrafish via prime editing: a proof of concept with a
COL1A2 variant. BMC Med Genomics, 2025, 19: 7.
Tesi B, Boileau C, Boycott KM, et al. Precision
medicine in rare diseases: What is next? J Intern Med,
2023, 294: 397-412

Burns J, Timmerman V, Laura M, et al. Charcot-Marie-
Tooth disease and related neuropathies. Nat Rev Dis
Primers, 2026, 12: 3.

Thorpe RK, Azaiez H, Wu P, et al. The natural history
of OTOF-related auditory neuropathy spectrum
disorders: a multicenter study. Hum Genet, 2022,
141: 853-63.

Luan X, Jin Y, Guan L, et al. National-scale genomic
diagnosis of rare diseases in China. Sci Bull (Beijing),
2025, doi: 10.1016/j.scib.2025.08.044.

Schoenmakers DH, van den Berg S, Timmers L, et al.
Framework for multistakeholder patient registries in
the field of rare diseases: focus on neurogenetic
diseases. Neurology, 2024, 103: €¢209743.

Zilber S, Burnworth M, Afolabi T, et al. Expanding
research and care for Leigh syndrome: efforts of a

patient-led advocacy organization. Res Involv Engagem,

[17]

(18]

[19]

(20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

2025, 11: 137.

Nassisi M, Coarelli G, Blanchard B, et al. ATXN7-
related cone-rod dystrophy: the Integrated Functional
Evaluation of the Cerebellum (CERMOI) Study.
JAMA Ophthalmol, 2024, 142: 301-8.

Hmeljak J, Justice MJ. From gene to treatment:
supporting rare disease translational research through
model systems. Dis Model Mech, 2019, 12:
dmm039271.

Tadenev ALD, Burgess RW. Model validity for
preclinical studies in precision medicine: precisely
how precise do we need to be? Mamm Genome, 2019,
30: 111-22

BIO, Informa Pharma Intelligence, QLS Advisors.
Clinical Development Success Rates and Contributing
Factors 2011-2020[ R/OL]. (2021-02). https://go.bio.
org/rs/490-EHZ-999/images/ClinicalDevelopmentSuc-
cessRates2011 2020.pdf.

Carpentier AC, Frisch F, Labbe SM, et al. Effect of
alipogene tiparvovec (AAV 1-LPL(S447X)) on postprandial
chylomicron metabolism in lipoprotein lipase-deficient
patients. J Clin Endocrinol Metab, 2012, 97: 1635-44.
Shafrin J, Quddus S, Marin M, et al. A decade of health
innovation: the impact of new medicines on patient
health and the implications for NICE's size of benefit
multiplier. Value Health, 2023, 26: 1435-9.

Chong JX, Buckingham KJ, Jhangiani SN, et al. The
genetic basis of mendelian phenotypes: discoveries,
challenges, and opportunities. Am J Hum Genet, 2015,
97: 199-215.

Plenge RM, Scolnick EM, Altshuler D. Validating
therapeutic targets through human genetics. Nat Rev
Drug Discov, 2013, 12: 581-94.

Pochopien M, Paterak E, Clay E, et al. An overview of
health technology assessments of gene therapies with
the focus on cost-effectiveness models. J Mark Access
Health Policy, 2021, 9: 2002006.

Carr DR, Bradshaw SE. Gene therapies: the challenge
of super-high-cost treatments and how to pay for them.
Regen Med, 2016, 11: 381-93.

Fox T, Bueren J, Candotti F, et al. Access to gene
therapy for rare diseases when commercialization is
not fit for purpose. Nat Med, 2023, 29: 518-9.

Zhang Y, Wu ZY. Gene therapy for monogenic
disorders: challenges, strategies, and perspectives. J
Genet Genomics, 2024, 51: 133-43.

Shellhaas RA, deVeber G, Bonkowsky JL, et al. Gene-
targeted therapies in pediatric neurology: challenges

and opportunities in diagnosis and delivery. Pediatr



1478

LA LB R (L)

H38%:

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

Neurol, 2021, 125: 53-7.

Russell S, Bennett J, Wellman JA, et al. Efficacy and
safety of voretigene neparvovec (AAV2-hRPE65v2)
in patients with RPE65-mediated inherited retinal
dystrophy: a randomised, controlled, open-label, phase
3 trial. Lancet, 2017, 390: 849-60.

Xue F, Ju M, Zhu T, et al. Factor [ X-Padua AAV gene
therapy in hemophilia B: phases 1/2 and 3 trials. Nat
Med, 2026, 32: 93-102.

Locatelli F, Thompson AA, Kwiatkowski JL, et al.
Betibeglogene autotemcel gene therapy for non-B%/p°
genotype [-thalassemia. N Engl J Med, 2022, 386:
415-27.

Fumagalli F, Calbi V, Natali Sora MG, et al. Lentiviral
haematopoietic stem-cell gene therapy for early-onset
metachromatic leukodystrophy: long-term results from
a non-randomised, open-label, phase 1/2 trial and
expanded access. Lancet, 2022, 399: 372-83.

Koeberl D, Schulze A, Sondheimer N, et al. Interim
analyses of a first-in-human phase 1/2 mRNA trial for
propionic acidaemia. Nature, 2024, 628: 872-7.
Hewitt SL, Bailey D, Zielinski J, et al. Intratumoral
IL12 mRNA therapy promotes TH1 transformation of
the tumor microenvironment. Clin Cancer Res, 2020,
26: 6284-98.

Corbett KS, Edwards DK, Leist SR, et al. SARS-CoV-2
mRNA vaccine design enabled by prototype pathogen
preparedness. Nature, 2020, 586: 567-71.

Rojas LA, Sethna Z, Soares KC, et al. Personalized
RNA neoantigen vaccines stimulate T cells in
pancreatic cancer. Nature, 2023, 618: 144-50.

Xu J, Chen Z, Su L, et al. In vivo CAR cell therapy:
from bench to bedside. J] Hematol Oncol, 2025, 18:
105.

Longhurst HJ, Lindsay K, Petersen RS, et al. CRISPR-
Cas9 in vivo gene editing of KLKBI1 for hereditary
angioedema. N Engl J Med, 2024, 390: 432-41.
Aartsma-Rus A,Takeda S. A historical perspective
on the development of antisense oligonucleotide
treatments for Duchenne muscular dystrophy and
spinal muscular atrophy. J Neuromuscul Dis, 2026,
13: 147-55.

Edinoff AN, Nguyen LH, Odisho AS, et al. The
antisense oligonucleotide nusinersen for treatment of
spinal muscular atrophy. Orthop Rev (Pavia), 2021, 13:
24934,

Lee A. Fitusiran: first approval. Drugs, 2025, 85:
1073-7.

Keam SJ. Vutrisiran: first approval. Drugs, 2022, 82:

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

1419-25.

Liou RH, Urrutia-Cabrera D, Liu CF, et al. Using
RNA-targeting CRISPR-Cas13 and engineered Ul
systems to target ABCA4 splice variants in Stargardt
disease. Mol Ther Nucleic Acids, 2026, 37: 102789.
Yang P, Lou Y, Geng Z, et al. Allele-specific
suppression of variant MHC with high-precision
RNA nuclease CRISPR-Cas13d prevents hypertrophic
cardiomyopathy. Circulation, 2024, 150: 283-98.
Kim H, Kim JS. A guide to genome engineering with
programmable nucleases. Nat Rev Genet, 2014, 15:
321-34.

Wang JY, Doudna JA. CRISPR technology: a decade of
genome editing is only the beginning. Science, 2023,
379: eadd8643.

Locatelli F, Lang P, Wall D, et al. Exagamglogene
autotemcel for transfusion-dependent B-thalassemia. N
Engl J Med, 2024, 390: 1663-76.

Kosicki M, Tomberg K, Bradley A. Repair of double-
strand breaks induced by CRISPR-Cas9 leads to large
deletions and complex rearrangements. Nat Biotechnol,
2018, 36: 765-71.

Huang TP, Newby GA, Liu DR. Precision genome
editing using cytosine and adenine base editors in
mammalian cells. Nat Protoc, 2021, 16: 1089-128.
Komor AC, Kim YB, Packer MS, et al. Programmable
editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature, 2016, 533:
420-4.

Gaudelli NM, Komor AC, Rees HA,
Programmable base editing of A*T to G*C in
genomic DNA without DNA cleavage. Nature, 2017,
551: 464-71.

Kurt IC, Zhou R, Iyer S, et al. CRISPR C-to-G base
editors for inducing targeted DNA transversions in
human cells. Nat Biotechnol, 2021, 39: 41-6.

Ye L, Zhao D, Li J, et al. Glycosylase-based base
editors for efficient T-to-G and C-to-G editing in
mammalian cells. Nat Biotechnol, 2024, 42: 1538-47.

Chen L, Hong M, Luan C, et al. Adenine transversion

et al.

editors enable precise, efficient A*T-to-C*G base
editing in mammalian cells and embryos. Nat
Biotechnol, 2024, 42: 638-50.

Vafai SB, Téubel J, Ashdown T, et al. In vivo base editing
of PCSK9 with VERVE-102 for hypercholesterolemia.
N Engl J Med, 2026, 395: 648-59.

Wang Y, Kong Y, Zhang Y, et al. Long-term attenuation
of vascular hyperpermeability in a hereditary

angioedema mouse model by adenine base editing.



TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1

1479

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

Allergy, 2026, 81: 1720-34.

Wang M, Zhang Z, Wang X, et al. Optimized in vivo
base editing restores auditory function in a DFNA15
mouse model. Nat Commun, 2025, 16: 8322.
Grunewald J, Zhou R, Garcia SP, et al. Transcriptome-
wide off-target RNA editing induced by CRISPR-
guided DNA base editors. Nature, 2019, 569: 433-7.
Woolf TM, Chase JM, Stinchcomb DT. Toward the
therapeutic editing of mutated RNA sequences. Proc
Natl Acad Sci U S A, 1995, 92: 8298-302.

Merkle T, Merz S, Reautschnig P, et al. Precise RNA
editing by recruiting endogenous ADARs with
antisense oligonucleotides. Nat Biotechnol, 2019,
37: 133-8.

Reautschnig P, Wahn N, Wettengel J, et al. CLUSTER
guide RNAs enable precise and efficient RNA editing
with endogenous ADAR enzymes in vivo. Nat
Biotechnol, 2022, 40: 759-68.

Yi Z, Zhao Y, Yi Z, et al. Utilizing AAV-mediated
LEAPER 2.0 for programmable RNA editing in non-
human primates and nonsense mutation correction in
humanized Hurler syndrome mice. Genome Biol, 2023,
24: 243.

Yan W, Weng X. Targeted RNA base editing for
therapeutic: mechanisms and advances. Pharm Sci
Adv, 2025, 3: 100089.

Monian P, Shivalila C, Lu G, et al. RNA editing for the
treatment of a-1 antitrypsin deficiency. Nucleic Acids
Res, 2026, 54: gkaf1518.

Anzalone AV, Randolph PB, Davis JR, et al. Search-
and-replace genome editing without double-strand
breaks or donor DNA. Nature, 2019, 576: 149-57.
Zhang L, Zhao D, Wei Z, et al. The advancement of
prime editing technology. Chembiochem, 2025, 26:
€202500193.

Gori JL, Haddad E, Frangoul H, et al. Prime editing for
p47(phox)-deficient chronic granulomatous disease. N
Engl J Med, 2026, 394: 1195-203.

Sousa AA, Terrey M, Sakai HA, et al. In vivo prime
editing rescues alternating hemiplegia of childhood in
mice. Cell, 2025, 188: 4275-94.e23.

FuY, He X, Ma L, et al. In vivo prime editing rescues
photoreceptor degeneration in nonsense mutant retinitis
pigmentosa. Nat Commun, 2025, 16: 2394.

Amabile A, Migliara A, Capasso P, et al. Inheritable
silencing of endogenous genes by hit-and-run targeted
epigenetic editing. Cell, 2016, 167: 219-32.e14.
Nunez JK, Chen J, Pommier GC, et al. Genome-wide

programmable transcriptional memory by CRISPR-

(73]

[74]

[75]

[76]

(77]

(78]

[79]

(80]

[81]

[82]

(83]

(84]

(85]

based epigenome editing. Cell, 2021, 184: 2503-19.
el7.

Xu D, Besselink S, Ramadoss GN, et al. Programmable
epigenome editing by transient delivery of CRISPR
epigenome editor ribonucleoproteins. Nat Commun,
2025, 16: 7948.

Mao S, Peng W, Feng Z, et al. Design of optimized
epigenetic regulators for durable gene silencing with
application to PCSK9 in nonhuman primates. Nat
Biotechnol, 2025, doi: 10.1038/s41587-025-02838-y.
Wilson C, Chen PJ, Miao Z, et al. Programmable m°A
modification of cellular RNAs with a Casl3-directed
methyltransferase. Nat Biotechnol, 2020, 38: 1431-40.
Pupak A, Rodriguez-Navarro I, Sathasivam K, et al.
m°A modification of mutant huntingtin RNA promotes
the biogenesis of pathogenic huntingtin transcripts.
EMBO Rep, 2024, 25: 5026-52.

Pandey S, Gao XD, Krasnow NA, et al. Efficient site-
specific integration of large genes in mammalian cells
via continuously evolved recombinases and prime
editing. Nat Biomed Eng, 2025, 9: 22-39.

Yarnall MTN, loannidi EI, Schmitt-Ulms C, et al.
Drag-and-drop genome insertion of large sequences
without double-strand DNA cleavage using CRISPR-
directed integrases. Nat Biotechnol, 2023, 41: 500-12.
Klompe SE, Vo PLH, Halpin-Healy TS, et al.
Transposon-encoded CRISPR-Cas systems direct
RNA-guided DNA integration. Nature, 2019, 571:
219-25.

Sun C, Li H, Liu Y, et al. Iterative recombinase
technologies for efficient and precise genome
engineering across kilobase to megabase scales. Cell,
2025, 188: 4693-710.e15.

Goold HD, Kroukamp H, Erpf PE, et al. Construction
and iterative redesign of synXVI a 903 kb synthetic
Saccharomyces cerevisiae chromosome. Nat Commun,
2025, 16: 841.

Venter JC, Glass JI, Hutchison CA, 3rd, et al. Synthetic
chromosomes, genomes, viruses, and cells. Cell, 2022,
185: 2708-24.

Doi A, Delaney C, Tanner D, et al. RNA exon editing:
splicing the way to treat human diseases. Mol Ther
Nucleic Acids, 2024, 35: 102311.

Philippidis A. Roche, Ascidian launch up-to-$1.8B
RNA exon editing collaboration. Hum Gene Ther,
2024, 35: 517-9.

Wang JH, Gessler DJ, Zhan W, et al. Adeno-associated
virus as a delivery vector for gene therapy of human
diseases. Signal Transduct Target Ther, 2024, 9: 78.



1480

LA LB R (L)

H38%:

(86]

(87]

[88]

(89]

[90]

[91]

[92]

(93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

Gil JS, Lee S, Koo T. Therapeutic in vivo genome
editing: innovations and challenges in rAAV vector-
based CRISPR delivery. Gene Ther, 2026, 33: 97-106.
Lee NK, Chang JW. Manufacturing cell and gene
therapies: challenges in clinical translation. Ann Lab
Med, 2024, 44: 314-23.

Giommetti A, Papanikolaou E. Advancements in
hematopoietic stem cell gene therapy: a journey of
progress for viral transduction. Cells, 2024, 13: 1039.
Muravyeva A, Smirnikhina S. Adenoviral vectors for
gene therapy of hereditary diseases. Biology (Basel),
2024, 13: 1052.

Le Hars M, Joussain C, Jegu T, et al. Non-replicative
herpes simplex virus genomic and amplicon vectors for
gene therapy - an update. Gene Ther, 2025, 32: 173-83.
Wang X, Liu S, Sun Y, et al. Preparation of selective
organ-targeting (SORT) lipid nanoparticles (LNPs)
using multiple technical methods for tissue-specific
mRNA delivery. Nat Protoc, 2023, 18: 265-91.
Guerrini G, Scaccabarozzi D, Mehn D, et al.
Challenges in measuring in vitro activity of LNP-
mRNA therapeutics. Int J Mol Sci, 2025, 26: 8152.
Gillmore JD, Gane E, Taubel J, et al. CRISPR-Cas9 in
vivo gene editing for transthyretin amyloidosis. N Engl
J Med, 2021, 385: 493-502.

Cohn DM, Gurugama P, Magerl M, et al. CRISPR-
based therapy for hereditary angioedema. N Engl J
Med, 2025, 392: 458-67.

Debacker AJ, Voutila J, Catley M, et al. Delivery of
oligonucleotides to the liver with GalNAc: from
research to registered therapeutic drug. Mol Ther,
2020, 28: 1759-71.

Shevelev A, Pozdniakova N, Generalov E, et al. siRNA
therapeutics for the treatment of hereditary diseases
and other conditions: a review. Int J Mol Sci, 2025, 26:
8651.

Ramirez-Cortes F, Menova P. Hepatocyte targeting via
the asialoglycoprotein receptor. RSC Med Chem, 2025,
16: 525-44.

Tenchov R, Sasso JM, Wang X, et al. Exosomes—nature
's lipid nanoparticles, a rising star in drug delivery and
diagnostics. ACS Nano, 2022, 16: 17802—46.

Serrano DR, Juste F, Anaya BJ, et al. Exosome-based
drug delivery: a next-generation platform for cancer,
infection, neurological and immunological diseases,
gene therapy and regenerative medicine. Pharmaceutics,
2025, 17: 1336.

Prodromos CC, Del Villar R, Jin MY, et al. Exosome-

rich mesenchymal stem cell secretome improves

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

strength in patients with amyotrophic lateral sclerosis,
Kennedy disease, congenital myasthenic syndrome and
Lewy body dementia. Am J Stem Cells, 2025, 14:
217-29.

Chen YF, Luh F, Ho YS, et al. Exosomes: a review of
biologic function, diagnostic and targeted therapy
applications, and clinical trials. J Biomed Sci, 2024,
31: 67.

Ikwuagwu B, Tullman-Ercek D. Virus-like particles for
drug delivery: a review of methods and applications.
Curr Opin Biotechnol, 2022, 78: 102785.
Mejia-Mendez JL, Vazquez-Duhalt R, Hernandez LR,
et al. Virus-like particles: fundamentals and biomedical
applications. Int J Mol Sci, 2022, 23: 8579.

Son SH, Woo S, Choi A, et al. Advances in engineered
virus-like particles for genome editing and therapy.
BioDrugs, 2026, 40: 317-33.

Sekayan T, Simmons DH, von Drygalski A. Etranacogene
dezaparvovec-drlb gene therapy for patients with
hemophilia B (congenital factor IX deficiency). Expert
Opin Biol Ther, 2023, 23: 1173-84.

Rasko JEJ, Samelson-Jones BJ, George LA, et al.
Fidanacogene elaparvovec for hemophilia B-a
multiyear follow-up study. N Engl J Med, 2025,
392: 1508-17.

Ozelo MC, Mason J, Dunn AL, et al. Safety and
efficacy of valoctocogene roxaparvovec with prophylactic
glucocorticoids: 1-year results from the phase 3b,
single-arm, open-label GENEr8-3 study. J Thromb
Haemost, 2025, 23: 1496-506.

Xue F, Hu Y, Yang R, et al. Chinese guidance for the
clinical application of adeno-associated virus vector-
based gene therapy for hemophilia B (2025). Blood
Sci, 2025, 7: €00257.

Kwiatkowski JL, Thompson AA, Schneiderman J, et
al. Long-term efficacy and safety results of betibeglogene
autotemcel gene therapy for transfusion-dependent B-
thalassemia. Blood, 2026, 147: 2203-14.

Herring WL, Gallagher ME, Shah N, et al. Cost-
effectiveness of lovotibeglogene autotemcel (Lovo-
Cel) gene therapy for patients with sickle cell disease
and recurrent vaso-occlusive events in the United
States. Pharmacoeconomics, 2024, 42: 693-714.

Blair HA. Etuvetidigene autotemcel: first approval.
Mol Diagn Ther, 2026, 30: 539-43.

Frangoul H, Locatelli F, Sharma A, et al. Exagamglogene
autotemcel for severe sickle cell disease. N Engl J Med,
2024, 390: 1649-62.

Rio P, Zubicaray J, Navarro S, et al. Haematopoietic



TR, 55 T MR RE RNAT I FEE J « B S 3 i R 1

1481

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

gene therapy of non-conditioned patients with Fanconi
anaemia-A: results from open-label phase 1/2
(FANCOLEN-1) and long-term clinical trials. Lancet,
2025, 404: 2584-92.

Booth C, Sevilla J, Almarza E, et al. Lentiviral gene
therapy for severe leukocyte adhesion deficiency type
1. N Engl J Med, 2025, 392: 1698-709.

Kwon JM, Munell F, Le Goff L, et al. Intrathecal
onasemnogene abeparvovec for treatment-experienced
patients with spinal muscular atrophy: a phase 3b,
open-label trial. Nat Med, 2026, 32: 488-93.

Crudele JM. Safety and efficacy of commercially
administered elevidys (delandistrogene moxeparvovec-
rokl). Mol Ther, 2026, 34: 10-1.

Zhang R, O'Connell T, Monteleone B, et al. Eladocagene
exuparvovec for the treatment of aromatic L-amino
acid decarboxylase deficiency (AADCd): an economic
evaluation from a US perspective. Pharmacoeconomics,
2026, 44: 25-41.

Keam SJ. Elivaldogene autotemcel: first approval. Mol
Diagn Ther, 2021, 25: 803-9.

Fumagalli F, Calbi V, Gallo V, et al. Long-term
effects of atidarsagene autotemcel for metachromatic
leukodystrophy. N Engl J Med, 2025, 392: 1609-20.
Dowling JJ, Pirovolakis T, Devakandan K, et al. AAV
gene therapy for hereditary spastic paraplegia type 50:
a phase 1 trial in a single patient. Nat Med, 2024, 30:
1882-7.

Bharucha-Goebel DX, Todd JJ, Saade D, et al.
Intrathecal gene therapy for giant axonal neuropathy.
N Engl J Med, 2024, 390: 1092-104.

Gillmore JD, Gane E, Taubel J, et al. Nexiguran
ziclumeran gene editing in hereditary ATTR with
polyneuropathy. N Engl J Med, 2025, 393: 1375-86.
Ma X, Zhuang L, Ma W, et al. AAV9-mediated gene
therapy for infantile-onset Pompe’s disease. N Engl J
Med, 2025, 392: 2438-46.

Greenberg B, Taylor M, Adler E, et al. Phase 1 study
of AAV9.LAMP2B gene therapy in Danon disease. N
Engl J Med, 2025, 392: 972-83.

Thompson DA, De Smit E, Tan W, et al. Vision
outcomes in children treated with voretigene
neparvovec for RPE65-associated retinopathy.
JAMA Ophthalmol, 2026, 144: 156-65.

Lloyd A, Piglowska N, Ciulla T, et al. Estimation of
impact of RPE65-mediated inherited retinal disease on
quality of life and the potential benefits of gene
therapy. Br J Ophthalmol, 2019, 103: 1610-4.

Hoy SM. Revakinagene taroretcel: first approval. Mol

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Diagn Ther, 2025, 29: 553-61.

McKyton A, Averbukh E, Marks Ohana D, et al.
Cortical visual mapping following ocular gene
augmentation therapy for achromatopsia. J Neurosci,
2021, 41: 7363-71.

Yang P, Pardon LP, Ho AC, et al. Safety and efficacy of
ATSN-101 in patients with Leber congenital amaurosis
caused by biallelic mutations in GUCY2D: a phase 1/2,
multicentre, open-label, unilateral dose escalation
study. Lancet, 2024, 404: 962-70.

Michaelides M, Besirli CG, Yang Y, et al. Phase 1/
2 AAVS5-hRKp.RPGR (Botaretigene Sparoparvovec)
gene therapy: safety and efficacy in RPGR-associated
X-linked retinitis pigmentosa. Am J Ophthalmol, 2024,
267: 122-34.

Aleman TS, Huckfeldt RM, Serrano LW, et al. Adeno-
associated virus serotype 2-hCHM subretinal delivery
to the macula in choroideremia: two-year interim
results of an ongoing phase I/Il gene therapy trial.
Ophthalmology, 2022, 129: 1177-91.

Wang J, Zhang J, Yu S, et al. Gene replacement therapy
in Bietti crystalline corneoretinal dystrophy: an open-
label, single-arm, exploratory trial. Signal Transduct
Target Ther, 2024, 9: 95.

Pierce EA, Aleman TS, Jayasundera KT, et al. Gene
editing for CEP290-associated retinal degeneration. N
Engl J Med, 2024, 390: 1972-84.

Yu I, Jeong J. Advancing gene therapy for
phenylketonuria: from precision editing to clinical
translation. Int J Mol Sci, 2025, 26: 8722.

D'Antiga L, Beuers U, Ronzitti G, et al. Gene therapy
in patients with the Crigler-Najjar syndrome. N Engl J
Med, 2023, 389: 620-31.

Xun M, Fan X, Wang H, et al. Comparative analysis of
RNA versus protein splicing in dual AAV-mediated
gene therapy in a mouse model of DFNB9 deafness.
Mol Ther, 2026, 34: 203-15.

Amariutei AE, Webb S, Carlton AJ, et al. Adeno-
associated virus-based rescue of Myo7a expression
restores hair-cell function and improves hearing
thresholds in a USH1B mouse strain. J Physiol, 2025,
603: 7171-88.

Lv J, Wang H, Cheng X, et al. AAV1-hOTOF gene
therapy for autosomal recessive deafness 9: a single-
arm trial. Lancet, 2024, 403: 2317-25.

Qi J, Tan F, Zhang L, et al. AAV-mediated gene therapy
restores hearing in patients with DFNB9 deafness. Adv
Sci (Weinh), 2024, 11: e2306788.

Wang H, Chen Y, Lv J, et al. Bilateral gene therapy in



1482

LA LB R (L)

H38%:

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

children with autosomal recessive deafness 9: single-
arm trial results. Nat Med, 2024, 30: 1898-904.

Qi J, Zhang L, Lu L, et al. AAV gene therapy for
autosomal recessive deafness 9: a single-arm trial. Nat
Med, 2025, 31: 2917-26.

Valayannopoulos V, Bance M, Carvalho DS, et al. DB-
OTO gene therapy for inherited deafness. N Engl J
Med, 2026, 394: 1074-83.

Dhillon S. Beremagene geperpavec: first approval.
Drugs, 2023, 83: 1131-5.

Lee A. Prademagene zamikeracel: first approval. Mol
Diagn Ther, 2025, 29: 701-4.

Stirnadel-Farrant H, Kudari M, Garman N, et al. Gene
therapy in rare diseases: the benefits and challenges of
developing a patient-centric registry for Strimvelis in
ADA-SCID. Orphanet J Rare Dis, 2018, 13: 49.
Sleasman J, McCarthy E, Aftring RP, et al. The
Congenital Athymia Patient Registry: an observational
cohort study to evaluate the real-world efficacy and
safety of allogeneic processed thymus tissue-agdc. Clin
Immunol, 2023, 250: 109450.

Colella P, Ronzitti G, Mingozzi F. Emerging issues in
AAV-mediated in vivo gene therapy. Mol Ther
Methods Clin Dev, 2018, 8: 87-104.

Yang TY, Braun M, Lembke W, et al. Immunogenicity
assessment of AAV-based gene therapies: an IQ
consortium industry white paper. Mol Ther Methods
Clin Dev, 2022, 26: 471-94.

Lek A, Wong B, Keeler A, et al. Death after high-dose
rAAV9 gene therapy in a patient with Duchenne's
muscular dystrophy. N Engl J Med, 2023, 389:
1203-10.

Zhao Q, Yu S, Fu D, et al. Pre-existing Anti-
AAV9 antibodies in the Chinese healthy and rare
disease populations: implications for gene therapy.
Virus Res, 2025, 354: 199549.

Ramadan A, Rao P, Allababidi S, et al. Tolerization
with a novel dual-acting liposomal Tim agonist
prepares the immune system for the success of gene
therapy. Int J Mol Sci, 2025, 26: 3830.

Qiu Q, Xu Z, Tian J, et al. Impact of natural IgM
concentration on gene therapy with adenovirus type
5 vectors. J Virol, 2015, 89: 3412-6.

Kozma GT, Meszaros T, Vashegyi I, et al. Pseudo-
anaphylaxis to polyethylene glycol (PEG)-coated
liposomes: roles of anti-PEG IgM and complement
activation in a porcine model of human infusion
reactions. ACS Nano, 2019, 13: 9315-24.

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

Hou X, Zaks T, Langer R, et al. Lipid nanoparticles for
mRNA delivery. Nat Rev Mater, 2021, 6: 1078-94.
Lee Y, Jeong M, Park J, et al. Immunogenicity of lipid
nanoparticles and its impact on the efficacy of mRNA
vaccines and therapeutics. Exp Mol Med, 2023, 55:
2085-96.

Modlich U, Baum C. Preventing and exploiting the
oncogenic potential of integrating gene vectors. J Clin
Invest, 2009, 119: 755-8.

Ranzani M, Cesana D, Bartholomae CC, et al.
Lentiviral vector-based insertional mutagenesis
identifies genes associated with liver cancer. Nat
Methods, 2013, 10: 155-61.

Leibowitz ML, Papathanasiou S, Doerfler PA, et al.
Chromothripsis as an on-target consequence of
CRISPR-Cas9 genome editing. Nat Genet, 2021, 53:
895-905.

Schiroli G, Conti A, Ferrari S, et al. Precise gene
editing preserves hematopoietic stem cell function
following transient p53-mediated DNA damage
response. Cell Stem Cell, 2019, 24: 551-65.¢8.
Wright JF. Product-related impurities in clinical-grade
recombinant AAV vectors: characterization and risk
assessment. Biomedicines, 2014, 2: 80-97.

Li X, LiJ, Wei J, et al. Design strategies for novel lipid
nanoparticle for mRNA vaccine and therapeutics:
current understandings and future perspectives.
MedComm (2020), 2025, 6: e70414.

Brooks PJ, Ottinger EA, Portero D, et al. The platform
vector gene therapies project: increasing the efficiency
of adeno-associated virus gene therapy clinical trial
startup. Hum Gene Ther, 2020, 31: 1034-42.

Brooks PJ, Miller TM, Revah F, et al. The Bespoke
Gene Therapy Consortium: facilitating development of
AAV gene therapies for rare diseases. Nat Rev Drug
Discov, 2024, 23: 157-8.

Asher D, Dai D, Klimchak AC, et al. Paving the way
for future gene therapies: a case study of scientific
spillover from delandistrogene moxeparvovec. Mol
Ther Methods Clin Dev, 2023, 30: 474-83.

Grisorio L, Bongianino R, Gianeselli M, et al. Gene
therapy for cardiac diseases: methods, challenges, and
future directions. Cardiovasc Res, 2024, 120: 1664-82.
Vavassori S, Russell S, Scotti C, et al. Unlocking the
full potential of rare disease drug development:
exploring the not-for-profit sector’s contributions to
drug development and access. Front Pharmacol, 2024,
15: 1441807.



