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Development, Application and Quality Control
of Hematopoietic Stem Cell Therapy

CHEN Yue', HUA Junnan'?, LIU Chao'**

(‘BGI Research, Shenzhen 518083, China; *College of Life Sciences, University of Chinese Academy of Sciences, Beijing 100049,
China, 3BGIHemogen Therapeutic, Shenzhen 518083, China)

Abstract HSCs (hematopoietic stem cells) possess self-renewal capacity and multi-lineage differentiation
potential, making them an ideal vehicle in the field of cell and gene therapy. HSC-GT (hematopoietic stem cell gene
therapy) involves ex vivo genetic modification of a patient’s autologous HSCs followed by reinfusion, which can
correct diseases at the etiological level, achieving “one-time treatment, lifelong benefit” while avoiding the donor-
matching difficulties and the risk of graft-versus-host disease associated with allogeneic hematopoietic stem cell
transplantation. This review systematically outlines the technological evolution of HSC-GT: from the early explor-
atory applications of y-retroviral vectors, to the breakthroughs in safety and efficiency achieved by third-generation
self-inactivating lentiviral vectors, and to the advent of precision editing technologies including CRISPR-Cas9,
base editing, and prime editing. In terms of clinical translation, multiple innovative HSC-GT products have already
been approved in the European Union and the United States (including the world’s first CRISPR-based medicine).
The therapeutic scope has expanded from hematologic disorders such as hemoglobinopathies and immunodefi-
ciencies to non-hematologic diseases, including lysosomal storage disorders and central nervous system diseases,
demonstrating the field’s enormous potential. Quality research and control are critical to the HSC-GT development
and manufacturing. These efforts, guided by the principle of “Quality by Design” and compliant with GMP (Good
Manufacturing Practice), must focus on four key dimensions: characteristics of HSCs, gene-modification efficacy,
cell purity and safety. Moreover, establishing rigorous process controls and final product release standards is es-
sential to ensuring safety, efficacy, and consistency. Looking ahead, HSC-GT is expected to advance toward in vivo
gene therapy, expanded indications, and more precise quality assessment systems. With these developments, HSC-
GT holds promise to evolve from a high-end, personalized therapy into a more accessible and affordable product,
providing innovative solutions for numerous refractory diseases.
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hematopoietic stem cells; gene therapy; viral vectors; gene editing; quality control; clinical ap-
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| M TSN T A R AT

18 I 40 i (hematopoietic stem cells, HSCs) &
EFF MR R G RS A T4, BAK
W E R HTRE IR 2 18 A e, BR8N AL gH
M. Hf/AR S RIAERR. FRAX — B MR 4 A DA Ak B A
i 45 - S AL AR P, AENL A4 3G 1L 5 4 8 B A b Kk
FEATEACHIVE A Mo AR AT FE A G 28 40 B B4
M, HSCsHEME M ik~ FAE R M RG5> 7 TH )
R, FF HEH IR IR TT ROR; 534k, HSCs A
BRI N IE SR, Flkiad < it 2
HREIE G, ERERINIAENEMEAR. A20ttL
60FAR LA, FET HSCs 11t L4 ffd # 48 (hemato-

poietic stem cell transplantation, HSCT) & A [ IfiL
Wiy FRAERRASYEST M . B A M g 2T SR I R St
P I R T TR AR, AR 4 HSCTH IR
FeAE A, T EACRIEA 2 BAEYIPIIE TR
(graft versus host disease, GVHD). %% 5 & 4EiR 55
] BT R B R RS R R B R R A S 2 1) (R
REMEHR SR B (2, (HaR T M oRRIVER , A s
GVHDAHIK e frl i, DL RO B 7 B it A = 377 ]
PAZ2 36 2K, 75 PR T HSCTHY) 32 B P

I8 41 i 2L R VR 97 (hematopoietic stem cell
gene therapy, HSC-GT)if it % 35 H A& HSCit 47 14k
HMEERIEAT , TR AR R BE DR D) BRI T 00 22 A4 P 1
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FLARSATLET55 “Fh 740 f > B TR I 5, TR
TR0 2 Fh gl H 2 B R 22 R #E TRk . HSC-GTHE
g 38 3 — U [ SR I AT R, B ARV B, M
98D WK 245 ) Bl & AR T B AR DT 5 0HE
1BIT AR L, HSC-GTREBS /LSS K 7 2 I SL B IE. &
FERME IE ) HSC R HAiT AR A0 R AEHLAAR A AT i
I8 AN G % D RE , 38 W 204 0 B AR 2 Fh 20 LRE = 1k
G 200 A, 5] 1 A A 22 R G PR /N I R A L, AT 7
A2 RGURTT RN IX P« RGN SR AR IR s A
HSC-GTAME A T J5 & 1 o P8 R 0 1ML 21 2
I3 5 ML R Goe s , 18 v] F T 097 Vi B AR 0 BURE
AR 9 S5 F LV R Goe i % k4, HSCsllf
PRERVERAR B R, IR sl R, istigs. Wl
AEFR RN ANAR 5 M4 5 2 AN, bRiEA ) HSC-
GT /R AHRAL TR . HT R B AR,
HSC-GTMARA Efif ke 1 AR B AL A A GVHD S
M B, [FE, HSC-GTHrR H (15§ 77 AT i EE
BEMLT F AR HSCT, H T AR I B REAE LAk T R
AT Ay 555 B (A B A P XU 38 2 BT

VLA R, Bl 2 ANHSC-GTR= S E IR PR 1R Eh
R, AR IE S I [ B Jm b 4 B AR D Bl 7y
WAL — 2R T I, G SR BED FIEA 4
RIEH, HSC-GTAKAT BN 2 BB (45 %
SEDRIGA 5 ARAF IR B R Sk IRV 7 SRS

2 IFSMEIMTFMEaEERTTRIRIERTE

LT, RPN F A HSC-GTHR ] “fi g edeist +44
N R, FEARE AP ER ()., PR
HSCsal) 5 MR AN 40 K 5 . HSCs3) i 72 5 &
BE I HSCsBE A4 L ) AT . AR5 7 &
A& K FHRE 2 i 4R v% I 3R] T (granulocyte colony-
stimulating factor, G-CSF)X & CXCR44E HUFIH %
704 (plerixafor). G-CSFi i 3l B 56 A 552 B8 il
HSCs, 1M1 % 5 ¥0 48 BT CXCR4 54k AT CXCL12
(254, fRFR HSCsTE B f T B, NI o 25 58
AhJE I CD34 4 THE MY, HSCsal it 240 E I ,
BASRALAAE £ 38 3 482 0o 43 5 A R L A g B A A% 4
Ji, TR SRHSCs o #2393 51 (U2 51 2 W Bk ok

m N CD34" HSPC
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Fig.1 Schematic of hematopoietic stem cell gene therapy
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1), P BE R A E I HSCs R
WU CD34 i u afi AL FI L R &1 . CD34"
Y& HSCsIMR bR icd), BAE R T K0 i+
YH il (long-term HSCs, LT-HSCs), {H7E IIfi IR Sz i v 4k
FAAEHI € HSCs R A & 1) st fabn. UL, ImPK Fis
I CD34f A e it 2k, MR ZAE I b 7)1k ' SR
CD34 4. = RAZ 16455 13 FF 93 2 2k R S 0 A0 I
RN # A 2Rk, oA F CRISPR-Cas9%% JE [K 4 45 1
BT YR U2, B )5 (1 CD34" 41 Mo s iR A7
TRAF 7, R 7 RIS TR AF TR, B IR HTE
IR RTAT . TR 7 2 B0 0 R AT 7=
Y, SRR T A BAT . TR PEAS FE AR 32 24
32 M40 M RRAE (UER T TR LRE 70) Al Al B (A
CD34"Eufgil ) & PRE AT D) R (a1 28 5% 5 2% 51
PR AR )M L AR AR (RIS 3458 , FFEhn
G BT o ST F B 3 B iR
UM . EEVR LRSI . A /0 Ak SE8 . qPCR2E
ik, EBER AN A DU bR AT A
WMo Ffr , R FH B 20 B 7 R 45 vy 8 A 1 A 2
AR, WF T RS S N4 T VP 7 S 0 3 A T 40 P
FHEAE RS M D)2, HARn S L5 5l % (T
o BRSO )L T RO T ) EE AR O,
ARV BT REA AR S . TS RE A 3
I (a0 Y ) BB R R BE R 1 S
i, B IS FHSCsHR A A7 25 (0] A4 R+
PERER, PRSI (U A0S h -+ & 1 20) s R ik
IT 26 (oA [ T B ) TIUAL B IE i Ay 3 0517
)5, 1B G B HSCsidid ik Rl fndE N RN, 78
EREF R EY G, REEL A ThREIEE I gn i, ik
54 it 5 s DhRE, HPr IEERRIE R I D Re .

BT HSC-GTK M2 A A 75 5 iiE , LRI
PR AR 56 1 1) 42 52 240 L [ o i 3 5 5 4 S P AR B U
B Jo MU W SR, N ISR KRR U5 31, DA
FNBN 15 IRTT RO KT RERI R A R A,

3 &EMmTFApaERE AR SEEHS I
BitRE

HSC-GTI) K & [ e 1 B PRR T 45 I RE & 2
HH BIFAR A, BRI R A g I A, 7T 2 i
ANAHELORER I B - 8 DRSS SR W 0% AN Wi v g R
PRI 5855 i AR AR D HEE , PR A4 B2 3L [R1 44
BT HSC-GT AERI AT 78 211 R N2 H ) 56 38 K e
I (E2).
3.1 HSC-GTHEEEIH R HYEE
3.1 FHR RO v- B4 R R 6 TAT R
Foz W HSC-GTHIRZ/OAE T SEBLN HSCsH
B RGEF B ANE I R KR e Rk . B
AR F AR B, y-100 55 5955 5% (y-retroviral vec-
tors, YRV)Z& LI HSCsH: B A EE T H . 201
20 904FAR, W93 I H yRV G} ™ 8 5 A5 7Y 4 g2 RS
J5 (severe combined immunodeficiency, SCID) & [
HSCs#EATHE R 5, 81550 FE 5290 T7 1 83 e 2
W T RPEDIRE, FFSCHL 7K IAA AR 1922, X e R
S A 1 R 9 <) F B DB A ) HS CsviR 7 AH D 1 A%
PR BE | AR

SRTAT, YRVIRZ QSR FALE T H 2 e, 3
BEXGIE T PTH : H—, HKOREEE P41 (long
terminal repeat, LTR)H 6L 7 58 75 /3 30 1 A3 5 1
Joft s H =, yRVE A T4 G 718 T B DR 20 % st ah
A7 S BT B - X3 X IR =3 RIVE R, A8

Libmeldy for MLD
aprroved in the
Euro)

First proof-of-
concept study of
HSC-GT for
‘anconi anemi

First application of patient
conditi C-GT:

low-int tioning
for ADA-SCID patients

Clinical efficacy demonstrated in
YRV-based HSC-GT for WAS
and X-CGD

Clinical trials of
Gene-cd

based HSC-GT for
SCD and TDT

E2 &M FREEERTTHI AR E
Fig.2 The history of hematopoietic stem cell gene therapy
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3 YRV 5y BOE a1 32 5L (L4 [ BE R ), AT
SR N S50 AU 1230, — AN U S 48] 2 L XG4
SCID(X-SCID)HJFEPR G T I RS, Herh 22451 257 ]
YRVEE S 2 LMO2 R i B2 DR BT, 330 R P
T, BETT 91 A TAN 53, L2y A R,
X (AN R S AR 7 H AR — Ay RV R AEAE 1Y)
HRZAREE, WA A E R 22 IR
B34 5 2 4 i B AR

3.1.2 #HARBKRME: BomEEAR 2 HA BRI
HEMRAL B TYRVIL AN, 1895 55 (lentiviral
vectors, LV)iZ&#T Al N HSC-GTH 47T 3 B 1)
RITTE . BB =A0E KBS Wi 7 (self-inactivating
LV, SIN-LV)i# i il LTR /) U358 T 51, B3
BEAR 198 B3 oA & 1 32 R DR R I0E e 0 5 R,
LVEES AL s 5 o8k, HAm 48 AT T8O A X8 (T
R BT T ), 32— AR KU P I R A
SR, I E ) B2 SIN-LVIRYT G, AR IR
AR )98 N s 0 BT Ak, 5 yRVAK S 4
W13 A RE AL G AR, LVl i L2 & i
NFES- LM ) 4 A%, 0 75 MO it 2L B AT 52
FCRES, fE R AU TR S LT-HSCs, M SEELFE A2
TEFFA MG IR R B2, LVik B RS A &
(8~9 Kb), AJ 4l A\ B IRIA 7 A A B0 2 o 1 (4l
U MR 3T, BERG e T R e, SO — B4R
Theag EPEAATAE ). B, LVAE 2 e VERTA Rk
TRV,

H 20004F LK, LVAE 22 Mg 152 284 v 251 3 3 H
KRR E RIS R 5 RIF 1221, JFEHSC-GT
It P B v S R B U 3k 7 b 7. Bl LVAE
72 LR GMPAH G HIE I 563, LVIRZ RN
HSC-GTH T 2L ME M T, 85 8240 5= )
ABLE T HOARTERES,

3.1.3 ARG AR ST AT A 7E 5
HOF AR RS 20104, BRI gn AR
AR HSC-GTHE R T BIRM . FFE % IR
fi§ (zinc finger nucleases, ZFN)FH S50 K1 FF 3%
A% BRI (transcription activator-like effector nucleases,
TALEN) & 74 HI 184 HSCs, FFiE NI RAR 2
Bto i, HF N AR ZFNsbR BCLIIAYS 581, e
S MLZT A 08 8 s G ) L I 41 2 3 (fetal hemo-
globin, HbF)[{J# Ik, MM S| — & KE YT RER P,
SR, TR % MR AR E S L R S IR 1,

ZFNAITALENFFARAFE| 2 B H o

B4 CRISPR-CasOF R I, B AW
GBI N T RO R g I AR . 2 RGN )
TS ) gRNABI AT SEBL s #E R 20, BE 4R T T
HE PR gt R 1) RS PR AN AT A, AT E R 1B
SRR R I 9 ] R B3, R AL 8 R R 97 i
FeH , W 583 F F CRISPR-Cas9#E [ 4 BCL 114
ST DXIE, AR R OO0 HBF R4, AT 3 e B AR
HbF7K1- B4, 12 SRS AE R 20 21 110 (sickle cell dis-
ease, SCD)FI% MK #5174 B-Hb Hh i 21 1L (transfusion
dependent B-thalassemia, TDT) Il AR R L A g 21 H
RUAEIT R, R AHES) 2B E R 245 )
Casgevy ] BT P39, (H2 | K CRISPR-Castii K
AT 0 R ZH DI, et 51 NS KT 22 (double-
strand break, DSB)SZIL H (15 K dwdh, 1l RE 9] &2k
PRIZH R T B R 5 ] R CT

X 5B CRISPR-Cas 5 4 A7 15 1 I S8 24 B 5
DNA$ 5 KUK, BF 78N 53 P J7 10T J& T H AR AR
fbo — 5, I gRNA B i i {* B Cas9
A AR B gRNASEHOR T B, A RBR IR T &
Gt I #E R BV 53— 7 T, 9 DNA$ 532
THRSHERE , 82 4w % (base editing, BE) 55t 5 4m %
(prime editing, PE)$ ARFAZE 47 & H Sk B4, BE&R
¥ I Z -5 Cas9Y] T (nickase)fil &, FIEAT
A2 DSBHITE L T S AR e (I A—~ G C—T),
FE I R AT b LR SE AT R0RS IE SCDAH G 1) HBB
RRAZ BN HBGHRER M o, FEBLH R 4F B 2L
REZEMEW, PERGINSE G 5% 5 Caso))
FIE, A Sl s R B AN . R 2R Rl 5 4t
FEAE R SCDAH I R A 45 7 IHl e s 1 7, (B Ho g
RCRNA Ry — B ™.
32 ImKREENS M AIR
32.1 &L HSC-GT/*do: #AF 6 A RE5E M
JE R K W 5 DR e 3 5 o R A I R
HSC-GT M S8 56 = 58 i i PR B B B, BILAE 4 Bk
CA N iRt B (R 1), B R 23
“yRV”F|“SIN-LV” H F|“CRISPR-Cas” [{] it .

FTFyRVECA [ Strimvelis T- 201655 7E BRI 3R AL
B, SO E AN HSC-GTR= i ). Strimvelis
BT TR it 2 Il R o 2R P B AT 5 Y A R R (ad-
enosine deaminase deficiency-severe combined immu-
nodeficiency, ADA-SCID), % B # T IR E A
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fiff (adenosine deaminase, ADA)INHEH S, FETEACH
FPEYIEARN B, AR EARIER R A, 51 k™ E
G S B, o S IR, 52 R gy
B, StrimvelisF| FHYRVE AR 1IEH ADAFE KN S
N5 HSCs, 283521697 1 SLBL 1R K
13 I B 4, SR E DhAe ik 5, B R AR R R %
IS, 5 B w1 e BR R B AR YT, R
KM e 647, RO AEAE — i 2 AR AR AHE
B, {5 Strimvelis{li A Ja 22 177 3R BE e 1 oG4
B, AR EE EFETIENT Bl Ab

BT yRV H S KUK ] J, 55 = AX SIN-LVH AR B
J5 BB N HSC-GTI R &, HHES T — &1
FEEPE R LT, BH KRGS RR
. b, Zynteglofl Xt TDT, i@t LVIGA& 1 J5 1)
PR ALK (HBB™9) 5 N HSCs, i 1F & [ 1 21
AR, 8RR I 90% 1l R 156 A8 2 S K
A I AR A 14950, Lyfgenia, /E AR & [ 5 44 T
R SCDITIE, HMERIE BR R T Uik i 20 25
H (HbA™Q), B E N ML EHRETE, KR
FAAR I PR ZEMEfE % 552, Libmeldy3R4tE A1) L& A
FEYLERN A U FRAN K (metachromatic leukodystrophy,
MLD), i8I HSCATAE /M o7 4H i 2 37 HfiU i 5 P I -3
RDIREER E ARSA, T KA FARIPEE R G 3k e B,
Skysona [F] FEER X KPS RS , 16T R
AV E RN 1 5UE FR AN R (cerebral adrenoleukodys-
trophy, cALD)™, Libmeldy# Skysonal#lfi /R B2h
UESE THSC-GTAMYIE F T Il &R 4, A& 697
AR 8 22 S35 095 (4] B R9 7515560,

b E R iR B R R Ok e, A EkE A
CRISPRIE [K| 4 254 Casgevy T 20234 11 H 522024
SE2H BRI ARGk L . 95 RN RRE SR BT,
1697 TDTH SCD. %Y id %8 BCL11AYE 58+
fif B HOF M, AT P HbFRIE , BAIRAM A
MR AR, Casgevy I i AMUES) T
B gy T AN AR B, bR EAFHSC-GTAI
BRI B FE DRI (SIN-LV)” 5 “J& [K] 4 4 (CRISPR)”
FAT R SEBIHTHE R o
322 FEHHSC-GTl AiX¥e: & M 4 46 & 5 KA
#F o BRC BTSN, HATABRE I H HSC-GT
I RARES: IEAEHEAT | 3 RLE M8 B I Y3 095 1) B %2
DL A e 14 L v ] A DA A 22 A 88 f R AR ]
Bt .

TEMLLLER R ¥R T U380, TDTAI SCDAT) 2 W 5t
L, PEOAEZ XK TDTR SR ALE 5 24 i
B B R BRI PR UEE VR ] (investigational new
drug, IND), $i AR B 123 55 LVIE K 7 0 f CRISPR 3
[X 4% (CRISPR-Casfili % BCL1IAJA ) 18t HBGIA %
J¥ 51 BEMSISUHBG B ELAT s )80 Sy 4k, %)
i AR 2 ot 3 L [0 45 HBH-CS(Hemoglobin
H-Constant Spring) &% |, NI/ 2 3K HSC-GT/™
aE NG IRBE AT B, R BRI &L B LV F
) HBAZ N (HGI-002. GMCN-508A)F1 BE#r 1E CS
RAFAL FURM-004)1", 34 J& [ bR g Ik R 54, o
HH ] A A B0 24 £ 7E A2 AT I B 3 S

34, KT Fanconi?X ifil - B8 M 25 A1, R
& B E HSCsa g5 ME 45 #R1E A ok Phiik , (H HSC-GT/R
AR AR . I ARG R B, it LV § N\ FANCA
BRI, A8 8490 B S 58 SR A AR Y E 1 O
K S HSCs IR, 1E 2% 1 i o vy it J2 7

TE G BEBRIE BRI VR TT 93, HSC-GTIRELAS T
SRR . Bltn, 78 Wiskott-Aldrich%g & 1F (Wiskott-
Aldrich syndrome, WAS)H1¥AT H, B 70N G245 FH 4%
i WASHE N JE 31 A WASPEEDH (1) SIN-LVBE T3 T,
FE136 520 S8l T WASPER (R e RIE B 2L
G B, HOAR S 3Hh N  Som KU, 7EX-
TERUSPE P ZFE 9 (X-linked chronic granulomatous
disease, X-CGD)H1¥aY7 H, 8t SIN-LVi#ix CYBBJE
[A], ofgl &5 3 6451 b R 4 PR N ADPH SR Ab B35 14 1k
HIEHE, RHIHTICGDA Y, HAR H IR

EY IR

TERTRARICBUE 54 KGR IHIT 9K, LV
& J5 1) HSCs ] 2 b R IA VA T7 VE R I B A% 40
S S I 5 ) S TR G 3%, 3 MO 2 PR R
HY 53661 41, AF b 2 B8 ARE 12 (mucopolysac-
charidosis type I, MPS-1)597 H1, 85 B EH 2LV &
HSC-GTifRJT J&, M H it R B 8K & 7 E 133 XL
iR, HACRIL T RAAHSCTE#, (M2 HSCsIENZ
Yk Vs S HSC-GTHE T 6 2 R 308 77 T AL 4171,

Zx bRk, HSC-GT I PR B2 1E AL T Pidi &
JEBY B, TR R Ge A 5% 500 4 e 2R L R 4
FHOREEIN, TR AR ™ i 5 2 NI R 42
ARk, Fllm PR B AT S AR PR T R L 2 D3t
FRIR IR YT, 38 AT BE A4 22 UL 1) 22 S R s
HX A28 22 290 95 07 S5 A3 o
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Table 1 List of globally approved HSC-GT products

77 b AR e N T TR GBIX) BEXTIGERIAE B ot AUKE
Product Manufacturer Approval year Indication Mechanism of action Key risks
name (regulatory agency)
Strimvelis GlaxoSmithKline 2016 (EMA) ADA-SCID  yRV-mediated transfer of Integration of YRV may activate nearby
(GSK)/Orchard the ADA gene into patient- proto-oncogenes (e.g., LMO?2), poten-
Therapeutics derived HSCs enables tially lead to leukemia; conditioning
ADA expression, detoxifies regimens may induce myelosuppression,
metabolites, and restores increase infection risk, and cause hepa-
lymphocyte development totoxicity and nephrotoxicity; delayed
immune reconstitution may increase
susceptibility to infections
Zynteglo Bluebird Bio 2019 (EMA) TDT LV-mediated transfer of Potential risks of insertional mutagen-
(betibeglo- 2022 (US FDA) the B*™%-globin gene esis; conditioning regimens may induce
gene auto- into patient-derived HSCs myelosuppression, increase infection
temcel) promotes functional hemo- risk, and cause hepatotoxicity and neph-
globin synthesis and reduces  rotoxicity
transfusion dependence
Libmeldy Orchard Thera- 2020 (EMA) MLD LV-mediated transfer of the Potential risks of insertional mutagen-
(atidar- peutics 2024 (US FDA) ARSA gene into patient- esis; conditioning regimens may induce
sagene auto- derived HSCs restores myelosuppression, increase infection
temcel) arylsulfatase A expression, risk, and cause hepatotoxicity and neph-
degrades accumulated sul- rotoxicity
fatides, and slows neurode-
generation
Skysona Bluebird Bio 2021 (EMA) cALD LV mediated transfer of the Integration-associated clonal dominance
(elival- 2022 (US FDA) ABCDI gene into patient- may lead to hematological malignancies;
dogene derived HSCs enables conditioning regimens may induce my-
autotemcel) ALD expression, promotes elosuppression, increase infection risk,
very-long-chain fatty acid and cause hepatotoxicity and nephrotox-
metabolism, and prevents icity; therapeutic efficacy varies signifi-
neuroinflammatory damage  cantly among individuals, particularly
across different disease stages
Lyfgenia Bluebird Bio 2023 (US FDA) SCD LV-mediated transfer of the Reports of acute leukemia/myelo-
(lovotibe- B globin gene into pa- dysplastic syndrome in clinical trials
glogene tient-derived HSCs, enables  (causality requires further investigation);
autotemcel) expression of anti-sickling potential risks of insertional mutagen-
hemoglobin (HbA™?) and esis; conditioning regimens may induce
reduces red blood cell sick- myelosuppression, increase infection
ling risk, and cause hepatotoxicity and neph-
rotoxicity
Casgevy Vertex Pharma- 2023 (US FDA, SCD, TDT CRISPR-Cas9 disrupts Off-targets mutations (no significant
(exagam- ceuticals/CRIS- UK MHRA) the BCL11A enhancer, risks observed in clinical trials); condi-
glogene PR Therapeutics 2024 (EMA, downregulating BCL11A, tioning regimens may induce myelosup-
autotemcel) SFDA, CDA, reactivating HbF produc- pression, increase infection risk, and
Swissmedic) tion, and compensating for cause hepatotoxicity and nephrotoxicity;

defective HbA in SCD and
TDT patients

long-term stability of HbF expression
and potential clonal selection require

continuous monitoring

4 EMFEEERGT ~miiRERR

Sz

A 5 0 DR 3 77 1 SRR 2R | HSC-

GTHIWEA 5 1 R B 5 42 22 4tk . A Rk A m] 4
YEIT A B mbndE . AF TGN 7 B 2R
Y0, HSC-GTJ& Tim 4 il b, 857 S5 2k DR 2 1
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L] - GRS SRR R TT -

LT BT 7T 5 9 1) 75 T 25 38 0 40 PR AE A R
RPEMRCE . s ER e S AR, T
ok, ERA 5N BEERI(NMPA). 3 EFDAFIRK
PHEMAFHSE R AT T AHCHE AR T RS, (g fuih
77 TS PR RS 2 I (047 ) IR E A
HLVE 7 7= i B 5T S A 7T S PR SR AL T SRR AE B2 ),
S5 R F R LVEE 5 R CRISPR % [F 4 45 5 0%
AATH M I T2 PR P . B Th L. 44l
[ 5 22 AR YA 7 T 3EAT R (B13)
4.1 EIN-F4HRaEF*
HSC-GTHIRF AST UK T HSCs T HE4ERe 5
SEMERE T, 20 R Re IR & HAZ DR IE . 78
WA AT B i R v, TR R SR A X e 4T g
R AR, X A TR A BN R 2 —
FrEEEET R EY SRR
HRAT AL . 7ERBAR IR A I 7 T, XA e
AR o i F B, @i Al CD34. CD38.
CD90. CD45RA. CD49f. CDI33ZEHPLIRE, nf
SE P HTHSCs S H A . Ho A, CD34'CD38 7,
CD90"CD45RA S5 M HE A A B e & 4 LT-HSCs, £
A TR SEF A EESEMET. mA
MAGmmEE., REEE. T2S50 S, =
FLEE RN B S LA B R BARAS , DL LU B T Re

o Gene transfer (LV):
VCN, transduction efficiency,
transgene expression
o Gene editing (CRISPR):
on-target editing, target
correction, functional
protein expression

® Stemness

o Multipotency

Drug product

TR ORFE . DhRETPEVEM £ 2R AR A IS 77
Y1 (LTC-1C) 5256 5 o 2 R /N B AE 5256 . LTC-
TICSEI6 AT 7E RSN PPt HSCs A 3 B 3. 5 ik e, (H
S R, B R G 235 7R kA s m U f
PEBR A/ BB (WINSG . NCG-X 155 )RS 56 11F &
IRl 23 HSCs 1 311346 ifiL 5 2 6 /0, 2 H T A A
“EARAE T, (B R K, BAEESA
e U9, 24 R A0 Re 7] B AR VR T R
37 (colony-forming unit, CFU)SZ58 P45 o 18 i A8 ]
CFU-GM. CFU-E. BFU-E. CFU-GEMM%#47%
AU i A TR I R g e % AR
VETRIME, (R4 SR 2 02 &, e DLAx T s K 13 1f
IhEE. G/ RS FIRE AT F 0P 20 R 4
ey, (B2 P 2 FPE R [R] B R 8L T 5L
Wi, ARSI T o BEAR, 22 T AR mT gk
— VPG TYER 248 R GRE ). BN, s 4
¥ (RNA-seq) 5% 521 il RN A-seq A] 43 B 3 K& 1 5
T B A3 e A D TR D 285 1 5 90 G R 1 A3 %
R RERREHLHE T ME R, (FRUA R S HAR
A i e

A RAE, HSCSIIRFEIEIT AT 25 & 3R 8. Thie
507 = EFE, HF AR s , B2
TRAEK YT 200 B

® CD34" cell %
® Non-target cell %

® Residual impurities
(cytokines, virus,
excipients, etc.)

® Microbiological:
bacteria,
mycoplasma,
endotoxin, and RCL

o Genetic:
ISA, off-targets
effects, and
chromosomal
abnormalities

fereS

Quality control strategies

e QbD and GMP principles

e Design: safer, more precise gene modification; controllabble, automatic

manufacturing processes; comprehensive testing (multi-omics, Al)

e Manufacture: robust in-process controls and well-defined release criteria

[El3 HSC-GT~miIREMR SiTHIERE
Fig.3 Framework of quality research and control for HSC-GT products
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4.2 EEMEIHIN

i DRMIR i T R ) JoT = F 9 B A B i 6 (R & i
T BAE I PR N JZ e A5 SE I FUHE 7 2R . 0T
LVE 377 0, AR RIE R 5 KR e 2
VAL JE MBI D) ) O AR A, Ho e e vlm i
#57 PCR(APCR) K iE £ PCR(qPCR): I 415 3 [K] 2
DU (vector copy number, VCN), Jf-25 & CFU b £ H
PEAR AT AT HRAE AL @ A I, VEN
AR AE 0.5~5.070 [l A, DLLE OR BT 24 ) [ B A1
e A . VONFRI RO . J7 ke, H
ASC R S B 2 JH A A 1) ~F- 359 7K SF- 5 CFU v e P 1 e g
% PPt FL 4% v TR R ) B 4 FR) A S AR (HE
2 X ArHH4H AN LT-HSC. 4T CRISPRE: [l 4428
77 i, R DA D 0P Al BE O B T g 4 R S
Hr1E % . Sangerill] ¥ 45 & TIDE 43 AT v FH T ERIE W] 7,
HRBIEAR, TR . 454 dPCRAE
JH & ¥ (next-generation sequencing, NGS)AJ 4 #E
AL E VAL AR /R AR BOS IR B L], 5
PR, W A B E T R, BB e
I R DR 1) 208 2 DO B AZ o 4, AT sd i
gqRT-PCR. Western blot. ELISABR I =4 A A A M
mRNA 5 85 /K- 172248, A A0 B B 0 25 R R0k
MDRETEMCE

TE 9 FH DG D Re Bk J7 T, LA TDTYR YT 7= il
I, LI AL R S A S SR S v RO (i ik
(high-performance liquid chromatography, HPLC), %
EZE RME 1 J5 1 HSCsRE 73 1R 2040 A G A LT 4 i
FFAE H R4 A g Rk B-BRE Bl y-BREE . ot
Ab, BRI AE B SRR 2 MR A PPl AN BR R B R
XA 15 BEE A 1E IR I BR 2R S BT, kT HA
& RAETHSC-GT™ i, U 75 AR 0 15 B AL 1] 5
TBIT T3 2K, BB UE B RS A 4 B e S Rk B
A EEE R ThRe R E, H IR IE K 214 21
PRIGTT BE T, FEAR NIRRT T, NJEALNSG/)
BT o] H T PR HSC-GT= il B B D e A e 1,
I A

EAFER RS, SR D) 80 7t 7 o 1
A RBR, Mg o140 —zh P A i
PRARES: (1) 2 YEFEVFN AR 22 o BN, £E I 208 R I
It RS H o7 2024 RIS V€ O <t 2 i I A
b5 < A PHL 28 & R A FRPRAIG ™ T AE B 928 SR B 5 T
e, DU DAt P2 29 i, A R R A R AR AR

TR R ER . IX TN 2 Y R B D RN B
anBIE Ay m PRRG A5 i e M F 4 A i e 400, O
REAE B B W i 2 DR R R DO RO T H b, A BT
TRT i AR 2 28O 5 W R R i P — B
4.3 ‘HERALEE

AL S BRI IR HSC-GT7™ il 2 4 AN
I7 R I B R . TEHSC-GTAUE, 4ifRatifE 5
KB 2 [ a4 B A R R HS Cs 19 LU 1) 55 408 % 4

n

21T it 2 5 30 3ok = 4 PR AR A DU 4 Y 2 T
WRE . FEIRIRSE B, 540 i+ CD347 (1
HEEFIEF90%LL E. AR, B % e R H K40
(R RUEHE , A8 CD3. CD19. CD14. CD56%
FKEbREY, LLRAI T, By B4 M NK A 224 4
MRy, AR ARG IT ORI T RE T ks
MEAE PRIEEFI A, EHG R TIEFEN
T BT, A4S 21 (1) 20 20 T R AN BE R LB
IERIThAe AR at & . A, 4T 4 45 )0 75 T
BRAR RIS S5 . BN, R0 d kiR &t
TR O] RE Sk B 1) B A M o (gl R . B )
BE RSN (an 38 8 ) AR DNA, A
SE B AT IIBE AR (W1dPCR. BRI S e PR S 36 )ik A7
B XTIV REE S RS, nTE NP S
AT OB R bR o

1 B 5 1 e — Al ) B 41 T AU R
HE R EOEE AT, DURIE RS RETIE. BT
HSC-GT/= 3 T F K HSCsFE . , NAEAE R Fh SR 4
PEHE R AE, AR R AR N GE AN TR] PR AR I 1a) 2k
YR IR, i P36 05 2SR 1A T B A (Rl 44 i 77 & . HSC-
GT= 7 & — M= T HSCTHIBARARME (2x10°/kg),
DA R A2 EEHSCs 25 4 P it i Dy i i 470

T2 HZ 0, 40l 3 W S e ek
SRR SN, (R T AR IR 2R RN I 4 A
HF 5/ P&, LA4ERFHSCs TP 531 7,
YT HSC-GT/” i 75 O B HSCsI T 5 23 R 401k
RE 71, PRAME TR0 A BT AT (R 95, D8] b 44 o 2
= EE AR ER AL e, ARG HSCs3) i
R HORIEIRES ] S BRI A SR 2
44 M

AR HSC-GT = it K 5 1 R R FH (4% 0
WA, FEAFEMRIGTT P G R e A
PE, DL R MBI AR R A 0 18 4% 27 22 A 1 K 4



228 L] - GRS SRR R TT -
Jo ) T B 2 DB IR SRS I LA, B4 2R 3

441 mAEMFELM  WEYFRAEETHR
PR E IO TSR RN TR AR .
T BRI AT SR FH B IRV, T3 1 AT SRR R B
SCJRARAT IR SR F QPCR G Y mlids 7:292:, Hh
qPCRiE A P RN S NRE RIS % i
7fJ(Limulus amebocyte lysate, LAL)JZ:, 7] SEELRE &
o TR R AR HSC-GT ™ i, i b fE
BEEN TR REG, TR RERGHAESR
il 955 25, 19 1 2 1) 284 12955 BF (replication-competent
lentivirus, RCL) Y& il 84 19 % 5% 95 5 (replication-
competent retrovirus, RCR). RCLAZI 15 F 126
U M 7 14 R B2 qPCRAS U 25 gag/pol 741 .
R TR T L A R 2 245 OO P ) < v, (E S A
P BAAA 0 B, S A 0 B8 5K g HAEI G . gPCR
TiE IR, PR PR AT 7 i . TR I
AR, XA KR T ELE R E .
FE LA S T2 WSS T
442 HthFzeh BRI LT
i s e HSCs I PR AL RS S ME RO AR . 5t T
BT 0, A4 R AT (integration site analy-
sis, ISA)EAG I8 4% 2 2 e PR AZ O R TN T B, R
M FRBAR GRS & =il &y &Ly 0 3
PCR(linear amplification-mediated PCR, LAM-PCR),
3% 75 PCR(linker-mediated PCR, LM-PCR),
A S I 7 B S AL U A i DRI 2L ] P PR ) B,
P PPl 95 B AR RE 52 75 6 T 350 5 8] 2 R o
XML . ZETTEE GRS L, (AR
HHHEHTR A T CRISPRYWHZE ™ &, 7 8 A1
SRVE B RIS 5 5 PR 2 S 0 7 e Ry o I A A
Mo R =AJET . — RSN (U1 Cas-OFFinder
CRISPOR. CCLMoff #ff), F T4 i ik 1B 2 it 42
A7 5 82840 2 SIS A I (1 GUIDE-seqw CIRCLE-
seq), HI T IRIEAAR S i #0550, = Jg e R PR 417K
SFIGAE (4 FE R ZH . DISCOVER-seq), H T
G EER ST Gy VAW s N SEER 7 R AN N Y
B R 46 S5 K 1 S 7 38 1A B (A0 PacBio
SMRTHlI )+ I s PCR A I 1 AR BEAT PRAH Y,
[, AR VAR 25K, BT HSC-GT/™ i fE
N BA KR S0 igee, B FHezzl1s
FERIBE DT, AR s BB o R R A
U AN G e AR MY iR e e R R A S

PR TH (U E RIS BLEAA) . dmi TR IR (s R
HCas9AL 1k, BESUPES 4 &%) M 8 (0L i (A i o
4.5 FREITHIHRR

7 o0 B 458 i) SR 7 T, NI BT R TR
i+”(Quality by Design, QbD)EE:, XU JF & [IHSC-
GT/™ i AT RS R 0BT 5Pl 45 Sl RN 1 5%,
B 5 = H AR G (quality target product profile,
QTPP), JFAl 7 Ft i€ KB ot & J& 1% (critical quality at-
tributes, CQAs), BIEFE A SRR HIHERFIA
KF. CD34 4t ol g ol & 538 /1%, DA
PRI E ST 8 R ERE . £ TR
TR, MGINTE 24, FEUHERRE FE M F B (il ik
()98 BE B A FR G0 Bl A FE B R B R ) [RII 75
AR HSC-GTHI4E MU A T2 FEAMER AT,
X F G-CSFEL A plerixaforif 473 b, Al HSCs R 4E
HEARELES*10° CD34 4 /g PA -, AT FR B 78 2 1)
SR B B U0 AEARAM R IR AR T, A R R
M dREE RN A SO R E T, LS N A
JRLERL -« 0 700 AR 200 L R S o 7 54 e U053,
BEBE4ERF HSCs T PEANE I, L REHTH CD34 41 g
IR REM K. BEAh, 456 R Re T2 T 20
BnEMeEE S %M T2 R), TitE—=»2E
THREVERAE M S B WIE . 72T E S HI T, M
o B A T PR VP A I AR 2, SEINS OCHEE T2 S 4
(critical process parameters, CPPs)f) S 15 5] 5 ™ 4%
8, #ORE HR B R CQAsK B R br LI — 8t 5
AN o [FIB, FE P A A A A R, Bd i
WMEARER RS0, IR TERiE5. 48
., QoD &I« H AR g XS AL — T 2l -
T AR R S O M AR, # B S XTHSC-GT ™
mn MEAGH . T EE 9 i 2R UK SRR,
R Lo A ) SR S R A OGS B, i &AEBHSC-GT
P2 SISV T T O bR A 24 i, ) B
Zh, BN K, R AT R R R

R HSC-GTIR YT 1™ i £E I R B H H 1 22 4
P, ARES RE N, HA 5T 5% A0 R
TEAGCE S AR R BTG ) o AR PR R A
s AR EE AR, 45 HSCT 4k e 5 2k
SRR, JE k% ) T 2000 0E B A DG g4 i) 1,
FFEM PR LR . TOEUEIT R R R 5 R
CRISPRHLFE Z 405 . A 7= M RL R A 42 i o =
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B4 CD3457 Ik RETR « 9 B3 Bk S 25 8 B5 7R Nl
PR CE . o3 R, IR EE % (<0.5 EU/mL)%%
Fetko AP EIF N E T B ERAERITE, DAk G b
PRPE TS e A8 5 g . AEwbe— N—tb it mE— k>
(R L, RS HEME— b g 5 5 AR ARIE W R 4,
TR W R S 2 At . 7 RBUT RIS &
F R YEFETE bR AR HSCsHY T HEA 238 R0k e
71, Al E CD34 i 2l % . CFUSFESERATINH ;
EExt B R4 R A 22 4k, AT 8 VON. 3
SRR, giENCE. HINEARIAKFERAT I
H 5 B4 i e fE A 75 R, nl s B AR R & [H
W, AR S e, BFMNTE . W
B & RCLEBUTIIH

WAL, AT R bR SR T VAR BE T 20K R 5 7
st DA IR A T AN W 56 38, AEURF IE P I PR X 38  Be )
JoR B4 1) B SR N R AR AR PR B AR R E, DA
PR A2 i R B 1) e R 55 s PR I FH PR T
.

5 3T B EEATHR KRS

HSC-GTE L & =+ REWS T R IEBERE,
MEHARYRVEA IR R, BILV IR E M, 73] 23K
PR ) BT, N SEER MRV D R R I R AT
ITHE. REWMI, HSC-GT Ak T PRIE P B,
HAR R g B T HAGE AP A . 1 BE TS
FEL 1) 97 Jig DL s ST AR AR IK 58 J AR T, AR
FARGH . ERIEY R REWM AR =AY ERF
51 RARERE: MEIMRERKERIEIHEZR

H i HSC-GTH4 2R H “4H ff R 5 A4 ZM& 1 — ]
g, Kbl & FmEMMMa) i, mik. ¥FF
NMEERBINEE PR, AR SRS FE
o) XURGE K55 I @t HL [0 4 T 75 AT TR RE AL R, I
VB FH 2, RO B A1 A8 AR I 1 S5 9 7 1R XU
Raibbo AR, AR R EE . R B4 KR
(lipid nanoparticle, LNP)®*, {0 Y i AH OG5 £ (adeno-
associated virus, AAV)PISEAA P i 06 R 1B R
LA AE A N 0T HSCHEAT 111 (1) mT e 12 7 o L P71
LIEBER R 2H % V3 iod 7 126 5 TR A e act il B 4Kt
4 995 £ (helper-dependent adenovirus, HDA), 231
Iy HXE CD34 4H i (1R Ik, FEAE BN AL b SR
TR IR T Re I R (e 1 S I R A )

4w #E JCE(CRISPR. PE), MIfifE— €2 FAIE T
MR RGPS AI 010D, ) BREDAZEN03-104]
FIFH CD117(c-kit) TR HELLNP, 5230 7 DNA. RNA
FVE 615, 76/ RS RL A SE R T HSCs A Py i
BRI Gt . M EE TSR MBI R,
HSCE:FME M A2 LB ERAE . FRIRXT GMP
WA . BT SRR R, I Ak S A A
B 75 I R H P RS T (A R o 2 AR SR TE BRI RO
B [ Rl S R G g e A D T B Ak, R
¥ N HSC-GT MAME AL IR 7 15 R b A4 B FH 255 =
LA

e AR, R i T B A St AE A% . CRIS-
PR-Cas9 f CL7E ML 2T H 7 8550 HRAIE 57 288, (RAT)
A7 A 50 B 285 0 435 K 78 S URS: o BEAT PEAS 8 24 2
T HEB I, R TET0 T = SR B R B 5 0
BT sERHERABEE, MU m T 24, ik
TR IEMRAR O . Kok, B IX EeH R 7E HSCs
FH ) G SR R e i — B BT, A EE S
FEHE. ZEMIBIT T %
52 NMASUE: NERKEZ ARG ERRRE

H #l HSC-GTIlfm IR i & B hE 32 AR Hh T IfiL 2T
B G P o AR A A T L S5/ 5 L
KK, BELWARR . A NSRRI, HIERN
ShE A B A A 22 5 22 L AT 22 B DR o il
MR GE, id 1A HSCs SN 245 35 K 545 & 45
SEAIT 25, B B AR 7 SR B 1E (myelodysplastic
syndrome, MDS)F173-fifi 22 8 1 B8 Rl AT 75 18 BL
i 10, 7F G BEAR ISR Y, X HSCskAT Birids DA AR
KRS e 1 TR e di i, vT H-FiR97 B & %%
P2 993 B ST T e JBE T 52 i At L0171, PR AR R SR
HH, HSCsHTAE [ /)N s 57 40 i e 0% i 1 I i o e, Ay
Bl JR IR UG BRI A< AR 58 o 22 IR AT VRSB S (T
(YR TT SRR, 75 38 22 AH OGP AT, ) 3 ZHSCsit
TR NS, TIEIT s R 40 B I A S IR T 3
2 AR NN, AR IR YR YT 38, HSCs TR KA
TFEVRTT T 6, TR RS04 2= A 35 5 1k A PR
524K (chimeric antigen receptor, CAR) T4l i 5%, Wi
AL, AT SRR AP 38R 1O, I g M B
F R, HSCsIEZ M it M R G ME Kk gie i, A
PR E RN RGN ARG O & .
53 BRETNMER: ZEFZSEEUAR

T HSC-GT R & 1O - E A8 VENIIE i



230

L] - GRS SRR R TT -

M. ISAKEI . CFUS TS 40 T S5 a4l
WJriE. WG ZHSHARP KR, BAmFNF
BOKIZE D 5N - e s AR T S WILRS R 40 R 9% S A
S5 R AETE T, BN A A AR R R B R
& 5 HSC i1, WL Ist A% 24 22 Bh T VP4l K 3
TSR, 241258 E 0 NN K %
A 1 A 0P TR0 B 4 B = R 11 A,
N RS KEHR TSI, 8w b )12
O 58 S5 PP Ay B BT XU S A B A ek 5
*% ‘{&,ﬂ:[fﬂ—lw] .

6 N

HSC-GTE =+ RFEHET; T MRS LIE
S PR F PO R R, 230697 7= i 3Rt BT,
A ML 212 0 2 5 57 9 AR T A I R 5 403
JE IR B T, SR B DR g 24 0 e R S IR R
WAk, 545 259M t, HSC-GTiE i — kT 7iA
YRR I3RS . HSC-GT/ i B A5 i Tl 115
THBELE, FFA 2 AR R R E G BRI
BT REH], RSO T RS 1 A, X
T SLHE A B . R ER AR OR, Bl A PN %
FAR T R, 8 g T AR LR B R VAN A
RINTE, HSC-GTII W] Jek . REHEME e g it
— BTt R R R 2 2 RGN,
AN R DB FH AR IT TR, RN
WL BEA R R TITFR, NEZE AR
o B R K 2 AR L.

SE Lk (References)

[1]  DONG F, ZHANG S, ZHU C, et al. Heterogeneity of high-
potency multilineage hematopoietic stem cells and identification
of “Super” transplantability [J]. Blood, 2025, 146(5): 546-57.

[2]  GRANOT N, STORB R. History of hematopoietic cell trans-
plantation: challenges and progress [J]. Haematologica, 2020,
105(12): 2716-29.

[3] CHABANNON C, KUBALL J, BONDANZA A, et al. Hemato-
poietic stem cell transplantation in its 60s: a platform for cellular
therapies [J]. Sci Transl Med, 2018, 10(436): eaap9630.

[4] JOHN T, CZECHOWICZ A. Clinical hematopoietic stem cell-
based gene therapy [J]. Mol Ther, 2025, 33(6): 2663-78.

[5] BOOTH C, MASIUK K, VAZOURAS K, et al. Long-term safety
and efficacy of gene therapy for adenosine deaminase deficiency
[J]. N Engl J Med, 2025, 393(15): 1486-97.

[6] BIFFI A, MONTINI E, LORIOLI L, et al. Lentiviral hematopoi-
etic stem cell gene therapy benefits metachromatic leukodystro-
phy [J]. Science, 2013, 341(6148): 1233158.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

(21]

AIUTI A, BIASCO L, SCARAMUZZA S, et al. Lentiviral hema-
topoietic stem cell gene therapy in patients with Wiskott-Aldrich
syndrome [J]. Science, 2013, 341(6148): 1233151.
FUMAGALLI F, CALBI V, NATALI SORA M G, et al. Len-
tiviral 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 [J].
The Lancet, 2022, 399(10322): 372-83.

FERRARI G, THRASHER A J, AIUTI A. Gene therapy using
haematopoietic stem and progenitor cells [J]. Nat Rev Genet,
2020, 22(4): 216-34.

SUREDA A, CORBACIOGLU S, GRECO R, et al. The EBMT
handbook: hematopoietic cell transplantation and cellular thera-
pies [M]. Cham: Springer Cham, 2024: 151-7.

KOHN D B, BOOTH C, SHAW K L, et al. Autologous ex vivo
lentiviral gene therapy for adenosine deaminase deficiency [J]. N
Engl J Med, 2021, 384(21): 2002-13.

FERRARI S, VALERI E, CONTI A, et al. Genetic engineering
meets hematopoietic stem cell biology for next-generation gene
therapy [J]. Cell Stem Cell, 2023, 30(5): 549-70.

SOBRINO S, JOSEPH L, MAGRIN E, et al. Severe inflamma-
tion and lineage skewing are associated with poor engraftment of
engineered hematopoietic stem cells in patients with sickle cell
disease [J]. Nat Commun, 2025, 16(1): 3137.

SOBRINO S, MAGNANI A, SEMERARO M, et al. Severe he-
matopoietic stem cell inflammation compromises chronic granu-
lomatous disease gene therapy [J]. Cell Rep Med, 2023, 4(2):
100919.

UCHIDA N, STASULA U, DEMIRCI S, et al. Fertility-pre-
serving myeloablative conditioning using single-dose CD117
antibody-drug conjugate in a rhesus gene therapy model [J]. Nat
Commun, 2023, 14(1): 6291.

PALCHAUDHURI R, SAEZ B, HOGGATT J, et al. Non-geno-
toxic conditioning for hematopoietic stem cell transplantation
using a hematopoietic-cell-specific internalizing immunotoxin [J].
Nat Biotechnol, 2016, 34(7): 738-45.

GAGELMANN N, KROGER N. Dose intensity for conditioning
in allogeneic hematopoietic cell transplantation: can we recom-
mend “when and for whom” in 2021 [J]? Haematologica, 2021,
106(7): 1794-804.

DE HAART K, ASAO K, ATAHER Q, et al. Long-term follow-
up after authorization of gene therapy: leveraging real-world data
[J]. Drug Discovery Today, 2025, 30(5): 104337.

BLAESE R M, CULVER K W, ANDERSON W F, et al. Treat-
ment of severe combined immunodeficiency disease (SCID) due
to adenosine deaminase deficiency with CD34" selected autolo-
gous peripheral blood cells transduced with a human ADA gene
(Amendment). National Institutes of Health [J]. Human Gene
Therapy, 1993, 4: 521-7.

BORDIGNON C, NOTARANGELO L D, NOBILI N, et al. Gene
therapy in peripheral blood lymphocytes and bone marrow for
ADA™ immunodeficient patients [J]. Science, 1995, 270(5235):
470-5.

KOHN D B, WEINBERG K I, NOLTA J A, et al. Engraftment
of gene-modified umbilical cord blood cells in neonates with
adenosine deaminase deficiency [J]. Nat Med, 1995, 1(10): 1017-
23.



W D0 A5 3 I 40 B R ERL VR 7 7 i ORI A S P R i Ao

231

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

CAVAZZANA-CALVO M, HACEIN-BEY S, BASILEG VD S,
et al. Gene therapy of human severe combined immunodeficiency
(SCID)-X1 disease [J]. Science, 2000, 288(5466): 669-72.
OTTAVIANO G, QASIM W. Current landscape of vector safety
and genotoxicity after hematopoietic stem or immune cell gene
therapy [J]. Leukemia, 2025, 39: 1325-33.
HACEIN-BEY-ABINA S, VON KALLE C, SCHMIDT M, et al.
LMO2-associated clonal t cell proliferation in two patients after
gene therapy for SCID-X1 [J]. Science, 2003, 302(5644): 415-9.
HACEIN-BEY-ABINA S, GARRIGUE A, WANG G P, et al. In-
sertional oncogenesis in 4 patients after retrovirus-mediated gene
therapy of SCID-X1 [J]. J Clin Invest, 2008, 118(9): 3132-42.
MONTINI E, CESANA D, SCHMIDT M, et al. The genotoxic
potential of retroviral vectors is strongly modulated by vector de-
sign and integration site selection in a mouse model of HSC gene
therapy [J]. J Clin Invest, 2009, 119(4): 964-75.

TUCCI F, GALIMBERTI S, NALDINI L, et al. A systematic re-
view and meta-analysis of gene therapy with hematopoietic stem
and progenitor cells for monogenic disorders [J]. Nat Commun,
2022, 13(1): 1315.

YAN K K, CONDORI J, MA Z, et al. Integrome signatures of
lentiviral gene therapy for SCID-X1 patients [J]. Sci Adv, 2023,
9(40): eadg9959.

BULCHA J T, WANG Y, MA H, et al. Viral vector platforms
within the gene therapy landscape [J]. Signal Transduct Target
Ther, 2021, 6(53): 1-24.

BJURSTROM C F, MOJADIDI M, PHILLIPS J, et al. Reactivat-
ing fetal hemoglobin expression in human adult erythroblasts
through BCL11A knockdown using targeted endonucleases [J].
Molecular Therapy Nucleic Acids, 2016, 5(e351): 1-12.
PSATHA N, REIK A, PHELPS S, et al. Disruption of the
BCLI11A erythroid enhancer reactivates fetal hemoglobin in ery-
throid cells of patients with B-thalassemia major [J]. Mol Ther
Methods Clin Dev, 2018, 10: 313-26.

CONG L, RAN F A, COX D, et al. Multiplex genome engineer-
ing using CRISPR/Cas systems [J]. Science, 2013, 339(6121):
819-23.

MALI P, YANG L, ESVELT K M, et al. RNA-guided human
genome engineering via Cas9 [J]. Science, 2013, 339(6121):
1232033.

FRANGOUL H, ALTSHULER D, CAPPELLINI M D, et
al. CRISPR-Cas9 gene editing for sickle cell disease and
B-thalassemia [J]. N Engl J Med, 2021, 384(3): 252-60.
FRANGOUL H, LOCATELLI F, SHARMA A, et al. Exagamglo-
gene autotemcel for severe sickle cell disease [J]. N Engl J Med,
2024, 390(18): 1649-62.

LOCATELLI F, LANG P, WALL D, et al. Exagamglogene au-
totemcel for transfusion-dependent p-thalassemia [J]. N Engl J
Med, 2024, 390(18): 1663-76.

KOSICKI M, TOMBERG K, BRADLEY A. Repair of double-
strand breaks induced by CRISPR-Cas9 leads to large deletions
and complex rearrangements [J]. Nat Biotechnol, 2018, 36(8):
765-71.

KLEINSTIVER B P, PATTANAYAK V, PREW M §, et al. High-
fidelity CRISPR-Cas9 nucleases with no detectable genome-wide
off-target effects [J]. Nature, 2016, 529(7587): 490-5.

KOMOR A C, KIM Y B, PACKER M S, et al. Programmable

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

editing of a target base in genomic DNA without double-stranded
DNA cleavage [J]. Nature, 2016, 533(7603): 420-4.
ANZALONE A V, RANDOLPH P B, DAVIS J R, et al. Search-
and-replace genome editing without double-strand breaks or do-
nor DNA [J]. Nature, 2019, 576(7785): 149-57.

HARDOUIN G, ANTONIOU P, MARTINUCCI P, et al. Adenine
base editor—mediated correction of the common and severe IVS1-
110 (G>A) B-thalassemia mutation [J]. Blood, 2023, 141(10):
1169-79.

ANTONIOU P, HARDOUIN G, MARTINUCCI P, et al. Base-
editing-mediated dissection of a y-globin cis-regulatory element
for the therapeutic reactivation of fetal hemoglobin expression [J].
Nat Commun, 2022, 13(1): 6618.

HAN W, QIU H Y, SUN S, et al. Base editing of the HBG pro-
moter induces potent fetal hemoglobin expression with no detect-
able off-target mutations in human HSCs [J]. Cell Stem Cell,
2023, 30(12): 1624-39,¢8.

EVERETTE K A, NEWBY G A, LEVINE R M, et al. Ex vivo
prime editing of patient haematopoietic stem cells rescues
sickle-cell disease phenotypes after engraftment in mice [J]. Nat
Biomed Eng, 2023, 7(5): 616-28.

AIUTI A, RONCAROLO M G, NALDINI L. Gene therapy for
ADA-SCID, the first marketing approval of an ex vivo gene
therapy in Europe: paving the road for the next generation of ad-
vanced therapy medicinal products [J]. EMBO Mol Med, 2017,
9(6): 737-40.

CICALESE M P, FERRUA F, CASTAGNARO L, et al. Update
on the safety and efficacy of retroviral gene therapy for immu-
nodeficiency due to adenosine deaminase deficiency [J]. Blood,
2016, 128(1): 45-54.

MIGLIAVACCA M, BARZAGHI F, FOSSATI C, et al. Long-
term and real-world safety and efficacy of retroviral gene therapy
for adenosine deaminase deficiency [J]. Nat Med, 2024, 30(2):
488-97.

THOMPSON A A, WALTERS M C, KWIATKOWSKI J,
et al. Gene therapy in patients with transfusion-dependent
fB-thalassemia [J]. N Engl J Med, 2018, 378(16): 1479-93.
LOCATELLI F, THOMPSON A A, KWIATKOWSKI J L, et al.
Betibeglogene autotemcel gene therapy for non—f%/p° genotype
B-thalassemia [J]. N Engl J Med, 2022, 386(5): 415-27.
KWIATKOWSKI J L, WALTERS M C, HONGENG S, et al. Be-
tibeglogene autotemcel gene therapy in patients with transfusion-
dependent, severe genotype P-thalassaemia (HGB-212): a non-
randomised, multicentre, single-arm, open-label, single-dose,
phase 3 trial [J]. The Lancet, 2024, 404(10468): 2175-86.
RIBEIL J A, HACEIN-BEY-ABINA S, PAYEN E, et al. Gene
therapy in a patient with sickle cell disease [J]. N Engl J Med,
2017, 376(9): 848-55.

KANTER J, WALTERS M C, KRISHNAMURTI L, et al. Bio-
logic and clinical efficacy of lentiglobin for sickle cell disease [J].
N Engl J Med, 2022, 386(7): 617-28.

SESSA M, LORIOLI L, FUMAGALLI F, et al. Lentiviral hae-
mopoietic stem-cell gene therapy in early-onset metachromatic
leukodystrophy: an ad-hoc analysis of a non-randomised, open-
label, phase 1/2 trial [J]. The Lancet, 2016, 388(10043): 476-87.
EICHLER F, DUNCAN C, MUSOLINO P L, et al. Hematopoi-
etic stem-cell gene therapy for cerebral adrenoleukodystrophy [J].



232

L] - GRS SRR R TT -

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

N Engl J Med, 2017, 377(17): 1630-8.

FUMAGALLI F, CALBI V, GALLO V, et al. Long-term effects
of atidarsagene autotemcel for metachromatic leukodystrophy [J].
N Engl J Med, 2025, 392(16): 1609-20.

EICHLER F, DUNCAN C N, MUSOLINO P L, et al. Lentiviral
gene therapy for cerebral adrenoleukodystrophy [J]. N Engl J
Med, 2024, 391(14): 1302-12.

LI S, LING S, WANG D, et al. Modified lentiviral globin gene
therapy for pediatric f0/BO transfusion-dependent B-thalassemia:
a single-center, single-arm pilot trial [J]. Cell Stem Cell, 2024,
31(7): 961-73,e8.

ZHENG B, LIU R, ZHANG X, et al. Efficacy and safety of Brl-
101, CRISPR-Cas9-mediated gene editing of the BCL11A en-
hancer in transfusion-dependent B-thalassemia [J]. Blood, 2023,
doi: 10.1182/blood-2023-186031.

LIU R, WANG L, XU H, et al. Updated safety and efficacy results
of RM-001, autologous HBG1/2 promoter-modified CD34" hema-
topoietic stem and progenitor cells, in treating transfusion-dependent
B-thalassemia [J]. Blood, 2024, doi: 10.1182/blood-2024-206549.
LAIL'Y, LIU R, WANG L, et al. Rapid, efficient and durable fetal
hemoglobin production following CS-101 treatment in transfusion-
dependent B-thalassemia participants: an autologous, ex vivo edited
CD34" stem cell product using the innovative transformer base edi-
tor (tBE) [J]. Blood, 2024, doi: 10.1182/blood-2024-200691.

XA E, AR, 7 i Er, A, o-d b g S I KRR RVR 9T IE AL
HEJE[I]. 1 PHEE RS 247 (LIU Q Y, LI X Y, FANG J P, et
al. Progress on gene therapy for o-thalassemia [J]. Journal of
Guangxi Medical University), 2025, 42(5): 655-62.

RIO P, ZUBICARAY J, NAVARRO S, et al. Haematopoietic
gene therapy of non-conditioned patients with Fanconi anaemia-
A: results from open-label phase 1/2 (FANCOLEN-1) and long-
term clinical trials [J]. The Lancet, 2024, 404(10471): 2584-92.
MAGNANI A, SEMERARO M, ADAM F, et al. Long-term safe-
ty and efficacy of lentiviral hematopoietic stem/progenitor cell
gene therapy for Wiskott-Aldrich syndrome [J]. Nat Med, 2022,
28(1): 71-80.

LABROSSE R, CHU J I, ARMANT M A, et al. Outcomes of he-
matopoietic stem cell gene therapy for Wiskott-Aldrich syndrome
[J]. Blood, 2023, 142(15): 1281-96.

KOHN D B, BOOTH C, KANG E M, et al. Lentiviral gene ther-
apy for X-linked chronic granulomatous disease [J]. Nat Med,
2020, 26(2): 200-6.

GENTNER B, TUCCI F, GALIMBERTI S, et al. Hematopoietic
stem- and progenitor-cell gene therapy for hurler syndrome [J]. N
Engl ] Med, 2021, 385(21): 1929-40.

CONSIGLIERI G, TUCCI F, PELLEGRIN M D, et al. Early
skeletal outcomes after hematopoietic stem and progenitor cell
gene therapy for Hurler syndrome [J]. Sci Transl Med, 2024,
16(745): eadi8214.

Committee for Advanced Therapies. Guideline on quality, non-
clinical and clinical aspects of gene therapy medicinal products
[Z]. London: European Medicines Agency, 2018.

B 2R 24 i s B B R AR 9T S AT S VR BOR R 3 R
M ARATZ]. AL 3T 2 i B 2R, 2017.

| 5% 24 il W B B 24 R P RO AR AN B U R S 2
W S PF BoR$E S S (AT Z]. b3 5K i B A o
R TG, 2022.

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

[83]

[84]

[85]

[86]

[87]

(88]

BB IR S 2 A AL R . ARG T
HHRFITZ]. Jbat: 52 B ER i
uu’gﬁ*&4 6 FHCs, 2022,

Center for Biologics Evaluation and Research. Considerations

o Tjé\a}
=
ol

@Hﬂ}? E%

for the design of early phase clinical trials of cellular and gene
therapy products [Z]. Silver Spring, MD: Food and Drug Admin-
istration, 2020.

ANJOS-AFONSO F, BONNET D. Human CD34" hematopoietic
stem cell hierarchy: how far are we with its delineation at the
most primitive level [J]? Blood, 2023, 142(6): 509-18.
JASSINSKAJA M, GONKA M, KENT D G. Resolving the he-
matopoietic stem cell state by linking functional and molecular
assays [J]. Blood, 2023, 142(6): 543-52.

SAFINA K, VAN GALEN P. New frameworks for hematopoiesis
derived from single-cell genomics [J]. Blood, 2024, 144(10):
1039-47.

MILONE M C, O’ DOHERTY U. Clinical use of lentiviral vec-
tors [J]. Leukemia, 2018, 32(7): 1529-41.

YAO B, YANG Q, GONCALVES M A F V, et al. Comparative
analysis of methods for assessing on-target gene editing efficien-
cies [J]. Methods Protoc, 2025, 8(2): 23.

YAMAMOTO C, OGAWA H, FUKUDAT, et al. Impact of a low
CD34" cell dose on allogeneic peripheral blood stem cell trans-
plantation [J]. Biol Blood Marrow Transplant, 2018, 24(4): 708-
16.

WILKINSON A C, IGARASHI K J, NAKAUCHI H. Haema-
topoietic stem cell self-renewal in vivo and ex vivo [J]. Nat Rev
Genet, 2020, 21(9): 541-54.

WELLS D W, GUO S, SHAO W, et al. An analytical pipeline for
identifying and mapping the integration sites of HIV and other
retroviruses [J]. BMC Genomics, 2020, 21(1): 216.

OZIOLOR E M, KUMPF S W, QIAN J, et al. Comparing molec-
ular and computational approaches for detecting viral integration
of AAV gene therapy constructs [J]. Mol Ther Methods Clin Dev,
2023, 29: 395-405.

BAE S, PARK J, KIM J S. Cas-OFFinder: a fast and versatile al-
gorithm that searches for potential off-target sites of Cas9 RNA-
guided endonucleases [J]. Bioinformatics, 2014, 30(10): 1473-5.
CONCORDET J P, HAEUSSLER M. CRISPOR: intuitive guide
selection for CRISPR/Cas9 genome editing experiments and
screens [J]. Nucleic Acids Res, 2018, 46(W1): W242-W5.

DU W, ZHAO L, DIAO K, et al. A versatile CRISPR/Cas9 sys-
tem off-target prediction tool using language model [J]. Commun
Biol, 2025, 8(1): 882.

TSAI S Q, ZHENG Z, NGUYEN N T, et al. GUIDE-seq enables
genome-wide profiling of off-target cleavage by CRISPR-Cas
nucleases [J]. Nat Biotechnol, 2014, 33(2): 187-97.

TSAI S Q, NGUYEN N T, MALAGON-LOPEZ J, et al. CIR-
CLE-seq: a highly sensitive in vitro screen for genome-wide
CRISPR-Cas9 nuclease off-targets [J]. Nature Methods, 2017,
14(6): 607-14.

WIENERT B, WYMAN S K, RICHARDSON C D, et al. Unbi-
ased detection of CRISPR off-targets in vivo using DISCOVER-
Seq [J]. Science, 2019, 364(6437): 286-9.

AUSSEL C, CATHOMEN T, FUSTER-GARCIA C. The hidden
risks of CRISPR/Cas: structural variations and genome integrity
[J]. Nat Commun, 2025, 16(1): 7208.



W D0 A5 3 I 40 B R ERL VR 7 7 i ORI A S P R i Ao

233

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

ELLISON S, BUCKLAND K, LEARMONTH Y, et al. Design
and validation of a GMP stem cell manufacturing protocol for
MPSII hematopoietic stem cell gene therapy [J]. Mol Ther Meth-
ods Clin Dev, 2024, 32(2): 101271.

HEFFNER G C, BONNER M, CHRISTIANSEN L, et al. Pros-
taglandin E2 increases lentiviral vector transduction efficiency
of adult human hematopoietic stem and progenitor cells [J]. Mol
Ther, 2018, 26(1): 320-8.

PETRILLO C, THORNE L G, UNALI G, et al. Cyclosporine H
overcomes innate immune restrictions to improve lentiviral trans-
duction and gene editing in human hematopoietic stem cells [J].
Cell Stem Cell, 2018, 23(6): 820-32,¢9.

MASIUK K E, ZHANG R, OSBORNE K, et al. PGE2 and po-
loxamer synperonic F108 enhance transduction of human HSPCs
with a B-globin lentiviral vector [J]. Mol Ther Methods Clin Dev,
2019, 13: 390-8.

DU C, LIU C, YU K, et al. Mitochondrial serine catabolism
safeguards maintenance of the hematopoietic stem cell pool in
homeostasis and injury [J]. Cell Stem Cell, 2024, 31(10): 1484-
500,e9.

CORADIN T, KEATING A L, BARNARD AR, et al. Efficient in
vivo generation of CAR T cells using a retargeted fourth-genera-
tion lentiviral vector [J]. Mol Ther, 2025, 33(10): 4953-67.
BRIMACOMBE C A, KULKARNI J A, CHENG M HYY, et al.
Rational design of lipid nanoparticles for enabling gene therapies
[J1. Mol Ther Methods Clin Dev, 2025, 33(3): 101518.

WANG J H, GESSLER D J, ZHAN W, et al. Adeno-associated
virus as a delivery vector for gene therapy of human diseases [J].
Signal Transduct Target Ther, 2024, 9(1): 78.

BALL J, BRADLEY A, LE A, et al. Current and future treat-
ments for sickle cell disease: from hematopoietic stem cell trans-
plantation to in vivo gene therapy [J]. Mol Ther, 2025, 33(5):
2172-91.

WANG H, GEORGAKOPOULOU A, ZHANG W, et al.
HDAd6/357": a new helper-dependent adenovirus vector platform
for in vivo transduction of hematopoietic stem cells [J]. Mol Ther
Methods Clin Dev, 2023, 29: 213-26.

GEORGAKOPOULOU A, WANG H, KIM J, et al. In vivo HSC
transduction in humanized mice mediated by novel capsid-modi-

[100]

[1o1]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

fied HDAd vectors [J]. Mol Ther Methods Clin Dev, 2025, 33(2):
101448.

LI C, WANG H, GEORGAKOPOULOU A, et al. In vivo HSC
gene therapy using a bi-modular HDAd5/35™ vector cures sickle
cell disease in a mouse model [J]. Mol Ther, 2021, 29(2): 822-37.
LI C, WANG H, GIL S, et al. Safe and efficient in vivo hema-
topoietic stem cell transduction in nonhuman primates using
HDAGJd5/35 vectors [J]. Mol Ther Methods Clin Dev, 2022, 24:
127-41.

LI C, GEORGAKOPOULOU A, NEWBY G A, et al. In vivo
HSC prime editing rescues sickle cell disease in a mouse model
[J]. Blood, 2023, 141(17): 2085-99.

BREDA L, PAPP T E, TRIEBWASSER M P, et al. /n vivo hema-
topoietic stem cell modification by mRNA delivery [J]. Science,
2023, 381(6656): 436-43.

SHI D, TOYONAGA S, ANDERSON D G. In vivo RNA Deliv-
ery to hematopoietic stem and progenitor cells via targeted lipid
nanoparticles [J]. Nano Lett, 2023, 23(7): 2938-44.

BERTINO J R. Transfer of drug resistance genes into hemato-
poietic stem cells for marrow protection [J]. Oncologist, 2008,
13(10): 1036-42.

SHU S A, WANG J, TAO M H, et al. Gene therapy for autoim-
mune disease [J]. Clin Rev Allergy Immunol, 2014, 49(2): 163-
76.

NASR M B, TEZZA S, D’ADDIO F, et al. PD-L1 genetic over-
expression or pharmacological restoration in hematopoietic stem
and progenitor cells reverses autoimmune diabetes [J]. Sci Transl
Med, 2017, 9(416): eaam7543.

LI X, ZENG X, XU Y, et al. Mechanisms and rejuvenation strat-
egies for aged hematopoietic stem cells [J]. J] Hematol Oncol,
2020, 13(1): 31.

GUO Q, PARIKH K, ZHANG J, et al. Anti-HIV-1 HSPC-based
gene therapy with safety kill switch to defend against and attack
HIV-1 infection [J]. Mol Ther Methods Clin Dev, 2025, 33(2):
101486.

LIN T Y, CEOLDO G, HOUSE K, et al. Modeling integration
site data for safety assessment with MELISSA [J]. Nat Commun,
2025, 16(1): 7868.



