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Abstract: Lentiviral vectors have been widely used to transfer exogenous DNA into human cells to treat various genetic diseases.
Lentiviral vectors can integrate into the host genome, but their integration sites are often unpredictable, which may increase the
uncertainty of their therapeutic efficacy. With the wide application of gene and cell therapy, regulators have also issued a series
of technical guidance documents to ensure the continuous safety of products. Integration site analysis (ISA) is a key tool for evalu-
ating the biological safety of gene therapy vectors by characterizing their integration profiles, as well as for tracking transgenic
cells. This review mainly described the technological evolution of integration sites for retroviruses, and the advantages and devel-
opment trends of analysis methods. At the same time, strategies to reduce the random integration of viruses into the genome were
also reviewed, in order to provide reference for the analysis and detection of lentiviral vector integration as a point of view and the

safety evaluation of new drug clinical trials in cell therapy products.

Key words: integration site analysis; information analysis tools; biosafety; gene and cell therapy

o T ik R 2H 5 B 1 T R R R OE R
B B ITA W SRR S R A E LT SR, A
[7i) 2I R 14 300 B SR B R 5 5 5L A 0 AT AN TR 431
i, A 4% NS A B B 172 (human immu-
nodeficiency virus type 1, HIV-1)7E N #Y R K258
T B ST R 3] i DR o A XU SRR I s e i
PR AZ R T 40 B 92 8 J7 15 (chimeric antigen recep-
tor T-cell immunotherapy , CAR-T )/ A 3 [K 2 4 14
ANMAYT 7 R R R R B PR f PR
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I BEDN RS 45, SR UM A . FERFEE R ARG
Sy R, IR A R I L TR EAT B A
Jo P BARXMESI . PRtk , CAR-T ¥R )7 75 S PP Ak v
TE B3 A 57 IXUIRS: NS XU
AR G A ORI © LA CAR-T IR YT 7 1
I PRI B9 2 A PEIPAG 23R . 20204F 9 J] [F 524
i B L )Ry 24 & P A0 (Center for Drug Eval-
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uation, CDE) & A 04 CHI TG 7 & B335 11 PR K
B 2 A RIS RN R R 2 R N ) Hh e T A e
T TP R WA AR BER” Je [t i AIF 5 R 4 ) b
(102 PRI 4 B R« F AL H Y R 7R e £ 4
HP )35 0 R %ot 20 P 2 A Ol v TN 200
PR ) #EAT & A YEWE SN S AL . 2020 4F 2 ]
CDE % Aii 9 {2 A0 LA T 7= I AR IR 56 4% AR 4
SIEN GRAT) )RS - R AR50 14 22 4 bk
TV 37 1 2 p FIMIR 3 DR B AL 4 B 30) 440 it 35 [
I WLAE A 27, B M FDE AR A5, X
B UE P I PR 6 A 9 255 2 4 e B SR < e 2 Wi
B AR, 2T E B A L DRI T 8 KU £
IR K VEAR REFEF(SuE ) i & AR e
PEFNAE RS P 2845, A3 0 B2 SR B it ft XU B/
f£” . 2021 4F 2 H CDE % #i 4 € & K6 0 240 B 3
7 7 S ARG R 5T 5 PP B AR F8 T R0 (A7) )
DU P A5 Jk A A JXUR: BPAvE ™ 4 R I A 22 4
WFIE N2, FE PR ANRLE T S S XU P 35 A DA
iAo H BT I PR AR AR A R L 4
A A TGS 7= OB 2411 R IR 56 HY 3 (investiga-
tional new drug, IND) R IIfi RIS 2 42 P PFAl 1 42
K%

1 BRI aiEA

H T PR R R IR TE G L B R
I B AR DR P AR, o A1 35 R o 5 o7 o i
Fro3br O T A2 v .

15995 B E A B JERE AN M 5 390 % S BRI B
¥R TR (ribonucleic acid, RNA) % K 2H 19 A4~ 1F
SCPE LA ] R AUE DNA 431, B0 TR
R Ik e N | (long terminal repeat, LTR ) .
R RIS T SE UG B DNA (viral DNA ,vDNA ) #£4-,
B HIV-1 75 P P 2 1T AT S5 Jsk el o0 2
PN, 1T LA y -390 5 s B 523 2 Bl 1T L0 9 2
S AR 1 Al 218 7Y 1) 305 e S 2 DU AS R R L
PEIUAZ SR 20 0 S 2 DNA RN T B 5 o7 a5 55
HR AT A0 LT, © H B,

1.1 Southern ZZTH A

108 5 A P PR 1 A T PN U0 T T A g 40 i
93 75 55 K 41 DNA (genomic DNA, gDNA) H Bt ,iE
S5 T R A AT A BRI AL rp e T
A2 B A SRl IR A AT LR AR TR A 2 5

HL2H 1 22 A0 o AR TH A AT H K 00 B8 e
oDNA J& , ffi 9% % DNA 8 £ #£ 1T Southern 4232
EIRE , SEIG 53 B R AR B i — 2D 30 . Z IS
EUE S, 306 5% S 5 T LU S B g DNA 247
B HTCEHIRX RS e R O B &l
Xt fid 2 gDNA UEAT 53 oy 8 (B 8 GC &
i), S5 R WoR B A A S A A TR GO
gDNA [X ko

DNA I FFHAR T2 B X 85 AL iU T
oM ) 7 HESNAE ] . B9 FE 2L i Max-
am Gilbert b 2% 757 SRR AU 3 74, X8 T BR
il PR A% R PN DI AL IS 19 93 9% gDNA F Bedh AT
F o DT B0 A 30 535 B 5 DL R BB 1R 2 97
X LT FE Ay A () 396 2 3 2 R A7 U T (target-
site duplications, TSD) (143 Z8 285 | 2234, If:
A P 25 7 e N T X SR Bl s A% o A N i
JETSD™, ML WA B T B 5 DNA B A
* o B A EEE L (polymerase chain reaction,
PCR) HFE— 20 K &, Sy abf B Sg o 7 R 5 07 A 18
PRGBS AL 1 BORSCHF , HAZH AR KK
6T XREE vDNA-gDNA FIBFSY
1.2 &E PCR&EWHE A

2 1] PCR™ J2& #& A A st I 7y v L300 17 T 1)
— B AR, T vDNA-gDNA {7 22 Fii i i 5 2 %0
J7 4 (B anss 3 LTR) B AN SR 1 51 944 B %
FEI gDNA F B, X AP 5 2040 T 4 i 5 e e
23 Y955 B% 40 (simian vacuolating virus 40, SV40) %
TeA o i e J Y A D Ok it AR B AT R AIE 1 B R T
DNA (transferred DNA , tDNA ) Ji&#) 09 B F1 10596 9
B (moloney murine leukemia virus, Mo-MLV) ,
SV40 Z 96 s B AE 0 Al LA vh 1) R B 5 BN AR 3k
F ¥ DUBC . SV40 RS H AT 5 Mo-MLV
LTR 519 #3508 H , LABOKR H B 1% 1 # (DNA
RO E e A SO S o e BRI E =Y AW S
W R DY) SRS AR U R ARG NI, 2Py
BEALIE 3l gDNA JFP 911> 53X b 7 12 2 e 205 A 18
(Arthrobacter luteus , Alu) 43 35 A9 4% 1R FR il 14 19 Y1)
it IR 5 4 SE I PCR G I A S Atk , FH T
RS SRR FEAC T HIV-1 YRS KF
1.3 Bk S PCRAGMF AR

Wi % 14 H A B9 PCR BBC A S/ PCR (li-
gationr-mediated , LM-PCR) [1) & & , 5./~ %% 5 {37 15,
8 DR IRAS T RSB FERX RO A,
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gDNA B¢ Rl P IF 1 , BB 5 RGP A iy 14 S A%
TR & (WFR k) I HER A M AL B L 4R
JE A5 8 LTR K P91 B AN 514 56 i
BAALEN PCR Y71 o BEE A /N H A TS
TIPS P 858 B, X B SCFER A DNA
I PP A 4t AT AT R AN [ 2R B0 S5 2 1 K
BOLE BT . B E AT Ik, HR- R 4 %
P — AL P (next generation sequencing,
NGS) FE AR SR XS 1A N FAR SN 0 B 5 i R 17 52 A
W Flan, s A LR T8 A Tllumina MiSeq
AN P G XY 1/ 5 1) PCR (restric-
tive linear amplification mediated PCR, LLAM-PCR)
FE PR i Ze B 4 4 5 19 PCR (non restrictive
linear amplification mediated PCR, nrLAM-PCR) ¥~
B 2 AR 8 A7 5 (integration site, IS) $EA 70 ¥ .
Forp BT MiSeq (9 i 1S J¥ A1 K 28 2 i 5
AT R MR S Y, 5L Gl R 5008
T IR ISCRH LE L 325 W ORI 1 1S 781 nfr 58 1Y

LM-PCR ¥ 558 K9 NGS V- 5 9245 &, 1)
Ui 454 Life Sciences M A 8 A2 I )5 A1 Tllumina %
T DNA #5900 2, 1 R 45 A5 i A 0 50 A 1
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T TR AR BRI A R P U A
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AR AR ) 1 s m R B 2 s .l e S
Qb SR BT R A A () 48 i 2 ) A7 56 4 AR TR
&S AL, LUARXS e 8 i 57 19 77 1% gDNA,
AT LI TR RAT AR ) 8557 1 27 918 11
MRk e R
1.4 E-F CRISPR/Cas9 EE FIEHR A

NGS 15 5 3 5 G 19 J7 15 52 S5 K M PCR
P2 BRI, FEOZ AL, Van Haasteren 55 &
BT — A S B HARXT IS #EAT I P A
A7 259 ¥ (amplification-free integration site sequenc-
ing, AFIS-Seq) J7 7% . AFIS-Seq /& & T L 14 |
Cas9 /B 70 71 Je (K DNA &4 3G 1T
Nanopore MinlON il J5% 3 F#ft &7 (i ] ELARC LA (1)
D3 AT A AR B DT R LR T PN BE A% 1 2 1S
A WF ST T8 1o 7 22 T 0 SRS R v 22 ) o 2 A
IS R FEATHE S I0AIE , He 5 055 W 4 ik 1600 1 o
Bk T LAt — 2D e 3 Cas9 /i R BEA #E 5
IS PR 4347 o AFLS 0 (ff PR 25 m]

PSR AL BT {50 ) 1S 20 A , AR A7 A A 462 9 25 4
PRBE R Tk 1 2 e MEE i DAl

T WE A FREN AP R ERES AL, E
ST KT JUREET PCR Y4k . 481, 36T PCR
877 12 RABUZ = BT 5 1 e 91, DS e A
XA HARE s BEAT 5 |t i fe . o 1 i tkix
ANTR)EE, Kiml S5 & 1 — B AT %00 248 AL
SO A R 20 Y 5 —— 1 iR A R
{57 15, ] (CRISPR-enhanced viral integration site
sequencing, CReVIS-seq) . % kIt T LI T iELE
AP HE P4 DNA i Bofl, (RSP 3RE, LA CRISPR
18 S RNA (single guide RNA , sgRNA ) 5 5514 7 54
DI 51, LAJC2E 0 AR A DNA Jr BEEA T e
Il LA SGE S P S A S E R R AL . 28
1T, CReVIS-seq AN 32 & 5 A0 Bk v i i i A6
FURE SRS B9 PCR 3G 51 A9 fi 22 19 52 W) .
BEAL , 5T A BLAE AN 7] B9 sgRNA 4 5 19 2
CReVIS-seq, AT LA [A] B 15 551 B 200 i 5 48 R S U 4
A T Y Z A HE AL NS R 5

2 EYMERSHEAREIMNA

X PR PR AR B L T A
AU I, XF TG 2k RNR T Y 22 A e AT S 2=
KEE  BERNA YT e 25 2R A 85 L 0y
BT R B B 4 2 A s s D00 4 L 3 2 PP A R R A
JRUBS: RIS AR ) 22 A R OCHEI R o Afzal 55
T & T 5N & A s (genome integration site,
GENE-IS, https : //github.com/G100DKFZ/gene-is ) 73
B T EL 37 i 28 A A 00 R PRI 7 B8 v
T NGS YRR AR AN BT — D HAX
o3 AT RS T AT L R T PCR U5 i A
LAM-PCR FIHE [a] ] J5* (41 agilent sure select) £ A
AR AT IS M. GENE-IS S — ] 7
Jre RO HERR HAT SRR TR T ORI R
Al K 7047, o4 P 4R B R 1 A4 23 A, TE
EIZMSE,

Peters 52 JF A& 17 5 T M 45 ) A W05 B % 1
H AT DU 300 2 53995 5 2L 5 A a5, (retroviral inte-
gration site, RIS) BRI, {EAS JE DA DA vy 3 o e bR
R 2z T AN AR RIS AR A1 A P 4k A A B9 40
U RIGBAT BIREAS KR, BN P AR ) 25 R v
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2.0 $&It AT A S VE RS RIS X Y
71 (M 1E A http : //seqmap.compbio.iupui.edu/)

SeqMap 2.0 TYE A5 R 34 B Bt : D)F 51
Ab B 455 AR 1) R0 R i A RO A7) 13
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FICAS R 20 s QFF 51 RIS X ; %l il AL
T Ao LABERE— 25307

P B AR B RAE AN 3 BT 2T R A Bk R YT
7 it PR B AT TR A AL 2 A S e S A T
It 57 H 2 A PR EE B A S 4 . VSeq Toolkit
(https: //github. com/CompMeth/VSeq-Toolkit) J& 7]
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SR R TN TR B A 2R 1 AR AU E
AN B A Y5 Ty e Ao 2 o) 590 el H A 0
B b A 5 2 AU T e A AR Y
(2 a5 5 55 3 P ] T4 2 i B -1 RS F0F
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LA 20 EHE [ 0
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FERC A i PRIE DRGSR SCHE N 28 o SR, 2 7
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BURAE . DRI, 70 B 302 S35 B AR RO R 5 L
Je T R B2 A R T R B S BE AL B> . VIS
Mapper & — 1~ Z AR 5 A 70 H1 362 (hitp < //vis-
mapper. babelomics.org) , I T 73 A7 18 % 5% 9 5 2
PRREA I NGS T AU . VIS Mapper 8 /] 1711
WS R, LU LLFTAY ] IR PP ] S PR, O Ho e 3t
T A R B SR o B S A 5 T R
PHIEES AL

R IIP R 2 St PNESE SN IP R LN
AL B i LR I #E o Virus Clip Chttps://
github. com/dwhho/Virus-Clip ) & — F & Il 9% 7 |
BT SO T R 3 T HA AR BE e
PP A5 BORVUNEE & b A F i 72
W BRI B Sl SRS SN AL ) i
TR XS K i AR I, Virus Clip AR 32 5 A 07 45
RGN it 7 — 17 B PR RN A7 AR i R
ZP AN BT DL B 3R 5 AR R 1Y 525 R
NGB AR B2 o 30 2ok 4 S 20 0 Py 2580
BN BE b B, JF e HHA R R AR 2 B0 A
RSt 5B A T BAH LE Rl 1k i W 25 4

o WA B EATIZ M TIRE , 4G 4 KL ZH
J At SR ZH I P RO [

3 M7 240 i 5 PR 20 v B B 5 Y DNA 7 5+ 03
B (B 5 BRI AT A SRR Y U vk B AT AL
TIF R B . Sherman 28I % 1 1T 44l 73 #r
FTRT AR AL (8 T2 —— X I 5, AT D
Wil S 40 Y 5t DL K I B i PRI 2 P B 56 Y
O3 3 AT LUK G L R 23 A1 5 BE DY LR E 2
FTIHE . Ah, o T g N EE R YT RE A I 2%
BALEEHE AT E TR T —Fh Al X HEA R AR 4G
A 1] 5 285 R A AR G B DRI B 3 174 R 9 4%
F14328 00 THS i THA IR ™ E A
P& Bt [ -X1 (severe combined immunodeficiency-
X1,SCID-X1) B HEATHFEL I R AR

3 BRREEFEHXREHY RIS

CAR-T 400y 5 AR5 Y7 B 4 A i 07
WA 7 E R (SRR YT Oy AT A R
PR S CAR-THAR A 2 2K 4 I I A2 2]
MBI [ g G g B ) AR e B 1 i IR T A
B AL S e RV R T BE o AR 22 5 125, il
Il R 1 A T AP RV A 114 ) ol L [l SC i 2P
1| (clustered regularly interspaced short palindrom-
ic repeats, CRISPR)/Cas R4t , &1t T CAR-T 4
49 75 — Fh SRS, ISR 1 3 B, B9 T CAR-T 4
JEI7 i BT S AR (B ATS SR T I 07
Z PR, AR RARAR I B PR 3R kK AIR R
AARAE . mRNAFORTEAR AR L b REFFIREE A
HALAY R, B ZBOR B R , AR AERE N HE 4
G 22 Bz B TE RIS
31 ERFEHSEZFHNEAR

75 CAR-T 4l 36 S 7, AF i 71 16 F 5 $2 it
TR RS DU DR R 3 I B
J5 T R o o 7 R HAT S Sk s AT BRAY
AR FA P A S S5 ks . AL Z T, AR
BE AR HAT AR A A0 T v AN S g Sk ] i
A DLl DR 4 AP A O i v i DR e AL
o AR 1 2R BOR T LA N BRI B Y 2 3k
MFSE R NS TR . AR E RSB A
i AR AT DLl i Piggy Bac 58 CRISPR/Cas9 & 4t 58
J&, CRISPR/Cas9 7 438 # fill FHZ P Ak DNA (BUE
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