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Beta thalassemia gene therapy using lentiviral vectors
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Abstract

Recent years, allogeneic bone marrow transplantation (BMT) has proved to be the successful cure for
patients with thalassemia major, however this is restricted due to limited matched-related donor. Its
complications include chronic graft-versus-host disease in 5-8% of patients. So, a molecular approach, such
as gene therapy for direct normal beta globin gene transmission, seems quite promising to cure thalassemia.
The goal of beta thalassemia gene therapy is to restore normal RBC production capacity in patients by
suitable vector and correct inherited anemia. Virus therapy has recently been recognized as a promising new
therapeutic approach in medical research. In this regard, the use of viruses as non-replicating gene therapy
vectors or as replication viruses (oncolytic viruses) has provided attractive opportunities for viral
therapy applications. Currently viral vectors have been used in nearly 70% of the clinical trials. In recent
years, many researchers have designed erythroid-specific lentiviral vectors carrying the beta-globin gene that
have obtained significant results. Their findings are presented in this study.
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' Adenovirus 20.5% (n=547)

© Retrovirus 17.9% (n=478)

@ Naked/Plasmid DNA 16.6% (n=442)
@ Adeno-associated virus 7.6% (n=204)
© Lentivirus 7.3% (n=196)

@ Vaccinia virus 6.6% (n=175)

© Llipofection 4.4% (n=117)

© Poxvirus 4% (n=107)

@ Herpes simplex virus 3.5% (n=93)

© Other vectors 8.4% (n=223)

@ Unknown 3.3% (n=88)

The Journal of Gene Medicine, © 2017 John Wiley and Sons Ltd www.wiley.co.uk/genmed/clinical

6,55y 4 bye b Sl l5 Sldlas olows o iy . Sloyons ol slaolejT,l5 jo solatwl 5y90 slo,Sy ¥ S
(Y\N) Qlools uoLa.»}‘ 09> @ ‘) Sladlas 7 VY w919 &5:"" 6[.6)9355 9 (/ T‘/A) ol L5”“5)7‘<55)°T



Y’f&/g‘)&o&’ég}w}&:m

a4 ulmo) o fo)b»f; o Y. 0y99

slop) olod iS5 Dpu8 W6 gy S leyS
A5 9550 (F5 o5l 5 s5gegy LLTR 9o (o (08 5 (Lol
9 LTR oo diny JWSew JIg 232 a0 oy (0 Kl
w535 00 Bl g osSae (smsis) w090 sba g

ol ol Bdo cwgyg s G i jo Lo gl
woany G sleyeSy 9550 0 &5 Lol SIS
bgi iS5 0508 Ghlo gy wdg Jlexl w)ls 352
ol el B Joho 9y (cig Seang b (oS Sy
Self-Inactivating .l 5 sle 5555 adgi @ omie SIS
5 ¥ n >y ByeSs pl o .ol (SIN) Vectors
el oals Bd> U3'LTR 4>l 5l sungig, odims oLl

ol 0 w9 ns LTR (>l bawgs cungig) 455,20 (nlplo

pockaains o TR

tedrnsfar
LYk ]

9r9 N sLryeSy udg
S (Jsho 00, HaSauilys G5k 5l mgny (S sloyeiS
Sloodly lawg Hlojee b 4 HEK293T Jludl o
by odS S dendl g el drendly gy din
m05 «oang pes (TF) Lgdi oo dlgi ugpy (g SelS
5 TeV) obas slay < (env ¢ polgag) g bsle s
aS WS oo S |y (ef g vpuwpr wif) SaS slagy g (tat
(Long Terminal Repeat) LTR  slogib aliws 4 a5 oyl
MA S5l slopiiyn 4 Gag Sy ailoads ablsl
Pol-(y59 09 o0 A0SO PO 5 S S 9lS o5 CA 2o
RT ogSae jloy asens PR LS5 (55954 mil 4w Gag
s hedlF Seendy 5o Sl 1, IN 1)

ey
I 4

s [0yl

e

Wi

FUER

(YY) o8 B3 gp160 Colgil (g 00 Sl 03 gl s 55 - omnny G sloysiSy Jol Jos VS

protaater

packaging plasenid

5LIR

ey !
e POIY A

i

tat i

FUIR

(YY) $as Bd jsnef g vif opu vpr (SoS sl pig 0aisSaS gloys pgd Juud 10 . swgpg id (sl8,555g pgo Juus F JSCS

packaging plasmid

envelope

regulatory

transfer

S1UTR with no U3

PR/RT/IN

transgene

AU3 3TTR
) Pol 5 Gag Sy o5 a3 5 )15 liome sensdly 93,8 (it dondly izl poms s 53 (oig g (1) 5Ly 559 poms Jous O S0



929 N )9S g bawgl (o ¥BLy Sloyo )

eolof3T il i pole alxo [FES

il obml O Sl 4ol ugng b S5 9 e
LlS aile cp3Sals sloygiSy 5l eolitl 4 jpeme Cpukione
ols; @i Ll wisd AAV 5 (wgng W (g9,
(5 YA ati ol 5 Slalllas ol 51 ot

lo)5:5'y Jlny s lawgs o5 JUl cud )b a5 bl
@ ooany S Gle)gSy ojgel el LelST A S50
A b omalSly 0 a5 aites 0B jel Cuddse &g
5 Wbl Do 4 perkas asb Jlg b oles 1, LS
5 9 ol hs saes Jadl ol ool J21s 4 jlaky
ST Lgd adly aube soWU Ly a4 Sl Lo Loy
Cgete (s sl Cage oS bugng S s bl
J 5o B sl g5 95 0 4 b)) g il wsdiee
3585 llys JoJo 4) Wigd sad pometi &5 2o ] 5 ot
pas 5 (auwd oJlo Lig 5l Ll Preintegration complex
AFY) ol @lg3 b tag) el ol

L e, Sl

309 s sy ool plaime p3l Sl iz o
Wlos S (il (slSle ()5 Jelo gl i)l 00, ate
ol sbdsbe G5 5l aduials, Sl mls oS
o] Cows 4 ge SlaJoe 4 EX VIVO O jgo s jluye
YoooJl yo (uilKen g May 05,5 lawgs oS (glasilas ;o
b dibie o o a5 ad slb TNSO g8 as bl
el 0 g ead Bd Y (gl o st (sl
(H2, oula5 4>L 4 beta globin 3” enhancer ¢ 5909, U
om0 Ol wd 3ly 98y sl s H3, HA)
e Joe 50 5 09 (690l 00, (aie TNSY 557
VI$ mmol/l b Lewdly yurslS gon zxlaws 4o 38l ccls Hbb™*
ovge b awslas o +/A Vector Copy Number(VCN)L
Lo g & mmol/l ;1 yoslSsen mhaw a5 oot oyleyo
3555 ool wde Feglam oS w5 Gl g il (ol 4wz
o 05 5 ool g 5 Jlxb il eimen 5 0 ol
a5 Mo, A4Syl 4 og ausl alS HBD™' _ige
AFE ) o5 oolial ey o 15555 ol 5l Olyies

el 1958yl (59, (6, R00 Dl s il Sen g Liowski
Cely a8 wio,S adlsl [giSy cpl 4 55 1) HST Jlgy 4 asols
AY0) o 0/Ammol/l 5w 4 elSLy o mhaw 20153

)P gegn tawgs hadd [l 3550 0 (Jle g oud Bds e )9S
(Y8) 098 o0 pulas Lo

S50 (G Al Spaudly 4 gl b g pg S (sl ,eSs
G Akl s an 4 pug g DS ag cqz oolal
G Ay Seedly doy93S cnl b gl )3 9 oo
9 <Sbo Sz 5ls 9)90 POl g gag oaisS oS slagyy ol
e slagss odle ar (Sliee p9i5 03 ans et BB
wpr Vif (SaS slays iored g TEV gtat owg g odiS
(Y8) (Y USe) el nef g vpu

Sz Sp9re SLGS smans S lyESy ped Jus 5o
G &y Sesdy 1 (ef 5 vpu wpr wif) ol e
485 A duawdly safety ol b cus 5 cpl 4 sasall Bd>
55 Ol Bl 5l qwg g s Ol adg e DS
a5 9)ly (dsbo slo oo glsil (3,5 00sll LI 5 (g
(Y9) (F Jss)

Wy (ol SATCLY ¢ g g () (sl ,5iSTg poms Juud 5o

Seeadly So by o pla g 1oV 05 (595 oz Ly o
Gy Ay 659 5l tat 5 doren .23L o8l B las
S5LTR ab j0 31 jgig09, o ol Gl @ g ai i
Jizl oy oml 4wl Rl el aedl
Cold Jdo @ gny S (oo 9 M5 9 (S Hy
(0 J2) 28l ol g BB jsb 42,5255 o5 s
(Y%)

929 9 52y g b cow¥lly Sloys o)

Jbo 5o emang GlayeiSy anwss 5las Gloys 0 008
2 s @l Gadsl )0 5 9l o s 4 V94
JESH) 0 Ceddoo b (g ngg ) 5l oslitul L VA% Lo
Solom Oloys 0 Sl o Gas amas o sl
JslS ody sy olly Gl Sk eVl
S el ot 5315 ol s g GslSpen (53l
S5 05 Golem 5 0l 1als 1) sl U g i)l 0
oS plgmisliie gobn gladshe wSe by 1, ()
03, Juud 3l sluser alitre slo 00, adgi g (glwgs Cuols
oslS 5 JUE (sl oo sl oo w353 | sy )
(YA) i €X VIVO & ja0 4

a5y 5l VB (Sloyo 0f lp adgl wlalllae o
)y Lol oslitul ool 4 (5 JUES! S (o9 2995
Ol 009l s &z erhis Al wily JIg oS
OFS g §)lubl el g5y sl jo dls Ly 03 51V
5 o=b ole (Genomic rearrangement) o555 (o) 150



ii‘bw j. fO)Lo.& .‘"’0)30

25,5 ool sousYBLs Sloyd (45 50 swops s HeS 5l a5 alizre Sl i Sldllas sl gl 4o Y Jgue

Reference Globin gene LCR-elements Mouse model Serum Hb increase ~ VCN
May et al. B-globin HS2,3,4 Hbbh3* 2.4mmol/L 0.8
Lisowski et al. [-globin HS1,2,3,4 Hbbth3/+ 2.5mmol/L 0.4
Imren et al. [-globin HS2,3,4 THAL/Hbbth! 2.4mmol/L 3
Micco et al. [-globin HS2,3 Th3/th3 FLCs 4.1 mmOl/L 4
Puthenweetil et al. B-globin Chicken HS4 B2m™! NOD-SCID N/A N/A
. a&‘{.’ﬁ Hi'.r-mnhln Fetaly:] Bp Locus controd region alemants )
SLTR RRE - - = ILTR
] Z cail) Wi Rz \\Fss N\ Fst M
Peglotin LVs
O 5LTR 8B40 o8 WRRE A JLTR

el — - (R —
TRAnkIW E—ﬁt-qzm:mr::ﬂ

M- SLTR 2700 ATLTR
G-Globe Micoio 2011
GATAT FEZ
FLt 'L TR
B e VI 1 e e i Ml 2008
HW-1 BLTR M 1000 1400 AFLTR
BGMA [ JeEm : : EOITE] Anmugam 2007
D0 A0 1400 AFLTR -2 cH54
B0 FATMTVEROIN S
HIV.1 FLTR Bap  1a0a  tgee - CRT
THES FLTR May 2000

20000 Ank ]’ Brwda 2003

RLA 1908 1 iR

p-glotsin anti-alckiing Lvs |
HIV-1 SLTR

AT,
e wCior

- !E! Sﬂi gy  AILTR
'zltampmmna e e m

EA-BTThe

PATERD m !-E{EK HEIN__FIEd

RA-BTThe

Cavarsana-Cabee 2010

LA Rabbl B-globin pobyd,

844 845 1153 ILTR
L —|

Pariclieik 2007

- =

e

IR (Lindrmraintad Ragion)

B o vancen

v A e

m HME [Wey Hosporadve Elomont]
CHEA el [ ogeolen Hypes sasdnty e 4 srsator]
LTR {Long Terminal Fepeat O s PR (Human

Coytormagabon
sy Vines :.nm.-mo..-smw-uw.ﬂ & (il inmciivating LTR)
T WPRE (Whodchisck Posl- Wsscriptons Fsgolstony Disment)

Ayl S dSS L Gbiwbd\f&ﬁb Of oS Hlo 550 09,5 9 umelSLn 5 eausS Lo (sl 61T g 09,5 S tailonds

sk )0 1555 o 5l (5 F a5 ol las leseuliae
(YFP) o410 0424

Yoot Jlo yo a8 Sldlas b jo yuil,Sen 9 Putenveetil
Ol LTR cwnd jo a5 ais)S  >hb (6,555 axiils
el e 0uls o,ls (cHS4) Chicken hypersensitive site 4
o YBLo 4 e ol 81 51 as CD34+ sl Jolus 45 ,635's
invivo byl o aile g ol Jiie o ool o
0S b Lol cenWB 4 1) jo5le conVU (dgid
YY) ¢ S (V Jgoe)

555 950 TNS9 wilan 5,650 5,%00 ol o 535
-globin asle (¥ JS&) oS o oS |, HBG |, HBB
05 oy & aSBAS3 4 B87 L BATHQ Jentiviral vector

5 B87 ;0 AV o)lads 5,905 40 a5 oS oy |y (gimolS

6555 bl 5o 1) GmdlStn 0 5 ASes 5 Tmren
Sly g oad (b JSb (ouls (Go o5 ploys sl &5
0Jg pslSgen mlaw THALHDD™ sla jige ,o .ais S
Sl ol Vo 4y g 09 V¥ mmol/l giSy ol 51 s

(YY) wogy ol s 43 VON=Y' by b (ol Ll o4
4 6,550 Solaie )5:59 Veoh Jlo o il Ses 9 Micco
Sl YIV kb
JYSObD b olyen CpuslSLy o5 (HSs HSy) opliss
555 > oSl 03 ¥ sl ) Y obp 5 0 sl
Ghgd 5935y cpl (Brb 5l ad esls 1S (cwgpy (S
S8 el ialidl jelaie 4y LTR adhais jo $-0bp Sdo>
U eslSsen b mhaw Sl Csl )55 (nl 09y a5
e Oegred Al th3/4 b Jow yo #/¥Ymmol/l

3ol o assls «lyl GLOBE vector pb



929 N g9 bawgl (o ¥BLy Jloyo )

eoMalol3T olRiils Sy poke alxo /YFA

Sll s

PATVY qwgnssid 58Sy 5l eslinal sl S (sl
hless 53z sl Jsko « HBB 55 Jlaml ,» (HPVS569)
LGOOT ol olesTls ol s ol Yeu$ gl o
oy aakd gl oslitul 3590 wgny (S WD ()15l
SY0bp olyan 4 (LCR) puslSly o5 JytS adlats 5l
JS8) 045 955 LTR jo 35le jlgie a4 chicken HS4 aivn
)y

Jbo
99 (o ,e5 g 5l eolanul b as ails pdlel Calvo
anti-sickling ceols gl)ls a5 pATEQ
als VA

Marina Cavazzana- 4 Philipp Leboulch Y- -

Olsie o 04>
Oz g sy (1d cou o] 0,90 0 45) el
YLy (g lem 4 Mo
Sloys Jlo V) CusdS 5l 0955 @ g Jlo ¥ cusdS |
s JT o a8 el o¥B 5l o5 BB )8 oS
OB) ol 008l IS 51 5lS Koo YT

ax |, EB/°B-thalassemia go ;|

5 OB) ol (5l
el 5 palhe )5 slom Gl oDle Sgee o) e 1
e 9 9oy A AL Sl o @ 08 GlSsen gl
4 ks s 093 Sloys (5 0590 pledl 5w 93l A
28 )b sl sl eg)F cpl el polae 9> )5
o2 ol 5 Sloy 0 gy b 1y sVl 20l g5 4 S

~8.5 kh

g 48T o igx BAT 518 o AVYY sl
Ayls anti-sickling cools a5 wS oo s | SwelS
WS (oo $xS9lr S GmelSeen gmalne bl s
10 (97 05 )0 o8 g (VU Ly 0 oo Wil oo cnl i
(FA) aisl ade S

I, AnkTOW 5255 Y)Y o o il Ken 4 Breda
TOW 5555 59, 2 &5 Slueti b )9S5 nl o5 (b
Feegpl Yeobp LTR adlain jo al 2lb w505 Jles!
ol a8 sl LTR adlaie po le (lsie 4 00,830 (5
o GmalSte 05 Ole Oliee (Rl Sl o & (00l
adgl Ulhe 5 03 b s el aSl s 95y il o
5 0¥ sleoatls 5l (o o ab gasde )l slashe ples
(YR ol Glops (35 SV 2L sl 6502

sladly 5 omsls o o) Jly ol ol (sles s
i o b szl GEHS (Sl Jed o) el
» Gl Swl Galple e pwgns sleyeSy
iz @ lie sleog S Ly oad (b sle g5
o a5 (60l b g ST lse cnl 3,05 00
4>l e Jsb wsdioe Wl s e LIS Sl
ol a8 )15 4 sle insulator g (cendais

HIV LTR

T stop T P T
cadans im . b
GAG IR

}

—

e
Hs: [ mss [ wse |_.E_EI1.[||..-:.|_
Yoo T

LT kb B-LCR | 1. \
s FI m’:,lﬁ“ synthetic
e x Mahp P-glabin
cHS4 insulatons polyA

(FF) o,Ken g Cavazzana lawgs oolaiwl 5,50 929 od HPV569 ;9:5s 5l > b YU

et 31 - e o

F—#ve1 5-LTR —|

|— Human f-globin gene —]

254bp T(0bp 1000bp 1400 bp BG-I

“Bp] Hs2 | nss [ mss }-Egﬁ,m -85 K

= rum —

LentiGlobin®

IX> ana 266bp 646bp B845bp 1153 bp
M»J_[L—@-@ SRRE  EN N il ==l o v [vss [ vse i-hi‘»d_llm -8k

|— Human g-globin gene —[

" Hs2 ! gene

B-glodin wrﬁ

65bp—— 2100bp —— \/ GLOBE -65Kb

B wee [ wes —juimnal| MM

| Gataa !
l_”sg_l

G-GLOBE  -7mkv

v TNS9

“Bp_| sz | wss | nse =t | MM -exo

(F) ol ales 5 o anlicial 550 (slo,5i5s s 5l Sailots JSC5 A S



4 liwo) ® Fojlols ® Ve o490

S5 Al

Slgior owany S slayeSy Sl eslinnd b (Gleyo o3
S e o5 sl At ey easS ol S
(Kymriah ~ CTLO19) s sb L owgps
5 o055 Hleyo gl easie &Y o Tisagenlecleucel
YV Jho jo Saeadbsad ol cowsyd @ M YLLS )5
ok S50 oj9n iz 58 13l 285 15 anl 950
(00) s aslllas 5 arwg J> )0 (cwgny S (Sleyo
3 Hg o 0320l SIN &S (g g (i pomr Jud sl2)555 g
T sladobo 5 ol slasho 4 03 Jisl gy (Slallas
3 S A sl 5l S Ll mls aied eslan
95 Bl 5l ax STcwl Sl o5 cex beyeSs
Obzed (wony S slayeiSy slp ol dbml Joulsy
5 rang S L Sleys 0 Dbl 5l ST Lel e )ls 3925
el oais 158 ol s 3 (69,90 e HIV o>

05 LSSl oolaiwl b aS Slacd iy b cfgoms o
09 Il g idu 3l esl ST el saal Cass 4 Sle o
a5 dws Hlgaual ladze gl aul OMSlae cpl ol
=Bl olhlew (6lp saaz OMSlae aLBdS 4 s
2 @b b adlge waz Glapleys 5 axal adls
ails o3 gloans ;o Gl ool (ol bulpd oo
NCRAN

ol Jloyo (oaVBLy loys (35 sl & 650 slahs,
Seolatul b eSS adgs Wl Jold citiws swyp 9500
s 53 s ool 3y b 51 (S slas,Siws b lagls
Zinc . CRISPR/ Cas9 sls (5,50 &% lawsi BCLIIA
Transcription Activator-Like L 4 Finger Nuclease(ZFN)
0V ,F) o Effector Nuclease (TALEN)

Oleyd b 9 JolS jsb 4 (wgng (S sloy9S'y Gyl
(FV-FY) wis s

CHS4 YO-bp Jlss g0 5l HPV569 ;5555 j0 a5 b=l
cel Jlg 90 (pl g 09 0uls oolaiwl Insulator jlae 4
iany 55 els sl (Bib jl g e sy syl
Bi> 555y LSl ) Jlgs ol o 555575 50 g oad
5 oans S A ORI Cex s d e jo 5w S
5 Fasn ) TLTRCwnd 5 aShansls )15 Gl
N> ey b eolaiwl CMV  (Cytomegalovirus )
losl )5 50 6l s Y Jlo jo 0l (5,135.6 BB305
5 Wl s 5ol wsle ale 555 55 15353 ol (il
HGB-204, ;555 ol odb ol 5 b £g,8 andl)d
30 525 YF 5,0l 4 ol (5,l3%60 HGB-205 , HGB-206
ol 5 585 Y 5 5 adbo S o 2o lly lajl,S ol
a M Jlem YY 1 a0 wbas Sleye 5 o)l
0% B3 I ek 4 pleys 8l e VL,
S gyl @ e G as 5 S0 a5 Y5 wiad sl
DS S ) By Oleds oS silulys og (6 ler ol
a5 i s 59 oloys A1 Jlo g 5 T Jsb 5o
5o ol oo dalsl 0g> Fuiy 4 e 8l el g g
ol cos oyush oS58 lawg Gl o VeV L
Ly, ooy omil] ol céb,s a4 3940 Zynteglo
|, FDA ayonli YoV+ Jlo o 55, ooyl o ui (EMA)
(FO-FV) 0,5

YoVY Jlo ;0 TNS9.3.55 955 b 6,500 b olosl 8
pU ool @loLlS cnl 50 585 ¥ g ol osds g9, K pal 4o
2555 b L 08 55 6% il lesTS oo s
los Ll 5o a8 Y aS euls £5,5 Y V0 Jlo ,o GLOB
(FO-FA) (A USs) wlos 57 b s

REFERENCES

1. Finotti A, Breda L, Lederer CW, Bianchi N, Zuccato C, Kleanthous M, et al. Recent trends in the gene therapy of

beta-thalassemia. J Blood Med 2015; 6:69-85.

2.Sankaran VG. Targeted therapeutic strategies for fetal hemoglobin induction. Hematology Am Soc Hematol Educ

Program 2011; 2011:459-65.

3.Rezaee AR, Banoei MM, Khalili E, Houshmand M. Beta-Thalassemia in Iran: new insight into the role of genetic
admixture and migration. ScientificWorldJournal 2012;2012:635183.

4.0Origa R. B-Thalassemia. Genet Med 2017; 19:609.

5. Weatherall DJ. Phenotype-genotype relationships in monogenic disease: lessons from the thalassaemias. Nature Rev

2001;2:245-55.

6.Cao A, Galanello R. Beta-thalassemia. Genet Med 2010; 12:61-76.



59929 (51 (518935 s s (soms¥BLE o3 55 oSl 3137 oISl Sy poke alomo /Y-

7.Ferrari G, Cavazzana M, Mavilio F. Gene therapy approaches to hemoglobinopathies. Hematol Oncol Clin 2017;
31:835-52.

8. Fibach E, Rachmilewitz EA. Pathophysiology and treatment of patients with beta-thalassemia—an update. F1000Res.
2017;6.

9. Azami M, Parizad N, Sayehmiri K. Prevalence of hypothyroidism, hypoparathyroidism and thefrequency of regular
chelation therapy in patients with thalassemia major in Iran: A systematic review and meta-analysis study. Iran J Ped
Hematol Oncol 2016; 6:261-76.

10. Farrell CM, Grinberg A, Huang SP, Chen D, Pichel JG, Westphal H, et al. A large upstream region is not necessary
for gene expression or hypersensitive site formation at the mouse B-globin locus. Proc Natl Acad Sci U S A
2000;97:14554-9.

11. Origa R. Beta-thalassemia. In: Adam MP, Ardinger HH, Pagon RA, Wallace SE, Editors. Molecular Genetics: Lora
JH Bean and Karen Stephens. Anne Amemiya, Genetic Counseling. GeneReviews®[Internet]. Seattle (WA): University
of Washington, Seattle; 2018.

12. Taher AT, Viprakasit V, Musallam KM, Cappellini MD. Treating iron overload in patients with non-transfusion-
dependent thalassemia. Am J Hematol 2013;88:409-15.

13. Weatherall DJ, Clegg JB, Editors. The thalassaemia syndromes. 4" ed. Malden, MA: Blackwell Science; 2001.

14. Castro O, Brambilla DJ, Thorington B, Reindorf CA, Scott RB, Gillette P, et al. The acute chest syndrome in sickle
cell disease: incidence and risk factors. The Cooperative Study of Sickle Cell Disease. Blood 1994; 84:643-9.

15. Platt OS, Brambilla DJ, Rosse WF, Milner PF, Castro O, Steinberg MH, et al. Mortality in sickle cell disease. Life
expectancy and risk factors for early death. N Engl J Med 1994; 330:1639-44.

16. Sankaran VG, Nathan DG. Thalassemia: an overview of 50 years of clinical research. Hematol Oncol Clin North
Am 2010; 24:1005-20.

17. Finotti A, Breda L, Lederer CW, Bianchi N, Zuccato C, Kleanthous M, et al. Recent trends in the gene therapy of
B-thalassemia. J Blood Med 2015; 6:69.

18. Pariente N, Mao SH, Morizono K, Chen IS. Efficient targeted transduction of primary human endothelial cells with
dual-targeted lentiviral vectors. J Gene Med 2008; 10:242-8.

19. Annan AC, Fisher PB, Dent P, Siegal GP, Curiel DT. Gene therapy in the treatment of human cancer. In: Coleman
WB, Tsongalis GJ, editors. The molecular basis of human cancer. New York: SpringerLink; 2017. P.811-41.

20. Collins M, Thrasher A. Gene therapy: progress and predictions. Proc Biol Sci 2015; 1821:282.

21. Hatefi A, Canine BF. Perspectives in vector development for systemic cancer gene therapy. Gene Ther Mol Biol
2009; 13:15-9.

22. Kane JR, Miska J, Young JS, Kanojia D, Kim JW, Lesniak MS. Sui generis: gene therapy and delivery systems for
the treatment of glioblastoma. Neuro Oncol 2015; 17:1i24-36.

23. Ginn SL, Amaya AK, Alexander IE, Edelstein M, Abedi MR. Gene therapy clinical trials worldwide to 2017: An
update. J] Gene Med 2018;20:¢3015.

24. Young LS, Searle PF, Onion D, Mautner V. Viral gene therapy strategies: from basic science to clinical
application. J Pathol 2006; 208:299-318.

25. Naldini L. Gene therapy returns to centre stage. Nature 2015; 526:351-60.

26. Breckpot K, Aerts J, Thielemans K. Lentiviral vectors for cancer immunotherapy: transforming infectious particles
into therapeutics. Gene Ther 2007; 14:847-62.

27. Sakuma T, Barry MA, Tkeda Y. Lentiviral vectors: basic to translational. Biochem J 2012; 443:603-1.

28. Sadelain M, Riviere I, Wang X, Boulad F, Prockop S, Giardina P, et al. Strategy for a multicenter phase I clinical
trial to evaluate globin gene transfer in beta thalassemia. Ann Ny Acad Sci 2010; 1202:52-8.

29. Nienhuis AW, Persons DA. Development of gene therapy for thalassemia. Cold Spring Harb Perspect Med 2012;
2:011833.

30. Quek L, Thein SL. Molecular therapies in [ thalassaemia. Br J Haematol 2007; 136:353-65.

31. Imren S, Payen E, Westerman KA, Pawliuk R, Fabry ME, Eaves CJ, et al. Permanent and panerythroid correction
of murine B thalassemia by multiple lentiviral integration in hematopoietic stem cells. Proc Natl Acad Sci U S A 2002;
99:14380-5.



YOV o)) g (g9 s Jedoxo 4 liwo) ® Fojlols ® Ve o490

32. Naldini L, Bloemer U, Gallay P, Ory D, Mulligan R, Gage FH, et al. In vivo gene delivery and stable transduction
of nondividing cells by a lentiviral vector. Science 1996; 272:263-7.

33. May C, Rivella S, Callegari J, Heller G, Gaensler KM, Luzzatto L, et al. Therapeutic haemoglobin synthesis in
beta-thalassaemic mice expressing lentivirus-encoded human beta-globin. Nature 2000; 406:82-6.

34. May C, Rivella S, Chadburn A, Sadelain M. Successful treatment of murine beta-thalassemia intermedia by
transfer of the human beta-globin gene. Blood 2002; 99:1902-8.

35. Lisowski L, Sadelain M. Locus control region elements HS1 and HS4 enhance the therapeutic efficacy of globin
gene transfer in beta-thalassemic mice. Blood 2007; 110:4175-8.

36. Miccio A ,Cesari R, Lotti F, Rossi C, Sanvito F, Ponzoni M, et al. In vivo selection of genetically modified
erythroblastic progenitors leads to long-term correction of beta-thalassemia. Proc Natl Acad Sci U S A 2008,
105:10547-52.

37. Puthenveetil G, Scholes J, Carbonell D, Qureshi N, Xia P, Zeng L, et al. Successful correction of the human beta-
thalassemia major phenotype using a lentiviral vector. Blood 2004; 104:3445-53.

38. Mansilla-Soto J, Riviere I, Boulad F, Sadelain M. Cell and gene therapy for the beta-thalassemias: advances and
prospects. Hum. Gene Ther 2016; 27:295-304.

39. Breda L, Casu C, Gardenghi S, Bianchi N, Cartegni L, Narla M, et al. Therapeutic hemoglobin levels after gene
transfer in beta-thalassemia mice and in hematopoietic cells of beta-thalassemia and sickle cells disease patients. PloS
one 2012; 7:32345.

40. Bank A, Dorazio R, Leboulch P. A phase I/II clinical trial of beta globin gene therapy for beta thalassemia. Ann N
Y Acad Sci 2005; 1054:308-16.

41. Cavazzana-Calvo M, Payen E, Negre O, Wang G, Hehir K, Fusil F, et al. Transfusion independence and hmga2
activation after gene therapy of human [bgr]-thalassaemia. Nature 2010; 467:318-22.

42. Riegman A, de Wringer M. The current status of Lentiviral gene delivery in beta-Thalassemia Major. Blood 1988;
331:35-41.

43. Coquerelle S, Ghardallou M, Rais S, Taupin P, Touzot F, Boquet L, et al. Innovative curative treatment of Peta-
thalassemia: cost-efficacy analysis of gene therapy versus allogenic hematopoietic stem cell transplantation. Hum Gene
Ther 2019; 30:753-761.

44. Payen CE, Negre O, Beuzard Y, Hehir K, Leboulch P. Lentivirus Vectors in beta -Thalassemia. Method Enzymol
2012; 507:109-24.

45. Negre O, Eggimann A-V ,Beuzard Y, Ribeil J-A, Bourget P, Borwornpinyo S, et al. Gene therapy of the B-
hemoglobinopathies by lentiviral transfer of the BA (T87Q)-globin gene. Hum. Gene Ther 2016; 27:148-65.

46. Cavazzana M, Antoniani C, Miccio A. Gene therapy for B-hemoglobinopathies. Mol Ther 2017; 25:1142-54.

47. Thompson AA, Walters MC, Kwiatkowski J, Rasko JE, Ribeil J-A, Hongeng S, et al. Gene therapy in patients with
transfusion-dependent f-thalassemia. N Engl J Med 2018; 378:1479.

48. Marktel S, Cicalese MP, Giglio F, Scaramuzza S, Calbi V, Casiraghi M, et al. Gene therapy for Beta thalassemia:
preliminary results from the PHASE I/II Tiget-Bthal trial of autologous hematopoietic stem cells genetically modified
with GLOBE lentiviral vector. Blood 2017; 130:355. [Abstract]

49. Drakopoulou E, Papanikolaou E, Georgomanoli M, P Anagnou N. Towards more successful gene therapy clinical
trials for B-thalassemia. Curr Mol Med 2013; 13:1314-30.

50. Milone MC, O’Doherty U. Clinical use of lentiviral vectors. Leukemia 2018; 32:1529-41.

51. Khosravi MA, Abbasalipour M, Concordet J-P, Vom Berg J, Zeinali S, Arashkia A, et al. Targeted deletion of
BCL11A gene by CRISPR-Cas9 system for fetal hemoglobin reactivation: A promising approach for gene therapy of
beta thalassemia disease. Eur J Pharmacol 2019; 854:398-405.



