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ABSTRACT

Hemophilia is an inherited bleeding disorder caused by malfunctioning or lacking blood coagulation factor
VIl (hemophilia A) or IX (hemophilia B). Currently, the main treatments for these X-linked diseases are
replacement therapy using periodic and regular injections of plasma-derived coagulation factors or their
recombinant products. The use of recombinant coagulation factors is due to the need for periodic and regular
injections to prevent bleeding in the acute type of hemophilia and in turn imposing a financial burden on
patients. On the other hand, this treatment method is not available to all patients, especially those in
developing countries. Recently, gene therapy has been proposed as a suitable, cost-effective, and permanent
treatment option for hemophilia. This method is expected to solve the problems we currently face in treating
hemophilia. Hemophilia is suitable for gene therapy since an abnormal gene is responsible for the disease.
During the last two years, successful clinical trials for gene therapy using vectors derived from adeno-
associated virus for both hemophilia A and hemophilia B have been conducted and approved for
administration. Moreover, new methods based on gene-cell therapy and genome editing are under
investigation for the treatment of hemophilia. This review article deals with different approaches for
hemophilia treatments from the past to the present, particularly gene therapy methods.

Keywords: Coagulation factors VIII and IX, Gene therapy, Hemophilia A and B, Replacement therapy

Citation: Ghasemi F, Erfanian N, Karbasi S, Zomorodipour A. [Strategies for Hemophilia Treatment, a
literature review of current evidence]. J Birjand Univ Med Sci. 2023; 30(3): 204-215. [Persian]

DOl 10.61186/JBUMS.30.3.204

Received: July 14, 2023 Accepted: December 22, 2023

! Cellular and Molecular Research Center, Birjand University of Medical Sciences, Birjand, Iran

2 Department of Medical Biotechnology, School of Medicine, Birjand University of Medical Sciences, Birjand, Iran

3 Student Research Committee, Department of Molecular Medicine, School of Medicine, Birjand University of Medical Sciences,
Birjand, Iran

4 Department of Molecular Medicine, School of Medicine, Cardiovascular Diseases Research Center, Birjand University of Medical
Sciences, Birjand, Iran

5 Department of Molecular Medicine, Institute of Medical Biotechnology, Institute of Genetic Engineering and Biotechnology
Tehran, Iran

*Corresponding author:.
Tel: 4982144787348 Fax: +982144787399 E-mail: zomorodi@nigeb.ac.ir

204


http://dx.doi.org/10.61186/JBUMS.30.3.204

205

39 90 WA gwv 33 (559 30 udood (ylo o gy

*oU 19988505 Lo gule AU oty 5 1 o T L3 10 dunns U ol dougd

olS>

=2
VL (A (dgen) A (o2linl (sloygS i b 5Slas a1 )3 & cusl ()l ouimdisiios ilow S (bgen slow
plate g sloygd 32,5 Gy Jl 45 canl GloppiSile s lan ol (ol oy pols Jlo )3 bl 3250 (B Ldsen)
U5 4 S g5 olinl (gl iS5l oslitl el o el o) S g g5 b g Lowsdly 51 005 5iie (e30in] cla5iSTo
g9 4 Mo (ilewr 3y90 ) pogada (g Il Kb polaieds (Widn 3 5L Y JIY) elaie 5 loygd ByF 4 Sl
Sl (e 0fogts (lilow dod (oyiwd )3 Slays gy cul 503 (Bik 510y JLis 4 slew sl |y b Jlo b e Jedgen
bgen clod (sl Bpotgiie 5 cuslio Slap S oyt Slopi) bl gl o Aoy slaygiS 5
Jo 2 &1y (Mt (g cnl 29 (i 25 )8 Hlaide (el ployd plgieds Nl oo g (nl | sl aridg e
d93ise S le Jo sl 0Shas Wb (5 S &S] i 4y idsen e By et a2lge (T L (idsar loy 3 ol
(AAV) 5isl olyen gy 31 o1 3ate sla B 51 odlizal b Jloys i sl 33,5 o0 coguma Jloy3j sl ombio a5
e Slo by mzan 5 Gloyd Jshe § 0 2 ik R slagsbyy Orizmed Cusl 039 Sreliuige B Ldgen oy 4l
hdgon (loyd o) Elgl 5y9pe dlie cul y3 el gy Cuwd )3 (didgen lagslen Glopd slp 6 (o5 ielng 2

el 0580 oy oty oiast 5iSTs 43S

B s A Ligenr & 5 A oolinl glaygiSl ¢ Sloyd 5 o SloydpiSols 1 gualS gojly

FoE-PIO () Fe ) E eV iy Sib iy pole o8l oo dlone

G950 o

123 JARVES PR YWY VEF/ B/PY sl s
Ol g iz (S8, psle oSt o JSlge 5 ok lisios 3550 1

Ol iz iy (S5, sl oSl Sy oS 1 SB3y (53908 o 035

O ek g kg (S5, ol ol o Sty oSl o JySgn (K55, 095 s gl Clasiod eS|

Ol iz s iy (S5 sl oS3 (96 5 B (slogs lows Sl 3o 1 S 351> JySgn (S5 00,5 ¢
Il Ol (5338 o 5 S it (o oSty (Kb (5318 S 01Ktngy = J3Slgo (S5 095

Ol Ol (gl S 9 S5 (g (lo olSimgy (KB (6y9ld o 038l = JoSUge (S5 09) 1 g Bl g
39U Cannj g S owito o olRimg — (15 ]
zomorodi@nigeb.ac.ir : Syl oy SVAFFYAVYAR :ples SYAFFVAVYFA :0jals



03T 9 O9iST awddS > dgen Oloys slabsy

£5 4o & Lbgan Lolil ) o(F A) sl basye % 5 A (g3lie
a4 Mo hles )0 Ded o (lpend S 5 bwgio b
1o 7N ) a8 oolinil (556 clad &S b iny ol Ligen
Cadle oy pgls )Se 5 S35 ang Slacsh g ol b
5581 culed cawgio (Ldgen 4 Miw a8l 5 (5 YY) Ll
[FRES JOSI ‘Y}o.m sppgd g cwl 20 B Y oo (oolinl
S Al (ddgen i g5 3 005 0 2l SorsS sbaleg s
LSL"’LS}:‘.)-;? | u'"‘*‘" KUEYA S FN O ¢l )9;‘5[5 Cled
b ol Jos pbl Jl G ohlaw 5 28 2925 254395
(FA) Ssdiem Srrgs )l i Slogy
5 SleponRl @by Jold (Ldgen b syl
s 4]y ablie 5 colee S &5 Casl Slops (n iRl s

Wl 00 0,Lil )] 4 aels] j> 48 )l

Sy il

3 e (olinil sla xS oolinl ola,9i5
LSty ;

b d

dgon Loy

4020

& Cwl Cglio Sl orimdsh e sl S (hdgen
A ol sloySs 0atiSS (glogs > Lige b 4 Baes
399000 3bml (C (ldsen) W 5 (B (Ligen) 3 (A (Lisen)
S ol o g ol Sdgan S5 o igls A Jdgen (YY)
Slasy Ad JI A daas 5 Cunl [She o5 Wgi Beve
Sl LB (dgen S Jls )3 5300 ol |y (dsan ofylowy
Silos 5 2oy Yo 1N 393 Sio 05 g Frere 3 K,
330 s g5 C (dgon (Y FF) s JS5 1) (hdgen
B s A Ldsan il sibe 0 o ol g0 9 Casl dgan
Jlgigl C (ldsan o Jop> wiwn X pgipe9)S & ails
@395 Wly o 5l 1y 4l e g p 1l 3 g 039 gl
V) 3y )

slysSh zshw L By A G ligen slen cad

Sleydo iyl 4

T

O U 43S 51 (Jedgen (g lom (o3 3 B3l 3,90 (SS9 - g

Josd i (ol laygSl )5 Jald Slop> (be) (i
wladslo 3 &5 2l gl S5 g b Sl sl
sebay 451 0,Sey ol (V1) ol ead wde ke,
Lol el oy islial |y (Ldgen hlon (S35 CotsS (6 pSeuis
Oblew 48" canl p3Y (oolinil (cla )9S oligS pocdas Jd> 4

Sleys o3 &5 omlyg
CRISPR
>
V]
A
LTRSS

b il & cul Glopip il Jols (Ldgen e ooy
DL o) ¥ JIY ) olinil sloygiSh plato 5 (slojgd 525
9 Lol s b (D9 ) (32565 5l (s iy polate &

(VY5 A R) 298 plsl sl slas i o Sep ©yge )

206



1F.¥ )'g_._{lg_.i‘" o ylos e )95

T WD

»)uéwﬂ”o,l:b&bbwls‘dm

Slicolow Joloe JWsl jlas o)lgen oy 51 edlaiwl (b o ans
I glebl jslaiear culpli 915 olyen 4 1) jorbg 9 SUjlas
sl pogde Lowdly I Biie SVgame (392 (ol
(e 0Y) 555 518 5 B30t

sl islejl pll 5 oauSTual Ol sds solB el
Jolge Jas! Szl wrdisyslaes slowdly 5 o5 595 2 p5Y
3929 lawdly 5l Bude SV g 31)55 Gyb | Gliren (Jgis
adpin SUSS K8 Lol e Uyl ol andl o)
sorts SLS 5 ol Sigpbar cunl adlbtals e
wd)S o 53 lag)ls plo Joles g sl Soalls 5 el oloj
awg S sloypiS sl gedge ol liren Lol g oo
(YY) 0] jled 4 pre il S Wlgs o

oSyl ol s lapS
Sooolaiwl Wy slayeus ST 0 asds dad 0 b
L Sloyd A S e puds S g (oolisil glaygSe
ol g fewl 0as as B g A (dsen (g)lon gloyd jslaions
JEsl s lewdly 5l il Buie OV game 4 Caws OlS
Joeslazel L(VF) wlols zals 1y Jsae Jelse 5 layjel
sl i sl cuSiy lisl e )es
ade (b sl Mg 4 e 2Bl (S Wy &S (g pSKeuis
Ohlew 5l doya Yo JIVD 45 05l Lgl_mdblgu.’;?] ol S e
@ Moo ghlo 5l 20 0 IV 5 A (Lbgen Sl g5 4 M
P &S pbcdpiy ojgyel (V0) Vel Ay 2 B (ldges
Clld (SeiS Sloylb ol Il jolateds 1) S g5 (oolin
3 Sl 038l 6l bl gla Shg sl b g (e
sloygSh jecdes 5 lul QI Lol lacaidse ol
4 (PEG) Josls ol Jlast s 51 1l g3 o (o2

b bl FC e & onBgn ool 0058 ofs b g g

207

BuF @l (Y F) sl by 1) bygss ol plis jsboay
2 o594 b5 Sl b (o auip pogdMe giyg 9y 55
e 56 ggazte)s g lagl slaodlgls 5 les 2 (S5 g
o oy QRPN L ogMa S o0 Jro2S (ilon (S5 CudeS
lo)sSl Gy 4 B lea wom oy & ol 299
Slow xl g S cople B> 4 priomen s (3
DS x93, 9 2lgdil pegad 3 Cgmme o)f Jel> 3l 31
Cgune slonl JSiie o 393 (pl & Wb Cuday
31 392y Slopy (Rl Jg) ) e 25595 9 (1 :0) 33,5
g Ladl J Gnie oolinl sloygs ) eslizd Joli o

bl oo oS g olisl (sl ypiSs

lowdly j/ giiio g2lini] slo, o516
guce (il (sla)gSl I ore gite Sl slowdly
g A Ldgen b il oolan] YS! leyd jolateds 45 395 oo
A5l (ooliml 5y0b SYMB] pimen g Mg 498 (ylew 9 B
o Vo9 Wbl claygs sgieS (s ymd 508
oalazwl (A ,)Y) 555 o ookl oluiST sdimd (g5 ot YS!
g Olyus hostiwd ablS Jw ¥ Job o wluS 5 ol )l
Sleppil b wul il gpSadn glacd,dy
03950l ol 0 3 5 \Sal 35 Jjlio 53 4L Loty lows 5 Lo
il oy S g o2l N s ol
Slp e e plizen Gl lewdl jloerd (ke
SygdS WS e Cgee (ddsen Slopcn Kl
Sl odlizw] B g A Ldgen (gl xay slapleys cblanwgs
anl glaygSh @ awyiwd Codgie o 4 drwg by
hol loyd dawsdly jl onds siie luSy 3l eolaiw] wuS g

(30Y) 39500 sleds 4 slon o0l 4l
Osoxen 3,5 baix Wb 58 (6Sgn () el calio ol
Sl sl 5 s e ) S 5 e o) 452 s 4



03T 9 O9iST awddS > dgen Oloys slabsy

hdgod oy j

(oo 5 J5¥ge 535l Bjg> > b iy 4SS Loyl
lodshe g~ slagtyy o) JE lagty, g
@l 1y sl loral 80T TB g 5 T 09 pon
Oloyd HbeSe b ailsy B Cunl 035 s 5 9 Sbmal (Ldgon ilow:
S5 glagglon (B b abaly o eSTer Wsd 356 ()lors
g Sl o230l Glopsof by b ((dgen ofg
gty |y ol b ladly Gglans ol 1) 38 55505 o gy
By A Glagbiser iy Ll o Jolie Slop> by S
i 5 Sg)e slod 4 Sloyf e (gl (e Slaal
Sl Gl ogMay canl (g)lon Guigid Jgtme (0] So ) baid
S5 S 3 1) oS 290 linl slaypss clled )
2 olaml olayesh Sl p Blae S e Sl lilew
D)l (o8 (Johor o (line &5 Bgdi oo ol 515 sl ol
YV YY)

3 oslael 35a9) 93 b (Slopds wrge @lie bl
gl S oo bl (wang 5 wang mE sl il
4% 9 A sbygst CONA ol 5 350 Jsl gl ik
Tpaiee aaldl )3 &8 ol 48,515 oxlizulsygo ) loss (slo ol

Do o a3l bl 4

oaraps s BU -
L DNA Jlsl & ol by (wgpgpme (slaJU
Sl xSl e (Ste olend g (Sojd slagly,
) e ol Glagwly wgng oSl Sy g9 yé
@2k by ol s WS e o S kil
(YY) ol (g g JESI slobe) 3l Soml S ysbar 0 Jis!
Sygods VLA layeSh ° Sl clacwlsS Jlsl yusen
e (35 Y game ol SusnlisS oy 4 Ysamo (grsné
Cygody ol CSamdly b ol bl asyl Ko wad 0

3 In vivo
4 EX vivo
5 Expression cassette

35 oezen (VP (V Jgi2) cul osd ol el
oS TOlogrum ool pU L osd Slusl Y33g-9> 19G4 (ool 5
5 atle Jlb Ve g% (oolinl (slasisls 4 Jlasl Lles (ol
ey 00 IS o 2l (oolinil Uil 5 1) A HgS1e 5 Slas
loil 5 opdol 15 (W) conl sl Cawndds digoj ol > &S !
@ win VY Sl 4 il ) Opgody Slogi ool b
st Sy Ol & Wb (U mIE A3 &E olen
ool sl chls a5 A Ldgen aMie 5,3 )3 ob (¢ pKoui
b il outiS)lae (ot sHise 3131 )3 w0 g W39 045 Moo
Cape gt 4 oS g8 slaygiSh 5l oolial iz po ol 03,8
o 3 bl a8l o oS (SaS o Lbged 4 Mo ke
Cuodl )5 S gane ) )Se 5)F el Glizmes (lew Sy,
35 doxjl gl S Veb (5 )lee S0 )b ) g sies
5 il eils ) ey ol Vgame ol alde okl

Wl 03905 (4 iy Slalllas

Slopinile e s,
Sty (iRl slagley yogMe ((ldgen oleyd 5
Mo 31,81 (S5 cutnS dgutg 5 Wilgs oo 55 (Sloyd p il e
Olys @ 38 SlopdoniRle e by ik Jhe (dsen
i jl SxSole 4 & Bed e grlae (oSS Sleiiny S
Of 3 g Sbagby Gub Sl Mie 35 A s e b
depge OleMbl (hyiuS 5 gy a4 ol S 0 S8

3Dy el Slopdcn iRl Slagby) rl Geelm

5 g
st ldgen oloyy sly o T 305, K
24251 () Cal 08 Wgm A He56 JoB LB o 4 (oliwd
3556 & 5Ll s g d9b 00 ABgie Db (55555 By
el )Se (53255 g hate Syl oS Wsd e oy St

(V+) 2k

1 Bispecific
2 Emicizumab

208



1F.¥ )'g_._{lg_.i‘" o ylos e )95

T WD

»)uéwﬂ”o,l:b&bbwls‘dm

J86 51 eslazal b b ool sl o, Ken 3 VandenDriessche
(YF) wols lis Mie (yoge 0 1) A Lbgen b oy RV
Oljee ok Slopdi 4 53 (Jslo & 39)9 sl RV sl J3L
WUlg 8 LV o Jib St ol gy sl (1T YD) 1l
oy ) 1) Cosgily 02i9d mondied slaJgbo (gjloergll
S Gl Bas gy e Gl el ass o wleads
&S ol (pl RV la 86 L dlaly )3 505 (55 0035 o yuo
s doxs )3 it (lje poi] 4 0Xigd 3)ly £95 5l L (il
ll 3y 3925 lsee Jobo 5> DNA 3505 51 (b il s
* el il )5 o Jlg 5 S (b 55 cos s
ons P55 e s b Wl 5 el (ugns (LTR)
ol b (g oo (pizman 29 atulS” JBU 13 gegn Cusdge g
(V7) 3905 &) 1y slas ol poi5 42 9959 (2l 86 (gla g s
GYb S L s s RV 1 g8 ,55 S, o LV
Sobsl)l S e ol | ekigh it slo ok
Objre sbdsbe (29j905,5 DNA > wiili oo g nggn
Slpgs (TV) Ssdee pxie 0f (3 Gl 4 Wad pldl
oy 4 1) 0f S Vb ol g SVL 2B LV J3 dawlye,
0391 1y o sk glil 51 smpsy cirs Algi e LV (el J36 .3 ls
S5 Sl ey g e Jb 55 sla gl pif 55 g A8
Lulyd 3w 0 Gl Vb glo 4 pxie & Kpd plodl
LV Bl Sd0 ob B 0 en 5 Rkl
Il Jasl & plsiee o 35 of Js lp e sl S
ladsbs (355 039l bl (Lo p3s o ol P By 5l 15
ook Tad (5,58 wmen g Sljun Jobo J515 & 399 51
ool ol 8 ol bl Mg g oS sl
Ol el (olidcun) Slllas )3 p5b Jbb 3 LV glags ks
Sl o)l Sllos g <0 055 JBgels (0 Hlub 5 YL
0F ollpg bl sbdshe ol Gy sk
YA YA Conl 428 )5 )13 oolatul 50

5 Long Terminal Repeat (LTR)

209

alp S8 b bl ST (VF) 24 pbul (Sigp
oty § Sl clocasdogyed § odlizal b A Lbgan
locanMig s J] 51 oy (YD) 15 plosl A L5150 Ly
sl o)lse gp 4251 (S kulyd 4 el cShulys
A eS8l ol g 39 o8 ol Sloy (st g s IS
A 5oy clnyg JEsl & ool oiiosls s 42l 5 s
gaw & Sl oo Gl peif S5 4 oigpedl 5l edlatwl LA
P Shr eigd kel g A LA o8B ol I Jod LB
oy DNA &S] (Y2 YY) 255 1oxte Lidgen (sla e
5 ok B> 5y Oyt wgngné slais, L(DDNA)
YY) ol odB )l (syg JBD) Seotts 32)5 Oimen

(YA

wwiry sBBU -

N xSore slp odaste S (ST ans 3ol ]
sbygS ouSple lag; Jusl lp (wany B
Jsl cas MOMLYV Y ogys9 51 (YY) ol 0a & g A (galins]
O P A S e S5y cpl b ax ST 0b ool A g6 5
9 Wb o il oAl demg b a4 Jo fcdl i)l
(¥7) 45 gio 35 039 ol I5loles

JEsl oy M liozen bl odaie glacuss 35 b
e 5>l aol Galies (gl J36 1 odlizl b A e 3
$3l olon wong s Bl JUsl Slae i > b,
2356 oy 1 o pa gl (LV)? (wg g ) 5 (AAVY?
Sl B a abdl o a8 ws 5518 Jbsl 5y50 (soldml AL A
Gl 00543005 W ido s cpl op b
L Bl i ewgng g ogngeys Ll sl sl
< s QB dloxl ugnsd 5 (RV) Twgngs)

LSlass I8 e gy Slpgi sl

1 Moloney murine leukaemia virus
2 Adeno associated virus

3 Lentivirus

4 y-Retrovirus (RV)



03T 9 O9iST awddS > dgen Oloys slabsy

(YY) 22l 0l (28 slas o plo b7 HIV cigic |
Soa3 sl VoYY yuel 53 500 o)l g 13 lesles
28 305 1) (AAV gy J36 » itie) B dsen ol
S S eSSyl UM 4 Mie S8l @ s gepla
@l 1y gl 3065 Do ogilly ysboay o8 sl &l lo
Sob ol S S )Se glagnF a4 b e bl
Ci95Sign S hwg ¢ )b pb Hemgenix by
sddodly axwgs CSL Behring s lis L s UniQure culs

(FY=¥0) caul
Sy ojgpel (W an3 93 5l aw B (Jdgen Sley
Ja5 B (Ldgen & Mo len (lyy oy > Sloys 4035
alyslgs olayloyd dmwgi )> whee by ol Ui g Canol 0
&S (65 Hoseo YO dja 4> 81 .cwnl B Ldgen lilos (sly
Jojie 5 4 Vb ol gl (Sloy (hoy cnl 65,84 sl
540 Cuogd ol 45 03,8 el Sl il <S8 Ll
Sl glacddle (K gl glp banis > gy B
PB4 [ B Ldgen (ooladl )b 5 w50 obx
Roctavian, Y-¥Y 4505 Y& )5 ciomen (F5) dad o Lials
calo s AAV 5 e A (Ldgen Slopd 0 gy o &S
5 13 lojlo buwy Wil o BIOMarin ¢59ege 8 b

(FV) €855 )13 a0l 390 1S5 5al (g5

b momad s3] jl odlen] b of iy -
oS &R
e b St 650y b (S5 ollng 2,59,
ol s Job )3 Juols 0adzyd 5 Cuwl adlarws DNA
O35 )3 jeelcadbsn ployd 5 of el ol 5 d9be (3
Uit b el a5 by jle e il 1) Jlus s
R 4R 5 Caew Gime 9 Saa ) 5l )b DNA
5 oozl b Ldsen gy (b oloilS gl s 5l i
A pbul (zine finger) oy, cwSl Sy (g)elé

3 Human Immunodeficiency Virus (HIV)

AAV {AAV) sl ol pas Lug s j oad siie sla 5
gl lisjlen 2 5 clas) S5 b DNA - gy S
cllsle (s ARV pisy g5 pij ol bwgnggl
5o 2 3 (ITR) " osSne lal (sl (sl 5 (50 (3l
G936 o9y Sdndinn sl o5 cusl REP-Cap JIg o]
AAV b slols ) oslizal b G uSgy ol sly ol
)3 Capy Rep Jly sloa jlaivyge o5 9 s99909 JIys
(F) 805
oS g o ajls (silusiilen sl AAV g
» lesilen QUlg 286 cululy wdlie (oangedl Jio)
4 prie AAV Lug o5 Jusl g ol (Sosp Ly
335 o0 (Jlegiial) (2939995 @ g0ty aidl Jlanl (f Lad>
S culple )5 1) pyi e & gldl bly e
b p9ss 0o & 03 gLl 3 e s (e Sl AAV
S8 2liviae 5 (55 Cuew LV (sla J86 L auslio )3 5 350
o b AAV agigesS 26 slodsus s 5
Ol $59y00 Cawd I g 0ab 33, Johe S35 53 ok st
peedid b Jhgels ladsle 4 AAV davloa Sloydi)
# Sl Wlg o AAV (b B 3580 dgione o3
o JBb (Y Y FY) 1S 039l |y Incumgiln o ok pans
Joo Cadgizme 4 g dax 5145 35 55 e AAV
2 O ITRS (o b a5 (65bolS 0 B ¥/ d9u0 b ) 5
2 oS 5 bl pong adley axpla 9ei o)lil 035
Jas) ey J56 ) 51 oot o\l el azils 39y sl
Ve 3 aly pogpy 4 (B (el 3929 dawlgdy 1V 3,15 929 5
Sly ol 05 o i S 4 b Ghlew Sl aey Yo
odol 251V M) cwl Sl J om Slj ey S
B s A (Ldsen Slopyj sl AAV (o Bl oY gaxe
Ohlos Jl (pols 09,5 Laid Ll ckigd )13l 3l (63954 conl (Sos
bl 15w oLEl ) s Ly dg wale Luld sl
Jib cosln g 0l jasetio b S 5l 5ol AAV s s

t Adeno-associate Virus (AAV)
2 Inverted Terminal Repeat (ITR)

210



1F.¥ )'g_._{lg_.i‘" o ylos e )95

T WD

»)uéwﬂ”o,l:b&bbwls‘dm

Fobe @l gl ol 53 Cunl 04838 s0te (ol g (SIS
ladsbe Jols & Llosd (Spee A y9S1e Wy polaiods (slogdll
015 Gide oobty sl sl (LSECS) 'uS g JLbiswl
o Jubssl sladsle (BMSCs) Tolgsanl e
ladsls b 5l &S Jubsul slegie sl s 5 (BOECS)
‘e b sladsle 5 (IPSCs) TR Glsn ool
Sl Jsbo 2ol gl (BY) ale s 4 (ESCs)
o] )5 g Vo) Jlo 3 oylSen s ROt Lwss 2l
B Sl eslasal Ll A e o & bl b
o dalllao ol ) 535 Bign e Blio 4 1) 3,5 o oDy
sl ol cdbd A (Ldgen sl 95 el Jlow (i J1 S
ol eV sb ol plSe 5 Ll ol ol |, A giSls
51 oolatwl 6jg el o Jow ie Vg laas Jlale 5l (VO) Wi
ool 485138 a2g53)90 (IPS) Ll plgiyy (ool sloshs
iPS (slaJobo bawgs (Ldsan (los salsd (sl o)Sen o XU
23 3 e IPS o sl JBysy J3b 3255 025 315 )
hdgen (labge sy 4 Jles JUigsl sla sl 4 o]
oo yobateds 1) TIPS (la Joho cuidgn b bagyl s 3900 LA
Ol 3l 5 Xgn o8 20,5 odaldia g 9 23,5 g5 A 9SS
00,8 A S Slays il o Wy 4 jotie hge 4 bn sk
ookl YA Jlo p» o)Ken 5 Ramaswamy (oY ,0Y) col
slp oglll Cae SYsb Slayy (bgy plgiear |y Sloy> Jsbe
00> Lz & )5S 39008 > ge S )3 B (Ldsen loy
Sl on 0305 Bgm il (S slo gl 45 53,8 ol o]
golaw 2 14 g8l 5 il o (BL (3 Sas Jlo G5l i

(BF) A8 oo g5 Sloyd

! Liver Sinusoidal Endothelial Cells (LSECs)

2 Bone Marrow Mesenchymal Stem Cells (BMSCs)
3 Blood Outgrowth Endothelial Cells (BOECs)

4 Induced Pluripotent Stem Cells (iPSCs)

5 Embryonic Stem Cells (ESCs)

211

.(¥A) (ClinicalTrials.gov Identifier: NCT02695160)
b o3 ollng ol 650l (g Vil & po> g,
dlsye 4 jein S A3b o CRISPR/CASY s I odlizul
lagylis a8 olulsl J(FA XY YY) conl odwy b b))
ok s dg0 Jb 3 (2P LB joba g Glalng
Olelrg A5 My (xmag Ol (60l ol ol o 35
Jo 3 Ul g pll i oo )3 Slgice 55 s5bas 33
s e 8Ty ol 9 WS S S5 s & b
@ wbopgl Ghlng il (Si Glaglen ployy pslaiea
(FY0+) Wad ol Jlis) Ssloge (sla sk

s Spped oj JEI -

JU S (Boygn hey b (2 VA amy 2l ]
Pl (cwangmé 9 (omgng B ) odlil LA o8 o
8l oslasl b (5 Gep ©ygen of JUs! (YY) ci8
oo Ngy g piSIadly sk 5l g ng (5l ead Bue
ly sky90 CONA lg o Selgil Slugyss ook slashe
@il a8 wald ) ol cae Vb ple g 035 g5 3l
VY) ol oddalpiidin cpa 5 0doxtecsYL! b

hgad Jloyd Jl
9w sl Sl (Bogn ey o ol Sloys Jshe
o 5 i Mg jghtear (dgen oy 53 eniS gl
Coje d9)cs0 Jlod 4 lon 395 sla ol bawgi A 5 A sla g5
ocnljl wblse JU Soottunger jliisl 51 Qlinl Sloys Joho
Slop> Jsho Cadbge bboe (il JBU L ks ye (Sl (2)les
(Ol o bl (g s 3 waishal ool £ 4
Sbdshe bwg Jlaisyge 551 Wg5 5 Ngy pdaw wNgn S,
Las Sl Jow o Lol JSie )l (St oddbiod) Lou
sl glo)giS by jslaieds 03] Ngn (s Jole o SYob
el o Jusl G BU plp > el gl owimes
Al g Ay (Jobo 5 (Lol ) p LU 0jgyal (nlnli



03T 9 O9iST awddS > dgen Oloys slabsy

B g A (hdgen yloyd 45 a3liw] 3590 oS yigi Y guatmo Cowd —) Jgua

1ié awgs aw b Jw

Solew Jyazeo £ : BULS g 8 pud Jyazo @b
Kool 5912 9
A Lisen A cosbinl 55 Yooy Takeda ADVATE
Pharmaceutical

A Lisen oad b, (oolinl A4S AR Baxalta Adynovate
A Logen A o3laxl 551 Yers Baxalta Afstyla
A Lligen l*"jF’i \A/\‘;/’lF“” QfEuN Yovy sanofi Altuviiio
A Lisen FC L yjsd A (oolinl g5 Yoo f Biogen Eloctate
A Lisen 00l Al A (oolaxil S AR Novo Nordisk Esperoct
A Légen o dbSs A oolinl eS8 YoVA Bayer Jivi
A Lisen yaay Bayer Kogenate FS
B [ Lésen 4 ol el Vaay pFizer BeneFIX
B LLésen A ol el Yy Boxster Rixubis,
B _Lisen FC L 558 % (ool g1 AR Biogen Alprolix
B _Lsgen 4 oolinl g8l ARt Aptevo Ixinity
B Lisen ol Al A golinil gs'l AR Novo Nordisk Rebinyn

gobow & Slgl Jlo b el cpl oS wles dL > gyl poe BTG
3 Slay bbd 4y &5 WS oo Jreod oS oMl pllas (piomen
slagbyy 5l oodliel A5 aalgs p 8l JSte Jlew
9 ony SBUSL bwg Slopyi dex j Slopin il e
&ye ) SlponRl & baye OMSLe Sl oy yé
lp sl Caibge b laggeil p3l Jlo 9> Job 5 ules
9331 olyor yogyg jl oad uie oo J8U I eolatwl b Jloyd 3
4 B (lgen gy oo g A (Ldgen jlop il p2 (AAV)
e B )S 1E Al 50 e lp g el plox]
Sy zmen 5 Sloyd Jobw 9 =) 2 siee > Sbab)
ap Cod 3 (ldgan loyy (gly 5 egiS Llalpg ¢ (e

!

J PR

Oliass Sy g (Kb odSih (o)er 1 dlusg p
S8 Ly (S pele oLl 590 5 cdB slaslon

20,5 o

C R
Silwpalls WIS L ddgen (loyy ojex 3 cdydn
o a9 10,5 5N Jlo ol oVgaxe
4 Sl widS e (b o g Canl 0dg pRoutin s dLidS
s 1y (ddgen aMie plhlew (SN CudS 5 (S
sl sl e lagdyy ol 03l 900 (w2 B
oSS L olyen (S5 (sloeajglyd 5 (5 eaiSergll g
Gidie Ol 5 )il 0 ol Sl (S pogny 4By
g A sl o5 SigglS sl a5lo el 1y lowdly 5l ok
Sl oslil b (oolin] (slaysSB as gl Ty oly A oS pupe
oUsS yasdas ojgyel cils Jlsan oS5y DNA (jeloiss
Blygly slasyols 5 odlizal b & g A (oolinl (sla,gs
saieds oS e (oalaml luS 5 5l eolatel Lol amly il
ol & (gpSaia (il g i ptple iRk Ol
sl )9;'51."3 ade o”w ‘_ngb‘_g.)lguﬂ] .\Jy 4 yoie ‘Jéfuo
LS o i 1y ] (oolin] culled aeisyd g dgd o oMb G, P

2l slew 3,8 9 0395 (3> playy B9y S SlepdcniSule 0gMe

212



VEY 5wl ¥ ojlod e 090 ST oo piand Xz (S pole plESDS sole dlme

D) 3935yl yimgl Xl Ol
2 blie a5 a5 g 45 Wyl e Mol dlis S ss

&b
1- George LA, Sullivan SK, Giermasz A, Rasko JE, Samelson-Jones BJ, Ducore J, et al. Hemophilia B gene therapy
with a high-specific-activity factor IX variant. N Engl J Med. 2017; 377(23): 2215-27. DOI: 10.1056/NEJM0al1708538

2- Ohmori T, Mizukami H, Ozawa K, Sakata Y, Nishimura S. New approaches to gene and cell therapy for hemophilia.
J Thromb Haemost. 2015. 13: S133-S42. DOI: 10.1111/jth.12926

3. Ghasemi F, Zomorodipour A, Karkhane AA, Khorramizadeh MR. In silico designing of hyper-glycosylated
analogs for the human coagulation factor IX. J Mol Graph Model. 2016; 68: 39-47. DOI: 10.1016/j.jmgm.2016.05.011
4, Butterfield JS, Hege KM, Herzog RW, Kaczmarek R. A molecular revolution in the treatment of hemophilia.

Mol Ther. 2020; 28(4): 997-1015. DOI: 10.1016/j.ymthe.2019.11.006

5. Chuah MK, Evens H, VandenDriessche T. Gene therapy for hemophilia. J Thromb Haemost. 2013; 1199-110.
DOI: https://doi.org/10.1111/jth.12215

6. Samelson-Jones BJ, Arruda VR. Protein-engineered coagulation factors for hemophilia gene therapy. Mol Ther
Methods Clin Dev. 2019; 12: 184-201. DOI: 10.1016/j.omtm.2018.12.007

7. Franchini M, Veneri D, Lippi G. Inherited factor XI deficiency: a concise review. Hematology. 2006; 11(5-6):
307-9. DOI: 10.1080/10245330600921964

8. Kay MA, Manno CS, Ragni MV, Larson PJ, Couto LB, McClelland A, et al. Evidence for gene transfer and
expression of factor IX in haemophilia B patients treated with an AAV vector. Nat Genet. 2000. 24(3): 257-61.
DOI: 10.1038/73464

9. Kevane B, O’Connell N. The current and future role of plasma-derived clotting factor concentrate in the
treatment of haemophilia A. Transfus Apher Sci. 2018. 57(4): 502-6. DOI: 10.1016/j.transci.2018.07.012

10. Hermans C, Brackmann HH, Schinco P, Auerswald G. The case for wider use of recombinant factor VIII
concentrates. Crit Rev Oncol Hematol. 2012; 83(1): 11-20. DOI: 10.1016/j.critrevonc.2011.08.001

11. Hoots Wk. The future of plasma-derived clotting factor concentrates. Haemophilia. 2001; 7: 4-9.
DOI: 10.1046/j.1365-2516.2001.00099.x

12. Ghasemi F, Zomorodipour A, Karkhane A A, Khorramizadeh M. Production of a novel hyper-glycosylated human
coagulation factor 1X in HEK293 cells, using a Glyco-engineering Approach. Modares Journal of Biotechnology.
2020; 11(3): 50-8. URL.: http://biot.modares.ac.ir/article-22-32209-en.html

13. Ghasemi F, Khorramizadeh MR, Karkhane AA, Zomorodipour A. Studying the Expression Efficiencies of
Human Clotting Factor X Analogs, Rationally-designed for Hyper-glycosylation. Iran J Pharm Res. 2021; 20(2): 523-
35. DOI: 10.22037/ijpr.2020.112027.13503

14. Swiech K, Picango-Castro V, Covas DT. Production of recombinant coagulation factors: are humans the best host
cells? Bioengineered. 2017; 8(5): 462-70. DOI: 10.1080/21655979.2017.1279767

15. Armstrong EP, Malone DC, Krishnan S, Wessler MJ. Costs and utilization of hemophilia A and B patients
with and without inhibitors. J Med Econ. 2014; 17(11): 798-802. DOI: 10.3111/13696998.2014.953679

16. Schulte S. Pioneering designs for recombinant coagulation factors. Thromb Res. 2011; 128: S9-S12.
DOI: 10.1016/S0049-3848(12)70003-8

17. Miao CH. Hemophilia A gene therapy via intraosseous delivery of factor VIlI-lentiviral vectors. Thromb J.
2016; 14(1): 93-9. DOI: 10.1186/512959-016-0105-1
18. Schulte S. Innovative coagulation factors: albumin fusion technology and recombinant single-chain factor

VIII. Thromb Res. 2013; 131: S2-S6. DOI: 10.1016/S0049-3848(13)70150-6

213


https://doi.org/10.1056/nejmoa1708538
https://doi.org/10.1111/jth.12926
https://doi.org/10.1016/j.jmgm.2016.05.011
https://doi.org/10.1016/j.ymthe.2019.11.006
https://doi.org/10.1111/jth.12215
https://doi.org/10.1016/j.omtm.2018.12.007
https://doi.org/10.1080/10245330600921964
https://doi.org/10.1038/73464
https://doi.org/10.1016/j.transci.2018.07.012
https://doi.org/10.1016/j.critrevonc.2011.08.001
https://doi.org/10.1046/j.1365-2516.2001.00099.x
http://biot.modares.ac.ir/article-22-32209-en.html
https://doi.org/10.22037/ijpr.2020.112027.13503
https://doi.org/10.1080%2F21655979.2017.1279767
https://doi.org/10.3111/13696998.2014.953679
https://doi.org/10.1016/s0049-3848(12)70003-8
https://doi.org/10.1186/s12959-016-0105-1
https://doi.org/10.1016/s0049-3848(13)70150-6

OLISon 5 (somld dougd 2351 5 0981 43S )3 udgod Oloys s bss

19.

Bontempo FA, Lewis JH, Gorenc TJ, Spero JA, Ragni MV, Scott JP, et al. Liver transplantation in hemophilia

A. Blood. 1987; 69(6): 1721-4. PMCID: PMC2965591

20.

Kidder W, Chang EY, M. Moran C, Rose SC, von Drygalski A. Persistent vascular remodeling and leakiness

are important components of the pathobiology of re-bleeding in hemophilic joints: two informative cases.
Microcirculation. 2016; 23(5): 373-8. DOI: 10.1111/micc.12273

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

Doshi BS, Arruda VR. Gene therapy for hemophilia: what does the future hold? Ther Adv Hematol. 2018; 9(9):
273-93. DOI: 10.1177/2040620718791933

Reiss UM, Zhang L, Ohmori T. Hemophilia gene therapy—New country initiatives. Haemophilia. 2021; 27: 132-
41. DOI: 10.1111/hae.14080

VandenDriessche T, Chuah MK. Hemophilia gene therapy: ready for prime time? Hum Gene Ther. 2017; 28(11):
1013-23. DOI: 10.1089/hum.2017.116

Lin Y, Chang L, Solovey A, Healey JF, Lollar P, Hebbel RP. Use of blood outgrowth endothelial cells for gene
therapy for hemophilia A. Blood. 2002; 99(2): 457-62. DOI: 10.1182/blood.v99.2.457

Roth DA, Tawa Jr NE, O'Brien JM, Treco DA, Selden RF. Nonviral transfer of the gene encoding coagulation
factor VIII in patients with severe hemophilia A. N Engl J Med. 2001; 344(23): 1735-42.
DOI: 10.1056/NEJM200106073442301

Yant SR, Meuse L, Chiu W, lvics Z, Izsvak Z, Kay MA. Somatic integration and long-term transgene expression in
normal and haemophilic mice using a DNA transposon system. Nat Genet. 2000; 25(1): 35-41.
DOI: 10.1038/75568

VandenDriessche T, lvics Z, lzsvak Z, Chuah MK. Emerging potential of transposons for gene therapy and
generation of induced pluripotent stem cells. Blood.2009; 114(8): 1461-8. DOI: 10.1182/blood-2009-04-210427

Keeler AM, EIMallah MK, Flotte TR. Gene therapy 2017: progress and future directions. Clin Transl Sci. 2017,
10(4): 242-8. DOI: 10.1111/cts.12466

CROOKE ST. Molecular mechanisms of antisense drugs: RNase H. Antisense Nucleic Acid Drug Dev. .1998;
8(2): 133-4. DOI: 10.1089/0l1i.1.1998.8.133

Ulmer JM, Deck RR, DeWitt CM, Friedman A, Donnelly JJ, Liu MA. Protective immunity by intramuscular
injection of low doses of influenza virus DNA vaccines. Vaccine. 1994; 12(16): 1541-4. DOI: 10.1016/0264-
410x(94)90081-7

Heinzerling L, Burg G, Dummer R, Maier T, Oberholzer PA, Schultz J, et al. Intratumoral injection of DNA
encoding human interleukin 12 into patients with metastatic melanoma: clinical efficacy. Hum Gene Ther. 2005;
16(1): 35-48. DOI: 10.1089/hum.2005.16.35

Hough C, Lillicrap D. Gene therapy for hemophilia: an imperative to succeed. J Thromb Haemost. 2005; 3(6):
1195-205. DOI: 10.1111/j.1538-7836.2005.01401.x

Powell JS, Ragni MV, White GC, Lusher JM, Hillman-Wiseman C, Moon TE, et al. Phase 1 trial of FVIII gene
transfer for severe hemophilia A using a retroviral construct administered by peripheral intravenous infusion.
Blood. 2003; 102(6): 2038-45. DOI: 10.1182/blood-2003-01-0167

VandenDriessche T, Vanslembrouck V, Goovaerts |, Zwinnen H, Vanderhaeghen ML, Collen D, et al. Long-term
expression of human coagulation factor V111 and correction of hemophilia A after in vivo retroviral gene transfer in
factor VIlI-deficient mice. Proc Natl Acad Sci U S A.1999; 96(18): 10379-84. DOI: 10.1073/pnas.96.18.10379

VandenDriessche T. Challenges and progress in gene therapy for hemophilia A. Blood. 2003; 102(6): 1938-9. DOI:
10.1182/blood-2003-07-2362

Matrai J, Chuah MK, VandenDriessche T. VandenDriessche, Recent advances in lentiviral vector development and
applications. Mol Ther. 2010; 18(3): 477-90. DOI: 10.1038/mt.2009.319

Dunbar CE, High KA, Joung JK, Kohn DB, Ozawa K, Sadelain M. Gene therapy comes of age. Science. 2018;
359(6372): eaan4672. DOI: 10.1126/science.aan4672

214


http://www.ncbi.nlm.nih.gov/pmc/articles/pmc2965591/
https://doi.org/10.1111/micc.12273
https://doi.org/10.1177%2F2040620718791933
https://doi.org/10.1111/hae.14080
https://doi.org/10.1089/hum.2017.116
https://doi.org/10.1182/blood.v99.2.457
https://doi.org/10.1056/nejm200106073442301
https://doi.org/10.1038/75568
https://doi.org/10.1182/blood-2009-04-210427
https://doi.org/10.1111%2Fcts.12466
https://doi.org/10.1089/oli.1.1998.8.133
https://doi.org/10.1016/0264-410x(94)90081-7
https://doi.org/10.1016/0264-410x(94)90081-7
https://doi.org/10.1089/hum.2005.16.35
https://doi.org/10.1111/j.1538-7836.2005.01401.x
https://doi.org/10.1182/blood-2003-01-0167
https://doi.org/10.1073/pnas.96.18.10379
https://doi.org/10.1038/mt.2009.319
https://doi.org/10.1126/science.aan4672

VEY 5wl ¥ ojlod e 090 ST oo piand Xz (S pole plESDS sole dlme

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

Johnston JM, Denning G, Doering CB, Spencer HT. Generation of an optimized lentiviral vector encoding a high-
expression factor VIII transgene for gene therapy of hemophilia A. Gene Ther. 2013; 20(6): 607-15.
DOI: 10.1038/gt.2012.76

Milani M, Canepari C, Liu T, Biffi M, Russo F, Plati T, et al. Liver-directed lentiviral gene therapy corrects
hemophilia A mice and achieves normal-range factor VIII activity in non-human primates. Nat Commun. 2022;
13(1): 2454. DOI: 10.1038/s41467-022-30102-3

Allay JA, Sleep S, Long S, Tillman DM, Clark R, Carney G, et al. Good manufacturing practice production of self-
complementary serotype 8 adeno-associated viral vector for a hemophilia B clinical trial. Hum Gene Ther. 2011;
22(5): 595-604. DOI: 10.1089/hum.2010.202

Ohmori T. Advances in gene therapy for hemophilia: basis, current status, and future perspectives. Int J Hematol.
2020; 111(1): 31-41. DOI: 10.1007/s12185-018-2513-4

George LA. Hemophilia gene therapy comes of age. Blood Adv. 2017; 1(26): 2591-9.
DOI: 10.1182/bloodadvances.2017009878

Navale MS, Bhosale MK, Mohite MM, Navale MS.Hemgenix as First Gene Therapy for Treatment of Haemophilia
B. Haemophilia, 2022; 2(1). DOI: 10.48175/IJARSCT-7657

Larkin H. First FDA-Approved Gene Therapy for Hemophilia. JAMA. 2023; 329(1): 14-14.
DOI: 10.1001/jama.2022.23510

Herzog RW, VandenDriessche T, Ozelo MC. First hemophilia B gene therapy approved: More than two decades in
the making. Mol Ther. 2023; 31(1): 1-2. DOI: 10.1016/j.ymthe.2022.12.001

Tanne JH. FDA approves $3.5 m gene therapy for adults with haemophilia B. 2022; BMJ. Publishing Group.
DOI: 10.1136/bmj.02858

Philippidis A. BioMarin's ROCTAVIAN Wins Food and Drug Administration Approval As First Gene Therapy for
Severe Hemophilia A. Hum Gene Ther. 2023; 34(15-16): 665-8. DOI: 10.1089/hum.2023.29251.bfs

Rogers GL, Chen HY, Morales H, Cannon PM. Homologous recombination-based genome editing by clade F
AAVs is inefficient in the absence of a targeted DNA break. Mol Ther. 2019; 27(10): 1726-36.
DOI: 10.1016/j.ymthe.2019.08.019

Perrin GQ, Herzog RW, Markusic DM. Update on clinical gene therapy for hemopbhilia. Blood. 2019; 133(5): 407-
14. DOI: 10.1182/blood-2018-07-820720

Pipe SW,Selvaraj SR. Gene editing in hemophilia: a “CRISPR” choice? Blood. 2019; 133(26): 2733-4.
DOI: 10.1182/blood.2019001180

Fomin ME, Togarrati PP, Muench MO. Progress and challenges in the development of a cell-based therapy for
hemophilia A. J Thromb Haemost. 2014; 12(12): 1954-65. DOI: 10.1111/jth.12750

Xu D, Alipio Z, Fink LM, Adcock DM, Yang J, Ward DC, et al. Phenotypic correction of murine hemophilia A
using an iPS cell-based therapy. Proc Natl Acad Sci U S A. 2009; 106(3): 808-13. DOI: 10.1073/pnas.0812090106

Kashiwakura Y, Ohmori T, Mimuro J, Madoiwa S, Inoue M, Hasegawa M, et al. Production of functional
coagulation factor VIII from iPSCs using a lentiviral vector. Haemophilia. 2014; 20(1): e40-4.
DOI: 10.1111/hae.12311

Ramaswamy S, Tonnu N, Menon T, Lewis BM, Green KT, Wampler D, et al. Autologous and heterologous cell
therapy for hemophilia B toward functional restoration of factor IX. Cell Rep. 2018; 23(5): 1565-80.
DOI: 10.1016/j.celrep.2018.03.121

215


https://doi.org/10.1038/gt.2012.76
https://doi.org/10.1089/hum.2010.202
https://doi.org/10.1007/s12185-018-2513-4
https://doi.org/10.1182/bloodadvances.2017009878
https://doi.org/10.1001/jama.2022.23510
https://doi.org/10.1016/j.ymthe.2022.12.001
https://doi.org/10.1136/bmj.o2858
https://doi.org/10.1089/hum.2023.29251.bfs
https://doi.org/10.1016/j.ymthe.2019.08.019
https://doi.org/10.1182/blood-2018-07-820720
https://doi.org/10.1182/blood.2019001180
https://doi.org/10.1111/jth.12750
https://doi.org/10.1073/pnas.0812090106
https://doi.org/10.1111/hae.12311
https://doi.org/10.1016%2Fj.celrep.2018.03.121

