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   The clon ing of the  fac tor VIII (FVIII)  and  fac tor IX (FIX)  genes in the 1980s has led to a suc ces sion of clin i cal advances start-
ing with the advent of molec u lar diag nos tic for hemo philia, followed by the devel op ment of recom bi nant clot ting fac tor 
replace ment ther apy. Now gene ther apy beck ons on the back of decades of research that has brought us to the fi nal 
stages of the approval of 2 prod ucts in Europe and United States, thus heralding a new era in the treat ment of the hemo-
phil ias. Valoctocogene roxaparvovec, the fi rst gene ther apy for treat ment of hemo philia A, has been granted con di tional 
mar ket ing autho ri za tion in Europe. Another approach (etranacogene dezaparvovec, AMT - 061) for hemo philia B is also 
under review by reg u la tors. There are sev eral other gene ther apy approaches in ear lier stages of devel op ment. These 
approaches entail a one - off infu sion of a genet i cally mod i fi ed adeno - asso ci ated virus (AAV) engineered to deliver either 
the  FVIII  or  FIX  gene to the liver, lead ing to the con tin u ous endog e nous syn the sis and secre tion of the miss ing coag u-
la tion fac tor into the cir cu la tion by the hepa to cytes, thus pre vent ing or reduc ing bleed ing epi sodes. Ongoing obser-
va tions show sustained clin i cal ben e fi t of gene ther apy for  > 5 years fol low ing a sin gle admin is tra tion of an AAV vec tor 
with out long - last ing or late toxicities. An asymp tom atic, self - lim it ing, immune - medi ated rise in ala nine ami no trans fer ase 
is com monly observed within the fi rst 12 months after gene trans fer that has the poten tial to elim i nate the trans duced 
hepa to cytes in the absence of treat ment with immu no sup pres sive agents such as cor ti co ste roids. The cur rent state of 
this excit ing and rap idly evolv ing fi eld, as well as the chal lenges that need to be over come for the wide spread adap ta tion 
of this new treat ment par a digm, is the sub ject of this review.  

   LEARNING OBJECTIVES 
    •  Introduce basic terms and gene ther apy con cepts 
   •  Provide the sci ence behind hemo philia gene ther apy 
   •  Present out comes from ongo ing and com pleted gene ther apy tri als in hemo philia 
   •  Indicate lim i ta tions of gene ther apy  

  Introduction 
 Hemophilia A and B are con gen i tal bleed ing dis or ders 
caused by a dys func tion or defi  ciency of coag u la tion fac-
tor (F) VIII or IX, respec tively. The inci dence of hemo philia 
A is  ~ 1 in 5000 and that of hemo philia B is 1 in 25 000 live 
male births. Despite the genetic and bio chem i cal dif-
fer ences, these dis or ders are clin i cally indis tin guish able 
from each other, with the symp toms vary ing depending 
on the resid ual plasma coag u la tion fac tor lev els. Patients 
who pro duce less than 1 %  ( < 1 IU / dL) FVIII or FIX activ ity 
have a severe phe no type that is char ac ter ized by recur-
rent spon ta ne ous mus cu lo skel e tal, soft tis sue, and other 
life - threat en ing bleeds such as intra cra nial hem or rhage, as 
well as exces sive bleed ing dur ing and fol low ing sur gery 
or trauma. 1  Repeated epi sodes of intra - artic u lar bleed ing 
cause severe, pro gres sive, destruc tive arthrop a thy with 
defor mity lead ing to com plete loss of joint func tion and 

atten dant dis abil ity. Patients with mod er ate hemo philia 
have resid ual clot ting fac tor lev els of 1 %  to 5 %  of nor mal. 
Spontaneous bleeding episodes are infre quent in these 
individuals but they are still at risk from trauma - induced 
bleeds. In patients with mild hemo philia, bleed ing is usu ally 
restricted to trau matic events, but even these indi vid u als 
have an increased risk of death from intra cra nial bleed ing 
when com pared to   those without hemophilia. 2  

 The cur rent stan dard of care for patients severely 
affected by hemo philia in countries with devel oped econ-
o mies con sists of reg u larly admin is tered pro phy laxis with 
fac tor con cen trates intended to main tain a fac tor level 
above 1 %  of nor mal FVIII or FIX activ ity. Regular pro phy laxis 
started in early child hood can largely pre vent arthrop a thy. 3

When con tin ued through out life, pro phy laxis leads to near 
nor mal i za tion of life expec tancy. 4  The rel a tively short half -
 life of FVIII and FIX in the cir cu la tion neces si tates fre quent 
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intra ve nous admin is tra tion of fac tor con cen trates (at least 2-3 
times a week), which is demand ing and expen sive, while lead-
ing to a “saw tooth” pat tern of fac tor lev els in plasma that is high 
imme di ately after infu sion, fall ing rap idly to near base line, which 
is when break through bleed ing can occur. Patients with hemo-
philia, there fore, have to care fully plan peri ods of increased 
phys i cal activ i ties, such as sport, which peo ple liv ing with out 
hemo philia can hardly imag ine.

New mod i fied syn thetic for mu la tions of IX fused to pro teins 
with long half-life such as albu min or Fcγ have greatly improved 
the sta bil ity pro file.5 These extended half-life prod ucts are par-
tic u larly effec tive in hemo philia B, allowing reduc tion of injec-
tion fre quency to once weekly or even once biweekly while 
maintaining higher trough lev els (FIX >5%). Efanesoctocog alfa, 
a FVIII-Fc fusion linked to the FVIII-bind ing D’D3 domains of von 
Willebrand factor, using XTEN link ers, has an increased half-life of 
at least 38 hours, rais ing the pros pects of extended pro tec tion 
in patients with hemo philia A with a weekly dos age.6 Nonclot-
ting fac tor prod ucts capa ble of secur ing hemo sta sis in patients 
with a bleed ing diath e sis are also mak ing a sig nifi  cant impact. 
Emicizumab, an approved bispecific FVIII mimetic anti body, has 
sig nifi  cantly improved the treat ment of hemo philia A. One arm of 
this bispecific binds to fac tor IXa and the other to fac tor X, facil-
i tat ing the con ver sion of fac tor X into its active form and lead ing 
to res to ra tion of hemo sta sis to a degree com pa ra ble to fac tor 
VIII level of about 15% of nor mal in patients with hemo philia A 
with or with out inhib i tors.7 Emicizumab has attrac tive phar ma-
co ki netic attri butes that allow less fre quent (weekly to monthly) 
sub cu ta ne ous admin is tra tion. Unlike FVIII, emicizumab is active 
in plasma all  the time and is asso ci ated with microangiopathy 
and throm bo sis, when used in com bi na tion with acti vated pro-
throm bin com plex con cen trates.8 Approaches to rebalancing 
the clot ting cas cade by targeting tis sue fac tor path way inhib i tor 
and anti throm bin are in late-stage clin i cal tri als.9

These novel ther a pies are begin ning to change the clin i cal 
man age ment of the hemo phil ias in countries with devel oped 
econ o mies by decreas ing infu sion fre quency, thus improv ing 
com pli ance with pro phy laxis, offer ing alter na tives to inhib i tor 
patients, and eas ing route of admin is tra tion. To date, none of 
these advances have affected the stan dard of care for 80% of 
patients with hemo philia, who live in parts of the world with 
econ o mies in tran si tion or devel op ment.10 These patients have 
lit tle or no access to fac tor con cen trates and have a reduced life 
expec tancy, with very few sur viv ing beyond their teen age years.

Rationale for gene ther apy for hemo philia
Even set against this sce nario of wid en ing ther a peu tic choice for 
the hemo phil ias, gene ther apy offers a strik ingly attrac tive option 
of a cure through endog e nous pro duc tion of FVIII or FIX fol low-
ing gene trans fer of a func tional copy of the respec tive gene. 
The hemo phil ias have always been con sid ered good can di dates 
for gene ther apy because their clin i cal man i fes ta tions are due 
to lack of a sin gle pro tein that cir cu lates in min ute amounts in 
the blood stream. Years of clin i cal expe ri ence and nat u ral his tory 
stud ies show that a small increase in cir cu lat ing lev els of the defi-
cient clot ting fac tor to 5% of nor mal sig nifi  cantly modifies the 
bleed ing diath e sis. Thus, the ther a peu tic goal for gene ther apy 
of hemo philia is mod est in com par i son to most mono ge netic 
dis or ders. FVIII and FIX levels in plasma correlate well with risk 
of bleeding, and the levels of these proteins in circulation can 
be readily assessed with methods established in most routine 

coagulation laboratories across the world. Furthermore, tight 
reg u la tion of transgene expres sion is not nec es sary since a wide 
range of FIX or FVIII is expected to be ben e fi cial and non toxic. 
Animal mod els such as FVIII- and FIX-knock out mice11-13 and dogs 
with hemo philia A or B14,15 have facil i tated exten sive pre clin i cal 
eval u a tion of gene ther apy strat e gies. The effi ciency of ther apy 
can be assessed eas ily by just mea sur ing plasma lev els of FVIII or 
FIX as these cor re late well with the risk of bleed ing.

Gene deliv ery vec tors
The most effi cient way to intro duce ther a peu tic genes into tar get 
somatic cells, a pro cess referred to as trans duc tion, is to use mod-
i fied, nat u rally occur ring viruses as vec tors, since they are highly 
evolved to trans fer their own DNA in the cen tral pro cess of their 
life cycles. Adeno-asso ci ated viral (AAV) vec tors are cur rently the 
vec tors of choice for gene ther apy of a range of mono ge netic 
dis or ders, includ ing the hemo phil ias. Three AAV-based bio log ics, 
includ ing Luxturna (voretigene neparvovec-rzyl; for Leber con gen-
i tal amau ro sis), Zolgensma (onasemnogene abeparvovec-xioi; spi-
nal mus cu lar atro phy), and Glybera (alipogene tiparvovec; famil ial 
lipo pro tein lipase defi ciency), have received mar ket ing approval 
with sev eral other prod ucts under reg u la tory review. AAV vec-
tors are derived from a small, sin gle-stranded, DNA-based wild-
type par vo vi rus that is thought to be non patho genic in humans, 
weakly immu no genic, and rep li ca tion defi cient, requir ing a helper 
virus (usu ally ade no vi rus or her pes vi rus) for rep li ca tion and pro-
duc tive infec tion. It, there fore, has the best safety pro file among 
vec tors of viral ori gin. Additionally, recom bi nant AAV vec tors are 
entirely devoid of wild-type viral cod ing sequences, thus reduc-
ing the poten tial for invok ing cell-medi ated immune response to 
for eign viral pro teins. Although most of the early gene ther apy 
stud ies focused on AAV2, a com mon human iso late that was the 
first to be char ac ter ized, there are now over 100 nat u rally occur-
ring AAV sero types with dif fer ing tro pism and immune-bio log i cal 
prop er ties avail  able for gene ther apy approaches. These vec tors 
are effec tive at targeting rap idly divid ing as well as postmitotic 
tis sues such as the liver. The AAV transgene is rel a tively easy to 
manip u late, enabling the addi tion of stron ger tis sue-spe cific pro-
mot ers and codon opti mi za tion of the transgene com ple men tary 
DNA (cDNA) to improve lev els of expres sion. Codon opti mi za tion 
in this set ting refers to an approach to improve gene expres sion 
and increase trans la tion effi ciency of the AAV transgene by using 
codons that are used nat u rally by genes (eg, albu min) that are 
expressed at high lev els in the liver. Similarly, AAV cap sid engi-
neer ing is bring ing for ward novel syn thetic cap sids capa ble of 
selec tive tis sue tro pism, higher potency, and larger pack ag ing 
capac ity. One lim i ta tion of AAV vec tors is their small pack ag ing 
size (~5.0  kb, includ ing  inverted terminal repeats) com pared with 
other viral vec tors. However, sev eral strat e gies have been inves-
ti gated to enable deliv ery of a large ther a peu tic gene, includ ing 
the use of a short ened ver sion of the gene that encodes a trun-
cated but func tional pro tein.

Hemophilia B gene ther apy tri als with AAV vec tors
Early AAV-medi ated gene ther apy tri als focused on hemo philia 
B in part because the FIX cDNA is rel a tively small (1.5  kb), and 
its expres sion path way is sig nifi  cantly less com plex than that 
of FVIII. The first study to show cir cu lat ing ther a peu tic lev els 
of FIX fol low ing AAV gene trans fer was pioneered by Kather-
ine High’s group at Children’s Hospital of Philadelphia (CHOP) 
(NCT00515710). This study entailed the admin is tra tion of AAV2 
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vec tors into the hepatic artery, fol low ing selec tive cath e ter i za-
tion, to medi ate effi cient gene trans fer of the liver of patients 
with severe hemo philia B. In 1 out of a total of 7 par tic i pants in 
this study, plasma FIX lev els increased to ~10% of nor mal lev els 
before unex pect edly declin ing to base line val ues. This par tic i-
pant was treated at the highest dose level (2e12 vg/kg), and 
the decline in trans genic pro tein coin cided with an asymp tom-
atic, tran sient, 10-fold rise in liver trans am i nases, which returned 
to base line val ues over the sub se quent weeks, as the FIX lev els 
declined. Decline in FIX expres sion asso ci ated with liver tox ic ity 
was not observed in ani mal mod els, includ ing non hu man pri ma-
tes exposed to 10-fold higher doses, and was thought to be due 
to a cap sid-spe cific, cyto toxic T-cell response directed against 
the trans duced hepa to cytes.16

The first report of sustained FIX expres sion at ther a peu tic lev-
els in patients with severe hemo philia B came from our group in 
a trial spon sored by St. Jude Children’s Research Hospital and 
University College, London (UCL NCT00979238) at the start of 
the past decade. The key aspect that con trib uted to the suc-
cess of this study was the use of vec tor pseudotyped with AAV 
sero type 8 cap sid. This offered 2 advan tages over AAV2 vec tors:  
(1) remark able tro pism of AAV8 for liver, lead ing to effi cient trans-
duc tion of hepa to cytes fol low ing admin is tra tion of the vec tor in 
the periph eral cir cu la tion, thus facil i tat ing a sim ple non in va sive 
route of vec tor admin is tra tion that dis pensed with the need for 
inva sive pro ce dures for cath e ter i za tion of the hepatic artery in 
patients with a bleed ing diath e sis17,18 and (2) lower seropreva-
lence of AAV8 in humans (~25% com pared with over 70% for 
AAV2).19 Anti-AAV antibodies have the poten tial to block gene 
trans fer, and so the lower seroprevalence rate of AAV8 in humans 
afforded us the lux ury of exclud ing a smaller pro por tion of 
patients with neu tral iz ing anti-AAV8 antibodies from the clin i cal  
trial. Another dif fer en ti at ing aspect of this study was the use of 
a 2.3-kb mini-FIX expres sion cas sette that contained a codon- 
opti mized FIX cDNA under the con trol of a liver-spe cific pro-
moter engineered to be pack aged as a self-com ple men tary AAV 
dimer in a sin gle virion to medi ate higher lev els of FIX expres sion.

Ten sub jects sequen tially received a sin gle intra ve nous infu-
sion of self-com ple men tary AAV2/8-LP1-hFIXco at a dose of  
2e11 vg/kg, 6e11 vg/kg, or 2e12 vg/kg over a 2-year period 
between 2010 and 2012. Stable, long-term FIX expres sion at 
1% to 8% of nor mal FIX activ ity was established in all  10 sub-
jects. Asymptomatic, tran sient ele va tion of ala nine ami no trans-
fer ase (ALT) accom pa nied by a fall in steady-state fac tor IX was 
observed in 4 of 6 sub jects recruited to the 2e12-vg/kg dose 
level between 6 and 10 weeks after gene trans fer. Bilirubin, alka-
line phos pha tase, and γ-glutamyl-trans fer ase lev els remained in 
the nor mal range. Each of the 4 patients with raised liver enzymes 
received a short taper ing course of pred nis o lone, lead ing to nor-
mal i za tion of ALT and aspar tate ami no trans fer ase lev els with pres-
er va tion of FIX transgene expres sion in the range of 2% to 5% of 
nor mal FIX activ ity. Cessation of cor ti co ste roids was not asso-
ci ated with a sub se quent rise in ALT lev els. Notably, 2 sub jects 
treated at the high dose level had no evi dence of transaminitis 
and did not require treat ment with ste roids. They both achieved 
sta ble fac tor IX expres sion of between 5% and 8% nor mal  
FIX activ ity. We did not observe any cor re la tion between a spe-
cific human leu ko cyte anti gen type and risk of transaminitis fol-
low ing AAV gene trans fer. Transgenic FIX activ ity lev els have 
remained sta ble in all  10 sub jects over a period of fol low-up  

that extends 10 years and is asso ci ated with a sig nifi  cant  
reduc tion in the annual FIX con cen trate usage and fre quency of 
spon ta ne ous bleed ing.20 Importantly, the qual ity of life of these 
indi vid u als has improved dra mat i cally as they are now  able to 
under take activ i ties that pre vi ously pro voked bleeds with out 
suf fer ing from bleed ing epi sodes. No late tox ic ity was observed 
and neu tral iz ing antibodies to FIX were not detected in any 
patient. Ongoing mon i tor ing of the liver does not show any 
evi dence of long-last ing dam age.20 Therefore, the reac tive use 
of cor ti co ste roids upon detecting a rise in ALT, poten tially sup-
pressing an immune response–directed AAV against trans duced 
hepa to cytes, helped to pre serve trans genic FIX lev els long term.

The gene ther apy stud ies that followed (Table 1) dif fered 
in their selec tion of AAV cap sid, con fig u ra tion of the vec tor 
genome, design of the expres sion cas sette, and method of vec-
tor man u fac ture (mam ma lian sys tem vs insect cell–baculovirus 
method). In gen eral, higher vec tor doses were required for ther a-
peu tic transgene expres sion when the vec tor prep a ra tions were 
made using the insect cell–baculovirus method. For instance, 
AAV5 sero type pseudotyped vec tors (AMT-060; UniQure Ther-
apeutics) made using the insect cell–baculovirus method but 
containing the same FIX gene cas sette as that used in the  
St Jude–UCL trial resulted in mean FIX activ ity lev els of 6.9% despite 
using a log higher vec tor dose of 2e13 vg/kg.21 Raised ALT lev els 
were observed in 3 of 10 patients recruited to AMT-060, requir-
ing treat ment with cor ti co ste roids. In 3 other phase 1/2 clin i cal 
tri als (DTX101 [NCT02618915], AAV8-hFIX19 [NCT01620801], and 
BAX 335 [NCT01687608]), transaminitis led to loss of trans genic 
FIX despite admin is tra tion of pred nis o lone at an AAV dose of  
1e12 vg/kg or higher.22,23 This sug gests that cor ti co ste roids may 
not work in all  cir cum stances.

Since the risk of transaminitis appeared to be vec tor dose 
depen dent, occur ring at a high fre quency, at doses >1e12 vg/kg,  
a strat egy to reduce or avoid this com pli ca tion would be to 
improve vec tor per for mance so that low doses of AAV vec tors 
could be used to medi ate plasma FIX activ ity lev els at >5% of 
nor mal. With this in mind, the next gen er a tion of hemo philia 
B tri als used a FIX cDNA containing a nat u rally occur ring gain-
of-func tion (Padua) muta tion in humans char ac ter ized by leu-
cine (R338L) instead of argi nine at posi tion 338 in the cat a lytic 
domain. This muta tion enhances FIX activ ity (FIX:C) by 5- to 8-fold 
for a given amount of FIX anti gen. Therefore, a small increase in 
plasma FIX anti gen lev els would lead to a sub stan tial increase in 
plasma FIX clot ting activ ity. There were con cerns that the use of 
a var i ant transgene would increase the risk of FIX inhib i tor devel-
op ment, but pre clin i cal stud ies in a canine model of hemo philia 
B showed that FIX-R338L expres sion after gene trans fer did not 
result in inhib i tor for ma tion and, fur ther more, was  able to induce 
tol er ance.24

The first clin i cal study to eval u ate the FIX-R338L transgene 
in patients with hemo philia B (BAX 335 [NCT01687608]) showed 
that peak FIX activ ity at 30% to 58% could be achieved at the 
high-dose level (3e12 vg/kg), but unfor tu nately, expres sion 
declined to basal lev els in all  but 1 patient, who con tin ues to 
express at the 20% level. The FIX cDNA used in this and the pre-
vi ously men tioned DTX1010 (NCT02618915) study had a higher 
level of unmethylated cyti dine-phos phate-gua no sine (CpG) 
motifs than in other stud ies. Both stud ies were asso ci ated with 
loss of trans genic FIX despite admin is tra tion of pred nis o lone. 
This led to the hypoth e sis that an excess of unmethylated CpG 
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motifs, which are com mon in bac te rial but not mam ma lian DNA, 
trig gered a Toll-like recep tor 9 response, lead ing to loss of trans-
duced hepa to cytes with an asso ci ated transaminitis that is not 
respon sive to cor ti co ste roids.25

UniQure also incor po rated the Padua gain-of-func tion muta-
tion into the FIX sequences of AMT-060 to cre ate AMT-061 
(NCT03489291), which showed enhance ment of FIX activ ity level 
in 3 patients with severe hemo philia B of ~8-fold higher than 
lev els pre vi ously reported with AMT-060 at the same dose.26 
This was followed by an open-label phase 3 study (HOPE-B, 
NCT03569891) in 54 patients with mod er ate to severe hemo-
philia B in the United States and in Europe. At 1.5 years after a 
2e13-vg/kg dose of AMT-061, mean plasma FIX activ ity lev els 
were 36.9% of nor mal, resulting in a 64% reduc tion in bleed-
ing rates and a 97% drop in annual FIX usage. Notably, these 
ben e fits were seen regard less of preexisting antibodies against  
AAV5.27

In another study (SPK-9001, fidanacogene elaparvovec, 
NCT02484092), sustained mean FIX activ ity of 22.9% ± 9.9% was 
observed in the 15 sub jects fol low ing a sin gle admin is tra tion of 
vec tor at a dose of 5e11 vg/kg. A reduc tion in annu al ized bleed-
ing rate (ABR) to 0.4 ± 1.1 postinfusion com pared to 8.9 ± 14.0 prior 
to gene ther apy.28 SPK-9001 con sists of bioengineered cap sid 
pseudotyped AAV vec tor containing the FIX-R338L transgene 
with a lower num ber of CpG.29 Transaminitis occurred in 3 sub-
jects who responded well to ste roids. All patients were  able to 
stop FIX pro phy laxis with a 98% reduc tion in ABR. There was no 
evi dence of inhib i tor for ma tion to FIX-Padua. A fol low-on report 
described sta ble FIX activ ity lev els in this cohort of patients at  
5 years of ~19.8%.30 Pfizer has taken on fur ther devel op ment of 
this tech nol ogy in an ongo ing phase 3 trial (NCT03861273).

Stable FIX activ ity lev els of 36.9% at 1 year were observed 
in 10 patients with hemo philia B fol low ing sys temic admin is-
tra tion of 5e12 vg/kg BBM-H901 in an inves ti ga tor-ini ti ated 
phase 1 trial in China (NCT04135300).31 BBM-H901 is a dimeric 
form of a codon-opti mized FIX expres sion cas sette contain-
ing the Padua muta tion under the con trol of a liver-spe cific 
pro moter, encapsidated with an engineered, liver-tropic AAV 
cap sid. Preconditioning before vec tor admin is tra tion included 
1 week of pred nis o lone at a dose of 1 mg/kg followed by an 
8-week taper. Two (20%) par tic i pants had ele va tion of ALT and 
aspar tate ami no trans fer ase accom pa nied by a decrease of FIX 
activ ity.

Freeline Therapeutics cou pled a syn thetic cap sid (AAVS3), 
adapted for more effi cient trans duc tion of human hepa to cytes 
with a mod i fied FIX expres sion cas sette containing the R338L 
muta tion (FLT180a), and in the B-AMAZE trial, patients received  
1 of 4 doses of this vec tor (3.84e11, 6.4e11, 8.32e11, or 1.28e12 vg/kg)  
together with a pro phy lac tic immune man age ment reg i men 
in order to man age the risk of transaminitis in the knowl edge 
that higher gene trans fer may trans late into a greater risk of 
transaminitis. All patients had dose-depen dent increases in 
FIX lev els fol low ing treat ment with FLT180a, with sustained FIX 
activ ity in 9 of 10 patients at a median fol low-up of ~2 years. 
Five patients had FIX lev els in the nor mal range (51%-78%), 
three patients had lev els rang ing from 23% to 43%, and 1 high-
dose patient (1.28e12 vg/kg) was at 260%. An arte rio ve nous 
fis tula throm bo sis occurred in this patient. A 75% reduc tion 
in ABR was observed despite a 96% reduc tion in annu al ized 
FIX con sump tion. Treatment was gen er ally well tol er ated, with 

tran sient transaminitis being the most com mon FLT180a-re-
lated adverse event.32

Thus, with advances in gene trans fer tech nol ogy, it is has 
become pos si ble to achieve plasma FIX activ ity lev els in the mild 
range on a con sis tent basis and with some AAV vec tor for mu la-
tion and even nor mal and supraphysiological FIX activ ity lev els, a 
feat thought to be impos si ble almost a decade ago.

AAV vec tors and gene ther apy for hemo philia A
The lim ited pack ag ing capac ity of AAV vec tors (4.7  kb) and the 
poor expres sion pro file of FVIII have hin dered the use of these 
vec tors for gene ther apy of hemo philia A. However, we devel-
oped an AAV-based gene trans fer approach that addresses 
both the size con straints and inef fi cient FVIII expres sion. The 
FVIII B-domain, which is not required for cofac tor activ ity, was 
removed to reduce the size of the FVIII expres sion cas sette. 
Human fac tor VIII expres sion was improved 10-fold by reor-
ga ni za tion of the wild-type cDNA of human FVIII according to 
the codon usage of highly expressed human genes.33 BioMarin, 
which licensed this con struct, com menced the first clin i cal trial 
for hemo philia A using AAV5 pseudotyped vec tors (Table 2) 
made using the baculovirus–insect cell manufactur ing method. 
This vec tor (AAV5-hFVIII-SQ, BMN 270) was ini tially tested in 9 
men with severe hemo philia A over a dose range of 6e12 to 
6e13 vg/kg in the con text of a rapid vec tor phase 1/2 dose 
esca la tion trial (NCT02576795, BMN 270-201, valoctocogene  
roxaparvovec).34,35 Factor VIII expres sion was <3 IU/dL in the 
low- and inter me di ate-dose cohorts. Of the 7 patients treated 
at the 6e13-vg/kg dose level, mean FVIII activ ity was 64 IU/dL 
(Table 2) using a chro mo genic assay at 1 year. The lev els 
declined to 36 IU/dL and 33 IU/dL in years 2 and 3, respec tively, 
after gene trans fer. This trend has con tin ued, and at 5 years, the 
mean FVIII activ ity was 11.6 IU/dL (unpub lished report).

An addi tional 6 patients were treated at a lower dose level 
of 4e13 vg/kg, lead ing to mean FVIII activ ity at the end of years 
1 and 2 of 21 IU/dL and 15 IU/dL, respec tively.34,35 By 4 years, the 
mean FVIII activ ity lev els had dropped to 5.6 IU/dL (unpub lished 
report). Across the total 13 patients in the 4e13- and 6e13-vg/kg 
dose lev els, a >90% reduc tion in ABR and FVIII con cen trate infu-
sion was observed when com pared to pregene ther apy val ues 
that appears to be maintained out to 4 and 5 years in the 4e13- 
and 6e13-vg/kg cohorts, respec tively.

In the larg est gene ther apy trial in patients with hemo philia, 
BioMarin assessed BMN 270 in open-label, sin gle-arm, mul ti cen-
ter, phase 3 trial (NCT03370913, GENEr8-1) in 134 patients with 
severe hemo philia A at a dose of 6e13 vg/kg. The safety and 
effi cacy results have recently been published36 and show mean 
FVIII activ ity lev els between 49 and 52 weeks of 41.9 IU/dL in 
the 132 human immu no de fi ciency virus–neg a tive par tic i pants in 
that trial. This was asso ci ated with a 98.6% decline in ABR and 
an 83.8% reduc tion in FVIII con cen trate usage. Transaminitis was 
observed in 85.8% of the par tic i pants and man aged with tran-
sient immu no sup pres sion. None of the par tic i pants devel oped 
inhib i tors to FVIII, malig nancy, or throm bo em bolic events. The 
phase 3 data appear to be con sis tent with the ini tial obser va-
tions in phase 1/2.

In the ongo ing, UCL-spon sored, phase 1/2 clin i cal trial (GO-
8; NCT03001830), we are eval u at ing an iden ti cal con struct 
to that used in the BioMarin study except for the inclu sion of 
a 17–amino acid pep tide com pris ing 6 N-linked gly co syl a tion 
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Table 2. Hemophilia A gene ther apy trial using AAV

AAV vec tor Study Outcomes Current sta tus

BMN 270–201: A Phase 1/2, Dose-
Escalation, Safety, Tolerability, and 
Efficacy Study of Valoctocogene 
Roxaparvovec, an Adenovirus-Associated 
Virus Vector-Mediated Gene Transfer 
of Human Factor VIII in Patients With 
Severe Hemophilia A (NCT02576795)

FVIII expres sion <3% in the low-  
and inter me di ate-dose cohorts. 
6e13-vg/kg dose cohort (n  =  7), mean 
FVIII activ ity at 1, 2, and 3 years of 
64 IU/dL, 36 IU/dL, and 33 IU/dL 
(Chromogenic).
4e13-vg/kg dose cohort (n  =  6): FVIII 
activ ity at years 1 and 2  =  21 IU/dL and 
15 IU/dL, respec tively (Chromogenic).
>90% reduc tion in ABR and FVIII  
con cen trate infu sion in both groups.

Closed to recruit ment. LTFU 
con tin ues. EU con di tional 
approval granted.

BMN 270–203: A Phase 1/2 Safety, 
Tolerability, and Efficacy Study of 
Valoctocogene Roxaparvovec, an 
Adeno-Associated Virus Vector-Mediated 
Gene Transfer of Human Factor VIII in 
Hemophilia A Patients with Residual 
FVIII Levels ≤1IU/dL and preexisting 
Antibodies Against AAV5 (NCT03520712)

Enrolling sub jects; no data reported.

BioMarin (BMN 270; AAV5-
hFVIII-SQ valoctocogene 
roxaparvovec)

BMN 270–205: Safety, Tolerability, 
and Efficacy Study of Valoctocogene 
Roxaparvovec in Hemophilia A With 
Active or Prior Inhibitors (NCT04684940)

Enrolling sub jects; no data reported.

BMN 270–301: A Phase 3 Open-Label, 
Single-Arm Study to Evaluate the 
Efficacy and Safety of BMN 270, an 
Adeno-Associated Virus Vector-Mediated 
Gene Transfer of Human Factor VIII in 
Hemophilia A Patients with Residual FVIII 
Levels ≤1IU/dL (NCT03370913)

FVIII activ ity lev els (N = 132) at  
~1 year = 41.9 IU/dL (Chromogenic).
98.6% decline in ABR and 83.8% 
reduc tion in FVIII con cen trate usage. 
Transaminitis in 85.8% of the par tic i-
pants.

Target recruit ment  
com pleted. LTFU con tin ues. 
Under reg u la tory review.

BMN 270–302: Phase 3 Study to Evaluate 
Efficacy/Safety of Valoctocogene 
Roxaparvovec an AAV Vector-Mediated 
Gene Transfer of hFVIII at a Dose of 
4x1013 vg/kg in Hemophilia A Patients 
With Residual FVIII Levels ≤1IU/dL 
Receiving Prophylactic FVIII Infusions 
(GENEr8–2) (NCT03392974).

Phase 3: closed to recruit ment due to lack of inter est in the low-vec tor 
dose. LTFU con tin ues.

BMN 270–303: A Phase 3b, Single Arm, 
Open-Label Study to Evaluate the 
Efficacy and Safety of BMN 270, an 
Adeno-Associated Virus Vector-Mediated 
Gene Transfer of Human Factor VIII, 
With Prophylactic Corticosteroids 
in Hemophilia A Patients (GENEr8–3) 
(NCT04323098)

Enrolling sub jects; no data reported.

UCL/AAV8 FVIII V3 pep tide 
instead of B-domain

Gene Therapy for Haemophilia A (GO-8, 
NCT03001830)

4 doses under eval u a tion: 6e11,  
2e12, 4e12, or 6e12 vg/kg. Longest 
fol low-up in 2e12-vg/kg dose cohort 
shows sta ble expres sion of FVIII out to 
3 years at 15 IU/dL.

Open

Spark/Roche (SPK-8011)
AAV-LK03-FVIII-SQ

SPK-8011–101: Gene Transfer, Dose-
Finding Safety, Tolerability, and Efficacy 
Study of SPK-8011 (a Recombinant 
Adeno-Associated Viral Vector With 
Human Factor VIII Gene) in Individuals 
With Hemophilia A (NCT03003533) 
Together With Long-Term Follow-up 
Study (NCT03432520)

4 cohorts (N = 18) over 5e11 to  
2e12 vg/kg; mean FVIII expres sion 
~12.9% ± 6.9% (1-stage clot ting assay); 
2 par tic i pants lost all  expres sion 
because of transaminitis refrac tory to 
immu no sup pres sion; 91% reduc tion 
in ABR; FVIII con cen trate usage down 
by 96.4%

Closed to recruit ment. LTFU 
con tin ues.

Spark/Roche (SPK-8016)
AAV-FVIII-SQ using a novel 
cap sid

SPK-8016–101: Dose-Finding Study of 
SPK-8016 Gene Therapy in Patients With 
Hemophilia A to Support Evaluation 
in Individuals With FVIII Inhibitors 
(NCT03734588)

Recruitment closed. No data reported.
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AAV vec tor Study Outcomes Current sta tus

Pfizer/Sangamo Bioscience 
(SB-525; giroctocogene 
fitelparvovec)
AAV6 FVIII-SQ

SB-525–1603: A Phase 1/2, Open-Label, 
Adaptive, Dose-Ranging Study to Assess 
the Safety and Tolerability of SB-525 (PF-
07055480) (Recombinant AAV2/6 Human 
Factor 8 Gene Therapy) in Adult Subjects 
With Severe Hemophilia A (Alta Study) 
(NCT03061201)

4 cohorts (9e11, 2e12, 1e13, and  
3e13 vg/kg; N = 11).
Mean FVIII activ ity: ~43% and 25.7%  
at years 1 and 2, respec tively @  
3e13-vg/kg dose level (N = 5);  
chro mo genic assay. Transaminitis was 
detected in 5 of the 11 par tic i pants.

Closed to recruit ment. LTFU 
con tin ues.

C0371004: Phase III. An Open-Label, 
Non-inves ti ga tional Product, Lead-in 
Study to Evaluate at Least 6 Months of 
Prospective Efficacy and Safety Data 
of Factor Replacement Therapy in 
the Usual Care Setting of Moderately 
Severe to Severe Adult Hemophilia B 
Subjects (FIX:C ≤2%) Who Are Negative 
for Nab to AAV Vector-Spark100 and 
Moderately Severe to Severe Hemophilia 
A Adult Subjects (FVIII:C ≤1%) Who Are 
Negative for Nab to AAV Vector Sb-525 
Capsid (AAV6), Prior to the Respective 
Therapeutic Ph 3 Gene Therapy Studies 
(NAB Protocol) (NCT03587116)

Recruiting 250 sub jects in this 6-month lead-in study to sup port the 
phase 3 inter ven tion study.

C3731003: Phase 3, Open-Label, Single-
Arm Study to Evaluate the Efficacy and 
Safety of PF-07055480 (Recombinant 
AAV2/6 Human Factor VIII Gene 
Therapy) in Adult Male Participants With 
Moderately Severe to Severe Hemophilia 
A (FVIII:C ≤1%) (AFFINE) (NCT04370054)

Recruitment tar get = 60 patients. Phase 3 restarted fol low ing tem po rary 
reg u la tory hold for high FVIII lev els (>150%) in some par tic i pants.

Bayer/Ultragenyx 
Therapeutics BAY 2599023 
(DTX-201)
AAVhu37 cap sid 
pseudotyped FVIII-SQ

A Phase 1/2 Open-Label Safety and 
Dose-Finding Study of BAY2599023 
(DTX201), an Adeno-Associated Virus 
(AAV) hu37-Mediated Gene Transfer of 
B-Domain Deleted Human Factor VIII, 
in Adults With Severe Hemophilia A 
(NCT03588299)

9 par tic i pants enrolled sequen tially into 1 of 3 dose cohorts (0.5e13, 
1e13, and 2e13 vg/kg). FVIII expres sion lev els for up to >23 months. 
Transaminitis observed in 5/9 par tic i pants.

Takeda (TAK 754)
AAV8-FVIII-SQ

A Study of BAX 888 in Male Adults With 
Severe Hemophilia A (NCT03370172)

2e12- and 6e12-vg/kg dose cohorts assessed. Study suspended fol low-
ing transaminitis-medi ated loss of FVIII expres sion in all  par tic i pants.

ABR, annualized bleed rates; EU, Euro pean Union; LTFU, long-term follow-up.

motifs (V3) from the human FVIII B-domain (AAV-HLP-hFVIII-V3) 
that are highly con served through evo lu tion.37 In murine stud ies,  
AAV-HLP-hFVIII-V3 medi ated expres sion of FVIII at 3-fold higher 
lev els when com pared to AAV-HLP-hFVIII-SQ, encoding the con-
ven tional B-domain–deleted FVIII. The safety and effi cacy of 
AAV8 sero type pseudotyped HLP-hFVIII-V3, manufactured in 
mam ma lian HEK 293T cells, have been assessed in 9 adult men 
with severe hemo philia A who received 1 of 4 doses of this vec-
tor (6e11, 2e12, 4e12, or 6e12 vg/kg) together with a pro phy lac tic 
immune man age ment reg i men. With a fol low-up extending to  
4 years in some patients, FVIII expres sion lev els appear to be 
more sta ble than in the BioMarin tri als. In the GO8 2e12-vg/kg 
cohort, FVIII activ ity lev els have remained sta ble over a period of 
3 years at ~15% of nor mal using a chro mo genic assay. No par tic-
i pant has devel oped a FVIII inhib i tor.38

Spark Therapeutics dosed 18 patients with SPK-8011 
(NCT03003533), an AAV vec tor containing a codon-opti mized 
human fac tor VIII gene under the con trol of a liver-spe cific pro-
moter pseudotyped with a bioengineered cap sid, LK03 cap sid, 
manufactured using the HEK-293 pro cess.39 These patients were 

treated in 4 dose cohorts over a dose range of 5e11 to 2e12 vg/kg. 
Sixteen of the 18 par tic i pants had sustained FVIII expres sion at 
a median fol low-up of 33.4 months (range, 3.7-47.6), with 2 los-
ing all  expres sion because of transaminitis that was refrac tory to 
immu no sup pres sion. In the patients with sustained FVIII expres-
sion, there does not appear to be a clear rela tion ship between 
vec tor dose and plasma FVIII lev els, with an over all mean FVIII 
activ ity level of 12.9% ± 6.9% using a 1-stage clot ting assay that 
shows ~1.5 times higher FVIII activ ity when com pared to chro-
mo genic assay meth ods. There was no appar ent decrease in 
FVIII activ ity over a 2-year fol low-up period. A 91% reduc tion in 
annu al ized bleed ing rate was observed in patients with sta ble 
expres sion, with a reduc tion in annual FVIII con cen trate usage of 
96.4%. This pro gram is cur rently in phase 3 eval u a tion.

Pfizer/Sangamo Therapeutics (SB-525, NCT04370054, giroc-
tocogene fitelparvovec) announced results of their ongo ing 
phase 1/2 trial in 11 patients with severe hemo philia A treated 
in 4 dose cohorts (9e11, 2e12, 1e13, and 3e13 vg/kg) with reac-
tive cor ti co ste roid admin is tra tion for transaminitis. The codon- 
opti mized BDD-FVIII transgene is pack aged in AAV sero type 

Table 2. Hemophilia A gene ther apy trial using AAV (continued)
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6 cap sid and manufactured using the baculovirus–insect cell 
manufactur ing method. At the last update (ASH 202140), mean 
FVIII activ ity level, as mea sured by a chro mo genic assay in the 
3e13-vg/kg dose cohort (N = 5) at 2 years, was 25.7%, a drop from 
a mean of ~43% at 1 year after gene trans fer. Transaminitis was 
detected in 5 of the 11 par tic i pants enrolled in the study, includ-
ing 3 par tic i pants in the 3e13-vg/kg cohort. A phase 3 eval u a tion 
of SB-525 (NCT04370054) has been restarted recently fol low ing 
a tem po rary reg u la tory hold for pro to col amend ment fol low ing 
the obser vance of FVIII lev els greater than 150% in some par tic-
i pants in the trial.

Takeda recently suspended screen ing and fur ther enroll ment 
in the TAK-754, an AAV8 gene ther apy study (NCT03370172) for 
hemo philia A in which sub jects had been enrolled into the 2e12- 
and 6e12-vg/kg dose cohorts. All sub jects lost FVIII expres sion 
fol low ing transaminitis.41

BAY 2599023 phase 1/2 study uses an AAVhu37 cap sid to 
deliver a B-domain–deleted FVIII codon-opti mized cDNA, 
under the con trol of a liver-spe cific pro moter/enhancer ele-
ment. Thus far, 9 par tic i pants have been enrolled sequen tially 
into 1 of 3 dose cohorts (0.5e13, 1e13, and 2e13 vg/kg).42 Trans-
aminitis was observed in 5 of 9 par tic i pants requir ing a short 
course of cor ti co ste roids. FVIII expres sion lev els appear to be 
in the ther a peu tic range over a period of >23 months, enabling 
patients in cohorts 2 and 3 to come off pro phy laxis with FVIII 
con cen trates. Enrollment into the fourth cohort (4e13 vg/kg) 
is under way.

These dif fer ing AAV gene ther apy tri als offer sub stan tial 
choices to the hemo philia com mu nity and pro vide an oppor-
tu nity for patients with preexisting antibodies to 1 sero type to 
be treated by alter na tive sero types. In con trast to hemo philia 
B, higher vec tor doses appear to be required for hemo philia A. 
Additionally, expres sion of FVIII appears to be declin ing over 
time fol low ing AAV gene trans fer in con trast to hemo philia B 
and may reflect the fact that an over sized transgene is used in 
most hemo philia A stud ies, which may influ ence dura bil ity. This 
decline in transgene expres sion in the absence of transaminitis 
appears to be most pro nounced in patients with the highest 
level of FVIII expres sion. While the rea son for this late decline in 
FVIII activ ity remains unclear, poten tial expla na tions include (1) 
loss of the epi som ally retained, over sized FVIII AAV transgene 
from the trans duced hepa to cytes and (2) silenc ing of the FVIII 
transgene.

Obstacles to wider use of AAV vec tor tech nol ogy
Safety con sid er ations
Thus far, the risk of liver tox ic ity, accom pa nied by loss or reduc-
tion of transgene expres sion, appears to be the most wor ry-
ing tox ic ity asso ci ated with liver-targeted deliv ery of AAV, as 
described before. Transaminitis appears to occur with all  AAV 
cap sids regard less of the AAV genome con fig u ra tion, transgene 
pro moter, or method of man u fac ture. It is a self-lim it ing phe-
nom e non that may be con trolled with cor ti co ste roids alone or 
in com bi na tion with other immune-sup pres sive agents in some 
patients. The pre cise path o phys i o logic basis for transaminitis 
remains unclear, in part because it has not been pos si ble to reca-
pit u late this tox ic ity in ani mal mod els.24,43 Clinical data sug gest 
that the num ber of CpG motifs in the transgene may play a role 
as discussed pre vi ously. It remains unclear, in that instance, why 
the transaminitis is lim ited to the ini tial period after gene trans fer 

as there have been no reports of late recur rence of transaminitis 
beyond a 2-year period. Of note, in this respect, is the recent 
report of a link between wild-type AAV2 infec tion and an out-
break of acute hep a ti tis in chil dren who were coinfected with 
ade no vi rus or, less com monly, human her pes vi rus 6. It is unclear 
if AAV2 is path o genic in these chil dren or just a use ful per sis tent 
bio marker of recent ade no vi ral infec tion.44

As expected, all  sub jects in these tri als develop long-last ing 
AAV cap sid-spe cific humoral immu nity. While the rise in anti-AAV 
IgG does not have direct clin i cal con se quences, its per sis tence 
at high titers pre cludes sub se quent suc cess ful gene trans fer 
with a vec tor of the same sero type, in the event that transgene 
expres sion should fall below ther a peu tic lev els.

The risk of inser tional muta gen e sis fol low ing AAV-medi ated  
gene trans fer has been judged to be low because pro vi ral 
DNA is maintained pre dom i nantly in an epi somal form. This 
is con sis tent with the fact that wild-type AAV infec tion in 
humans, although com mon, is not asso ci ated with onco gen e-
sis. However, deep sequenc ing stud ies show that inte gra tion 
of the AAV genome can occur in the liver.45,46 Indeed, a recent 
pub li ca tion has found wild-type AAV2 genome frag ments 
inte grated in the prox im ity of known proto-onco genes in a 
small per cent age of human hepa to cel lu lar car ci noma (HCC) 
spec i mens.47 However, the path o genic role of AAV2 in this 
set ting is not cer tain. In Decem ber 2020, HCC was reported 
in a patient enrolled in the HOPE-B gene ther apy trial for 
hemo philia B. The patient had mul ti ple risk fac tors for HCC, 
includ ing a his tory of hep a ti tis B and C, evi dence of non al-
co holic fatty liver dis ease, smok ing his tory, fam ily his tory of 
can cer, and advanced age. An inves ti ga tion includ ing whole- 
genome sequenc ing of the tumor and adja cent tis sue showed 
that etranacogene dezaparvovec was unlikely to have caused 
the HCC in this sub ject. An increased inci dence of HCC has, 
how ever, been reported in the mucopolysaccharidoses type 
VII mouse model fol low ing peri na tal gene trans fer of AAV 
poten tially through inte gra tion and dis rup tion of an imprinted 
region rich in microRNAs and small nucle o lar RNAs on mouse 
chro mo some 12.48 Biomarin reported tumors on nec ropsy of 
mice at 52 weeks after admin is tra tion of 2e14 vg/kg of AAV5–
phe nyl al a nine hydrox y lase gene ther apy in a tumor-prone 
mouse model that har bored 2 germline muta tions: one to 
elim i nate the phe nyl al a nine hydrox y lase gene and a sec ond 
to ren der the mice immu no de fi cient. Further inves ti ga tions 
are ongo ing. Other stud ies in mice have failed to reca pit u-
late this find ing, and col lec tively, the avail  able data in mice as 
well as larger ani mal mod els sug gest that AAV has a rel a tively 
low risk of tumor i gen e sis.49 Nevertheless, safety con sid er ation 
remains par a mount and will require care ful long-term mon i-
tor ing of patients, likely beyond the 5 years of fol low-up man-
dated by the US Food and Drug Administration.

Scale-up of vec tor pro duc tion
Continued pro gres sion toward flex i ble, scal able pro duc tion 
and puri fi ca tion meth od ol o gies is ongo ing to sup port the com-
mer cial i za tion of AAV biotherapeutics. The most widely used 
method for the gen er a tion of AAV entails the tran sient trans fec-
tion of HEK-293 cells with plas mids encoding the nec es sary vec-
tor, helper, and pack ag ing genes. This method is cum ber some, 
but prog ress has been made on improv ing the pro duc tiv ity to 
sup ply phase 3/mar ket autho ri za tion hemo philia gene ther-
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apy tri als.50 Another method being used by sev eral biopharma 
com pa nies because of its scalability is one based on baculovi-
rus grown in SF9 insect cells.51 However, infec tiv ity of AAV made 
using the baculovirus sys tem is low due in part to lower lev els 
of VP1 incor po ra tion into the AAV cap sid. Attention is cur rently 
focused on the down stream puri fi ca tion pro cess so that the 
purity of clin i cal-grade AAV prep a ra tion can be improved.

Preexisting neu tral iz ing anti-AAV anti body
Between 20% and 70% of patients have preexisting neu tral iz-
ing anti-AAV antibodies (NAbs) to spe cific AAV sero types, which 
can block effi cient gene trans fer. These patients are cur rently 
excluded from gene ther apy tri als, but NAbs rep re sent a major 
lim i ta tion to the broad appli ca bil ity of gene ther apy to the hemo-
philia pop u la tion. One strat egy to over come NAbs that works 
well in ani mal mod els is to switch AAV sero type17 but may not 
be appli ca ble in humans due to cross-reac tiv ity of NAbs. Alter-
natively, NAbs could be over come by using immu no sup pres sion, 
plas ma phe re sis, or by sim ply increas ing vec tor dose or adding 
empty cap sids.52

Affordability of AAV gene ther apy
It is likely that gene ther apy will com mand a high price, at least 
ini tially, in order to recoup the devel op ment cost. However, 
suc cess ful gene ther apy offers the advan tage of con tin u ous 
endog e nous expres sion of clot ting fac tor, which will elim i nate 
break through bleed ing and microhemorrhages, thereby reduc-
ing comorbidities and the need for fre quent med i cal inter ven-
tions while improv ing qual ity of life. Thus, gene ther apy has the 
poten tial to yield sig nifi  cant sav ings for the health care sys tem 
and soci ety in gen eral but may still prove to be unaf ford able for 
patients liv ing in devel op ing or emerg ing econ o mies.

Alternative gene ther apy approaches that show prom ise
The AAV genome is maintained in an epi somal for mat, rais ing 
the poten tial for loss of transgene expres sion with divi sion of 
the trans duced cell. This has engen dered inter est in targeting 
approaches.53 One such approach, “GeneRide,” entails the use of 
AAV vec tors to deliver a promoterless FIX gene flanked by “guide 
DNA arm” that is sev eral hun dred base pairs long that matches a 
spe cific locus such as the albu min locus. Once in the tar get cell 
nucleus, the AAV transgene is inte grated at a spe cific site that 
matches with the “guide DNA arms” within the patient’s genome 
using the host cell’s homol o gous recom bi na tion machin ery.54 
This approach has been suc cess ful in mice. Early stud ies in 
humans have been com pli cated by reports of throm botic micro-
angiopathy. Zinc-fin ger nucle ases and clus tered reg u larly inter-
spaced short pal in dromic repeat (CRISPR)/CRISPR asso ci ated 
pro tein 9 (CRISPR/Cas9) have the poten tial to medi ate targeted 
inte gra tion of the FVIII or FIX gene in a “safe har bor” using non-
ho mol o gous end join ing.55 Recently, Sangamo Therapeutics, 
together with Georgetown University, announced the treat ment 
of the first patient with hemo philia B (SB-FIX, NCT02695160) 
with a gene-editing approach in which the targeted inte gra tion 
of the FIX cDNA into the intron of the host cell albu min gene is 
pro moted by zinc-fin ger nucle ases fol low ing sys temic admin is-
tra tion of 3 sep a rate AAV vec tors. A poten tial con cern with this 
approach is the effect of per sis tent expres sion of the endo nu cle-
ase fol low ing gene trans fer.

Integrating vec tors, based on len ti vi rus, to prop a gate inte-
gra tion of the FIX or FVIII transgene into tar get cells is also 
under eval u a tion in hema to poi etic stem cells or blood out-
growth endo the lial cells fol low ing ex vivo manip u la tions. The 
devel op ment of a new gen er a tion of lentiviral vec tors designed 
for effi cient deliv ery of the transgene to the liver fol low ing sys-
temic deliv ery of vec tors car ry ing FVIII and FIX genes shows 
great prom ise and sup ports the fur ther eval u a tion of this 
approach in the clinic.56

Conclusion
The avail abil ity of con vinc ing evi dence of long-term expres-
sion of trans genic FVIII and FIX at ther a peu tic lev els resulting 
in ame lio ra tion of the bleed ing diath e sis fol low ing AAV-medi ated  
gene trans fer is an impor tant step toward devel op ment of 
cura tive gene ther apy. The first gene ther apy for hemo philia 
has been approved by reg u la tors in the United Kingdom. Mar-
ket approval of a num ber of other gene ther apy approaches 
for the hemo phil ias are on the hori zon, all  with the poten tial 
to change the treat ment par a digm for patients with severe 
hemo philia. Several obsta cles still remain, but the field is pro-
gressing at a rapid pace to resolve many of the lim i ta tions of 
gene ther apy, thus facil i tat ing broad avail abil ity for this dis rup-
tive ther a peu tic. Success in the hemo philia spaces will facil i tate 
the devel op ment of gene ther apy for other mono ge netic dis-
or ders, par tic u larly those with lim ited or non ex is tent treat ment 
options.
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