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Abstract
Gene therapy is at the forefront of the drive to bring the potential of cure to patients 
with genetic diseases. Multiple mechanisms of effective and efficient gene therapy 
delivery	 (eg,	 lentiviral,	 adeno-	associated)	 for	 transgene	 expression	 as	well	 as	 gene	
editing	have	been	explored	to	improve	vector	and	construct	attributes	and	achieve	
therapeutic	 success.	 Recent	 clinical	 research	 has	 focused	 on	 recombinant	 adeno-	
associated	viral	(rAAV)	vectors	as	a	preferred	method	owing	to	their	naturally	occur-
ring	vector	biology	characteristics,	 such	as	 serotypes	with	specific	 tissue	 tropisms,	
facilitated	 in	 vivo	 delivery,	 and	 stable	 physicochemical	 properties.	 For	 those	 living	
with	hereditary	diseases	like	hemophilia,	this	potential	curative	approach	is	balanced	
against	 the	need	to	provide	safe,	predictable,	effective,	and	durable	factor	expres-
sion.	While	in	vivo	studies	of	rAAV	gene	therapy	have	demonstrated	amelioration	of	
the	bleeding	phenotype	 in	adults,	 long-	term	safety	and	effectiveness	 remain	 to	be	
established.	This	review	discusses	vector	biology	in	the	context	of	rAAV-	based	liver-	
directed gene therapy for hemophilia and provides an overview of the types of viral 
vectors	and	vector	components	that	are	under	investigation,	as	well	as	an	assessment	
of	the	challenges	associated	with	gene	therapy	delivery	and	durability	of	expression.
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gene	therapy,	hemophilia,	recombinant	adeno-	associated	viral	(rAAV)	vectors,	vector

Essentials

• Viral vectors are the most commonly used gene therapy modality.
•	 The	liver	is	increasingly	recognized	as	the	primary	natural	target	for	all	known	AAV	serotypes.
• The goals of gene therapy in hemophilia are a “functional cure” and “health equity.”
•	 The	ideal	gene	therapy	will	provide	safe,	predictable,	and	durable	factor	expression.
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1  |  OVERVIE W OF GENE THER APY

Gene	therapy	research	has	progressed	over	the	past	30	years,	with	the	
aim	of	treating,	and	potentially	curing,	genetic	diseases.	Multiple	ap-
proaches	have	been	explored	to	achieve	these	goals,	with	viral	vectors	
commonly used to deliver the therapeutic gene to target cells. This 
review	explores	different	aspects	of	vector	biology	and	technology	ad-
vancements,	as	well	as	the	advantages	and	challenges	of	designing	a	
gene	therapy	strategy,	with	a	particular	focus	on	recombinant	adeno-	
associated	viral	(rAAV)	vectors	in	therapies	for	hemophilia.

1.1  |  Viral vector terminology

Gene therapy requires a vehicle to effectively deliver genetic mate-
rial to a target cell. Multiple technologies to achieve this have been 
developed;	however,	viral	vectors	 are	 the	most	 commonly	used	be-
cause	they	are	highly	efficient,	owing	to	their	evolutionary	adaptation	
to	deliver	DNA	or	RNA	to	mammalian	cells.1 Viral vectors are designed 
to	preferentially	 transduce	a	 specific	 target	 cell	 type	 (in	vivo);	 alter-
natively,	cells	may	be	removed	from	the	body	for	genetic	manipula-
tion	and	expansion	and	then	reintroduced	into	the	original	donor	(ex	
vivo).1,2	The	process	of	delivery	and	expression	of	a	therapeutic	gene	
using a viral vector is termed transduction.	Unlike	wild-	type	(WT)	vi-
ruses	found	in	nature,	a	viral	vector	cannot	replicate.	It	delivers	its	pay-
load	 to	 the	nucleus,	enabling	expression	of	 the	 therapeutic	protein;	
once	the	payload	is	delivered,	the	viral	“shell”	or	capsid	is	degraded.

Based	on	 the	 relationship	between	 the	vector-	delivered	 trans-
gene	 and	 target	 cell	 genome,	 vectors	 can	 be	 divided	 broadly	 into	
integrating and nonintegrating subtypes.2

1.1.1  |  Vectors	that	are	designed	to	integrate	
into the host genome

Vectors	 based	 on	 retroviruses	 integrate	 the	 expression	 cassette	 (the	
therapeutic	 transgene	and	 its	 regulatory	components)	 into	 the	 target	
cell	chromosome,	allowing	the	transgene	to	be	passed	to	daughter	cells.3 
These	vectors	are	typically	used	for	ex	vivo	delivery	of	a	transgene	into	
a stem or precursor target cell type and involves removing cells from 
the	body,	transducing	them	using	an	integrating	vector	and,	following	
expansion,	 reintroducing	 the	genetically	modified	 cells	 into	 the	origi-
nal	donor	(autologous).2	However,	such	integrating	vectors	can	also	be	
delivered in vivo.4	The	requirements	for	ex	vivo	gene	delivery	include	a	
vector encoding the therapeutic transgene and a manufacturing facility 
for	purification,	transduction,	and	expansion	of	the	primary	cells.

1.1.2  |  Vectors	designed	not	to	integrate	into	the	
host genome

Other	viruses,	such	as	genetically	modified	rAAVs,	introduce	their	
transgene	into	the	nucleus	of	the	cell,	but	the	delivered	DNA	has	

a very low frequency of integration5 and remains in an episomal 
form.3	AAV-	based	hemophilia	gene	therapy	studies	in	large	animal	
models reported that some random integration events occurred 
but did not result in any deleterious events.6	However,	 the	 long-	
term	 safety	 of	 AAV-	based	 gene	 therapy	 remains	 to	 be	 deter-
mined	with	 continued	monitoring	 to	 fully	 understand	 the	 risk	of	
carcinogenesis.

Typically,	rAAV	vectors	are	used	to	deliver	a	transgene	to	a	long-	
lived,	 postmitotic,	 or	 slowly	 dividing	 cell,	 in	 vivo,	 with	 the	 aim	 to	
achieve	long-	term	expression	of	that	gene.	To	the	degree	possible,	
all potentially immunogenic attributes of viral vectors are removed 
(Table	 1).	 Features	 of	 a	 well-	designed	 viral	 vector	 include	 avoid-
ance and/or removal of elements that may activate innate immune 
pathways,	such	as	toll-	like	receptor	(TLR)	ligands	(eg,	TLR2,	TLR9),7 
interleukins	1	and	6,8	 complement	proteins,9-	11 and use of a man-
ufacturing process to enhance vector quality and reduce immuno-
genic	impurities	(eg,	host	cell	contaminants).

1.2  |  Vector- associated immune responses may 
limit efficacy

The development of viral vectors is based on the modification of vi-
ruses that the human immune system is naturally able to detect and 
eliminate.	Therefore,	immune	responses	can	limit	the	therapeutic	ef-
fect	of	viral	vector–	based	products	and	include	humoral	(antibody)	
and cellular responses directed at the viral capsid proteins and the 
therapeutic	product.	Because	long-	term	expression	is	a	fundamental	
requirement	for	most	gene	therapies,	strategies	to	minimize	innate	
and adaptive immune responses are important.

1.3  |  Gene therapy for hemophilia

Hemophilia was one of the earliest diseases considered for gene 
therapy	due	to	its	well-	understood	disease	pathology	and	the	valida-
tion	of	protein	replacement	therapy	(Table	2).	A	rare,	X-	linked	reces-
sive	bleeding	disorder,	hemophilia	 is	typically	caused	by	mutations	
in F8 or F9,	coding	for	factor	VIII	(FVIII)	and	factor	IX	(FIX)	proteins,	
respectively. Cloning of the F8 and F9	genes,	a	turning	point	in	he-
mophilia	care,	ushered	in	controlled	industrial	production	of	recom-
binant proteins for clinical use and also led to the consideration of 
gene therapy as a potential cure.3

The current standard of care for hemophilia is the prophylactic 
use	of	FVIII	or	FIX	concentrates,12 but this requires frequent intra-
venous	(IV)	administration.	In	addition,	lack	of	adherence	to	IV	ther-
apy has resulted in suboptimal patient outcomes.13	While	extended	
half-	life	 recombinant	proteins	 and	novel	 alternative	 solutions,	 such	
as	 bispecific	 antibodies	 (eg,	 emicizumab),14 have decreased dosing 
frequency,	 chronic	 administration	 is	 required.14 Coupled with the 
need	to	manage	breakthrough	bleeding	and	the	ongoing	adherence	
challenges,15 there remains a need for more convenient and effective 
therapies.
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TA B L E  1 Considerations	for	vector	design

Goal Ideal Properties

Target tissues for optimal 
therapeutic benefit

•	 A	vector	that	shows	a	high	predilection	for	target	tissue,	or	tissue	tropism,	and	also	limits	off-	target	effects69

•	 Tissue-	specific	promoters	may	be	incorporated	into	the	expression	cassette	to	increase	tissue	specificity69

•	 Posttranscriptional	regulation	can	decrease	off-	target	tissue	expression109

Achieve	optimal	therapeutic	
transgene	expression	levels

•	 Adequate	levels	of	transgene	expression	for	optimized	health	and	well-	being
•	 Durable	transgene	expression
• Minimally complicated protocol for administration to participants

Limit	or	control	host	immune	
response to the vector

•	 Preexisting	host	NAbs	are	either	not	present	or,	if	present,	are	low	enough	to	avoid	blocking	transduction	or	
causing	a	life-	threatening	immunologic	response

•	 Host	cellular-	immune	response	to	vector	is	minimized,	and	if	a	cellular-	immune	response	does	occur,	it	is	
adequately	controlled	by	immune	suppression,	with	the	goal	of	preserving	expression	of	the	therapeutic	
protein37

Minimize	the	risk	of
vector-	associated	genotoxicity

•	 Vector	does	not	cause	insertional	mutagenesis,	caused	by	the	disruption	of	host	genes	at	the	integration	site,	
which could lead to cancer

•	 Vector-	encoded	regulatory	elements,	such	as	promoters	or	enhancers,	do	not	activate	expression	of	
oncogenes following genomic integration

Achieve	therapeutic	safety •	 Vectors	are	designed	to	minimize	innate	immunogenicity
•	 Capsid	and	expression	cassette	efficiency	for	each	application	are	maximized	to	minimize	the	vector	dose	

required

Optimize	CMC • Rigorous QC of components to ensure consistency and safety of the gene therapy product
•	 Optimized	manufacturing	processes	(producer	cells,	upstream	and	downstream	processes)	to	ensure	high	

purity and high yields of clinical vectors
• Validated QC assays to assess purity and function of individual vector preparations

Abbreviations:	CMC,	chemistry,	manufacturing,	and	controls;	NAbs,	neutralizing	antibodies;	QC,	quality	control.

TA B L E  2 Hemophilia	is	an	optimal	candidate	for	gene	therapy

Rationale Description

Monogenic inheritance Correction	in	a	single	gene	provides	long-	term	symptom	relief	and	is	potentially	curative110

Gene addition is sufficient for clinical benefit Mutations	that	cause	hemophilia	are	not	dominant-	negative,	and	thus	gene	addition	is	
sufficient to correct the phenotype

Cargo capacity for efficient transduction The coding region of the F9	gene	fits	into	AAV	vectors;	the	F8 gene can be modified to fit by 
deleting	the	B-	domain,	which	does	not	affect	FVIII	activity79

Target tissue is well defined and accessible with 
current gene delivery methods

Hepatocytes	can	produce	active	FVIII,	are	the	natural	production	site	of	FIX,	and	are	the	
natural	targets	for	many	AAV	vectors;	expression	is	driven	by	liver-	specific	promotors

Even minimal increases in clotting factor activity 
can	significantly	improve	symptoms/QOL

•	 Prophylaxis	from	an	early	age	that	maintains	factor	levels	≥1%	significantly	decreases	
bleeds and joint disease111

•	 Generally,	those	with	moderate	hemophilia	(continuous	natural	factor	levels	of	1%-	5%)	
experience	rare	spontaneous	joint	bleeds	and	less	arthropathy	compared	with	individuals	
with severe disease (<1%	factor	level)112,113

• Factor levels >12%	in	people	with	mild	disease	potentially	eliminate	bleeding	events114

•	 Factor	levels	up	to	20%	may	be	required	to	prevent	all	joint	hemorrhages115

Well-	studied	clinical	readout/benefit •	 The	two	key	measures	of	efficacy	in	hemophilia	therapy,	factor	activity	levels	and	
reduction	in	ABRs,	are	the	same	for	gene	therapy	and	exogenous	factor	replacement	
therapy,	the	current	standard	of	care

•	 The	FDA	guidance	on	gene	therapy	for	hemophilia	provides	instructions	for	
accommodating	differences	between	exogenous	recombinant	factors	and	gene	therapy	
products when measuring/assessing activity levels116

Animal	models	of	hemophilia	A	and	B	are	available • >30	years	of	studies	in	mice	and	dogs	with	hemophilia	have	established	the	feasibility,	
potential,	and	challenges	of	developing	durable	gene	therapy	using	viral	vectors3,6

•	 Unfortunately,	animal	models	have	not	been	useful	for	investigating	the	delayed	humoral	
immune responses to recombinant vectors that are seen in human studies41

Abbreviations:	AAV,	adeno-	associated	virus;	ABRs,	annualized	bleeding	rates;	FDA,	US	Food	and	Drug	Administration;	FIX,	factor	IX;	FVIII,	factor	
VIII;	QOL,	quality	of	life.
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Thus,	the	goals	of	gene	therapy	in	hemophilia	are	a	“functional	
cure”	 and	 “health	 equity,”	 defined	 as	 optimized	 health	 and	 well-	
being,	which	is	attained	only	with	normal	hemostasis.13

2  |  VIR AL VEC TORS IN GENE THER APY

2.1  |  Lentiviral vectors improve on earlier 
retroviruses

Lentiviruses	 (LVs),	 a	 type	 of	 retrovirus,	 are	 single-	stranded	 RNA	
viruses	 containing	 a	 reverse	 transcriptase	 to	 allow	 the	 viral	 RNA	
genome	 to	 be	 converted	 into	 double-	stranded	DNA,	which	 then	
integrates	into	the	host	genome	via	a	virus-	encoded	integrase.3,16 
The	most	commonly	used	recombinant	LV	(rLV)	vectors	are	derived	
from	HIV-	1.	 In	 these	 rLVs,	 the	 transgene	 expression	 cassette	 re-
places	 most	 viral	 genes	 and	 regulatory	 sequences,	 resulting	 in	 a	
replication-	deficient	vector.17	Benefits	of	rLVs	are	that	they	trans-
duce nondividing cells3	and	can	be	used	ex	vivo	or	in	vivo.2,3,16	rLVs	
used	for	gene	therapy	have	been	optimized	for	efficient	manufac-
turing,	 are	 free	 of	 potential	 contamination	 with	 replication	 com-
petent	 species,16,18,19 and boast improved transduction of target 
cells.20	 Although	 current	 data	 indicate	 no	 causal	 association	 be-
tween	 rLV	gene	 therapy	and	cancer,	monitoring	 for	 this	potential	
adverse outcome is ongoing.

2.1.1  |  In	vivo	rLV	vectors

The	 feasibility	of	 in	vivo	gene	 therapy	using	 rLV	vectors	has	been	
explored	 to	 avoid	 the	 complicated	protocols	 and	 safety	 issues	 as-
sociated	with	ex	vivo	delivery.	With	in	vivo	rLV	delivery	there	is	the	
advantage	 that	 the	vector	can	be	handled	 like	other	pharmaceuti-
cal	agents,	that	is,	stored	frozen	and	administered	in	an	outpatient	
setting.	However,	 for	 in	vivo	applications	of	 rLVs	to	be	successful,	
improvements in tissue targeting and vector manufacturing tech-
nologies are still needed.

2.1.2  |  Ex	vivo	rLV	vectors

In addition to their use in two licensed chimeric antigen receptor T 
cells	 (CAR-	T)	products	and	numerous	clinical	stage	programs,	 rLVs	
are	being	studied	for	the	treatment	of	primary	immunodeficiencies,	
metabolic	 diseases,	 and	 genetic	 blood	 disorders,	 including	 sickle	
cell	 anemia.	 A	 recent	 report	 documented	 successful	 ex	 vivo	 rLV	
therapy	 in	 patients	 with	 transfusion-	dependent	 β-	thalassemia.2,21 
Gene	therapy	using	an	ex	vivo	rLV	vector	for	patients	≥12	years	of	
age	with	transfusion-	dependent	β-	thalassemia	was	approved	by	the	
European	Medicines	Agency	 (EMA)	 in	 2019	based	on	 clinical	 trial	
data demonstrating durable transfusion independence of up to 
57 months.22

2.1.3  |  LV	gene	therapy	for	hemophilia

Ex	vivo	LV	gene	therapy	has	been	investigated	in	animal	models	of	
hemophilia,	using	lineage	restricted	and	unrestricted	hematopoietic	
stem	 cells	 (HSCs).3,23	 For	 ex	 vivo	 LV	 gene	 therapy	 to	 be	 success-
ful,	 the	 vector	 must	 integrate	 into	 dividing	 HSCs.	 Animal	 models	
are	also	being	used	to	explore	approaches	to	simplify	ex	vivo	regi-
mens,	 such	as	avoiding	 the	need	 for	bone	marrow	transplantation	
and	other	 invasive	procedures.	Currently,	one	ongoing	clinical	trial	
is	using	YUVA-	GT-	F901	LV-	transduced	autologous	HSCs	and	mes-
enchymal	stem	cells	 (MSCs)	 in	people	with	hemophilia	B,	although	
the	 use	 of	 some	 (partially)	 myeloablative	 regimens	 is	 required.24 
In	 addition,	 three	 trials	of	 LV	gene	 therapies	 for	hemophilia	A	are	
enrolling	 participants,	 including	 CD68-	ET3	 LV-	transduced	 high-	
expressing	 B-	domain–	deleted	 factor	 VIII	 (BDD-	FVIII)	 transgene	
(Expression	 Therapeutics,	 Atlanta,	 GA,	 USA)	 in	 HSCs,17 Pleightlet 
(MUT6)	LV-	transduced	BDD-	FVIII	in	CD34+ peripheral blood stem 
cells	(PBSCs)	(Medical	College	of	Wisconsin,	Milwaukee,	WI,	USA),25 
and	 YUVA-	GT-	F801	 (hemophilia	 A)	 and	 YUVA-	GT-	F901	 (hemo-
philia	B)	LV-	transduced	autologous	HSCs	and	MSCs	(NCT03217032	
and	 NCT03961243)	 (Shenzhen	 Geno-	Immune	 Medical	 Institute,	
Shenzen,	China)	(Table	3).

In	both	hemophilia	A	and	B,	the	use	of	LV	in	vivo	has	been	ex-
plored	in	animal	models,	including	in	nonhuman	primates	(NHPs).26-	28 
and demonstrated efficient targeting of hepatocytes and reduced 
acute	inflammation	for	IV-	administrated	rLV.27

2.1.4  |  Challenges	to	the	use	of	rLVs

A	 potential	 risk	 associated	with	 rLVs	 is	 insertional	mutagenesis,	 a	
safety	concern	that	may	be	more	likely	with	transduction	of	divid-
ing cells.16,27,29	Newer-	generation	rLV	designs	have	greatly	reduced	
the	risk	of	insertional	mutagenesis,	and	no	cases	of	leukemic	trans-
formation have been reported in human gene therapy trials.16,18 
Previously	reported	cases	of	genotoxicity	associated	with	retroviral	
vectors	may	be	due	 to	 the	 vector-	encoded	endogenous	promoter	
in	activating	oncogenes.	Subsequently,	the	genome	of	rLV	has	been	
modified	to	enable	deletion	of	the	viral	promoter	during	the	reverse-	
transcription	 process—	so-	called	 self-	inactivating	 rLVs—	which	 has	
substantially	diminished	the	potential	for	genotoxicity.

2.2  |  AAV vectors

AAVs	are	small,	nonenveloped,	≈4.7-	Kb	DNA	genome,	replication-	
defective members of the parvovirus family.3	rAAV	vectors	are	gen-
erally	delivered	in	vivo,	either	by	injection	into	a	specific	tissue	site	
or	by	IV	infusion	(Figure	1).	Upon	transduction	of	a	target	cell,	multi-
ple	copies	of	the	rAAV	vector	genome	are	established	as	stable	cir-
cular	concatemers	(multimers	of	the	expression	cassette	linked	via	
inverted	terminal	repeats	[ITRs])	outside	of	the	chromosomal	DNA	
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within the nucleus of the transduced cell.3,30	rAAV	is	derived	from	
a WT parent virus that is common in the human population and not 
associated	with	any	known	disease.	AAV	vectors	exploit	this	refined	
evolutionary fitness to efficiently transduce human cells.30,31

2.2.1  |  In	vivo	rAAV	vectors

Alipogene	 tiparvovec	 was	 the	 first	 AAV-	based	 gene	 therapy	
commercially approved in the European Union in 2012 for an 
ultra-	rare	 condition,	 hereditary	 lipoprotein	 lipase	 deficiency.32 
Alipogene	 tiparvovec	 utilized	 rAAV	 serotype	 1	 (rAAV1)	 to	 deliver	
the	expression	cassette	to	myocytes	following	direct	intramuscular	

injection.	The	next	commercially	approved	therapeutic	was	voreti-
gene	neparvovec-	rzyl	 (Spark	Therapeutics,	Philadelphia,	PA,	USA),	
an	rAAV2	serotype–	based	vector	carrying	the	RPE65 transgene that 
is used to treat RPE65−/−-	associated	retinal	dystrophy.	Clinical	trials	
led	to	US	Food	and	Drug	Administration	(FDA)	approval	of	this	gene	
therapy in 2017.33

More	 recently,	 onasemnogene	 abeparvovec-	xioi	 (AveXis)	 was	
approved	by	 the	FDA	 in	2019	and	by	 the	EMA	 in	2020	 for	 spinal	
muscular	 atrophy,	 a	 degenerative	 neuromuscular	 disease.34,35 
Onasemnogene	abeparvovec-	xioi	 is	 an	 rAAV9-	based	gene	 therapy	
administered IV with the intent of delivering a copy of the gene 
encoding	 the	human	SMN1	protein	 to	 the	central	nervous	system	
(CNS).

F I G U R E  1 Overview	of	rAAV-	mediated	liver-	directed	gene	therapy	for	hemophilia.	The	wild-	type	adeno-	associated	virus	(AAV)	genome	
consists	of	two	inverted	tandem	repeat	(ITR)	regions	flanking	the	rep	(replication)	and	cap	(capsid)	genes.	These	genes	are	replaced	by	
a	tissue-	specific	promoter	with	enhancer,	intron,	and	transgene	of	interest	in	the	recombinant	adeno-	associated	viral	(rAAV)	vector	
transgene	expression	cassette,	which	is	packaged	into	capsids	and	injected	into	subjects	via	an	intravenous	infusion.	Once	infused,	rAAV	
vector	can	be	neutralized	by	preexisting	antibodies	in	a	serotype-	specific	manner	or	transduce	hepatocytes.	The	capsid	is	degraded	and	
the genetic material maintained as an episome in the nucleus to produce the transgene product. Capsid peptides can be presented on the 
surface of hepatocytes to CD8+	T	cells,	thought	to	lead	to	a	cellular	immune	response	coinciding	with	loss	of	transgene	and	a	rise	in	liver	
transaminases	in	some	clinical	trials.	Modifications	in	the	transgene,	serotype,	infusion	of	empty	capsids,	and	production	process	may	all	
affect	efficacy.	Options	to	bypass	the	preexisting	humoral	response	or	liver	disease	are	listed.	Additional	hurdles	to	general	application	
of	liver-	directed	AAV	gene	therapy	include	inhibitors	to	factor	VIII	(FVIII)	and	factor	IX	(FIX)	as	well	as	infusion	in	young	people	with	
hemophilia.	(Reproduced,	with	permission,	from	Doshi	et	al,	p	275,	Figure	1)

ITR rep cap ITR
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rAAV Vector Genome
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2.2.2  |  Advantages	and	preferred	use	of	AAV-	based	
gene therapy

rAAV	vectors	have	emerged	as	the	preferred	tools	for	in	vivo	gene	
therapy due to their relative safety and ability to transduce a vari-
ety of tissue and cell types.31 The cloning steps needed to generate 
novel	AAV	vectors	are	well	established,	and	the	vector	itself,	while	
complex	to	manufacture,	is	stable,	relatively	homogeneous,	and	well	
defined biochemically.30 Based on their high physicochemical sta-
bility,	rAAV	vectors	can	be	handled	 like	many	other	biologics,	that	
is,	either	frozen	for	long-	term	storage	(years)	and	kept	at	4°C	(days)	
or	maintained	at	room	temperature	(hours)	without	detectable	loss	
of	functional	activity.	These	properties	facilitate	storage,	transport,	
and administration to patients.2,36

2.2.3  |  Immunologic	challenges	of	rAAV	vector	
gene therapy

Immune	 responses,	 reported	 in	 both	 animal	 and	 human	 studies,	
remain	 important	 challenges	 to	 optimal,	 broad	 implementation	 of	
rAAV-	mediated	gene	therapies.11,37,38

One potential immunogenic target is the therapeutic transgene 
product.	In	hemophilia,	antibodies,	generally	termed	inhibitors,	occur	
following	protein	replacement	and	are	a	key	concern	for	health	care	
providers who treat individuals with hemophilia. There have not 
been	 reports	 of	 the	 development	 of	 inhibitors	 in	 hemophilia	AAV	
gene	therapy	trials.	Although	to	date	a	limited	number	of	adult	sub-
jects	have	 received	 rAAV-	based	 investigational	products,	 it	 is	 also	
believed	 that	 liver-	directed	 rAAV	 administration	may	 reduce	 such	
immune response through induction of tolerance.39

A	second	and	well-	established	 immunogenic	 target	 is	 the	AAV	
capsid.	Antibodies	to	the	AAV	capsid	already	exist	in	many	people	
because	 of	 prior	 exposure	 to	 the	 common	WT	 virus.	 AAV	 capsid	
antibodies	may	preclude	transduction	and	readministration	of	AAV	
vectors.40,41	An	ongoing	phase	3	study	in	individuals	with	hemophilia	
B	included	participants	with	modest	levels	of	preexisting	neutraliz-
ing	antibodies	(NAbs)	in	whom	neither	safety	signals	nor	an	impact	
on	 transgene	 expressions	was	 observed.42	 At	 the	 very	 high	 rAAV	
doses	that	have	been	required	for	certain	disease	indications,	includ-
ing	Duchenne	muscular	 dystrophy,	 anti-	AAV	antibodies	 that	were	
preexisting	and/or	rapidly	formed	after	systemic	vector	administra-
tion	have	been	proposed	to	form	immune	complexes	with	AAV	that	
can activate complement and adverse events.9-	11,43,44 It is encour-
aging	that	serial	administration	of	AAV	vectors	to	immunologically	
protected	tissues	and	compartments	(eg,	eye	and	brain)	is	possible.45

A	third	immunogenic	risk	in	using	AAV	vectors	is	the	triggering	
of	a	cellular	immune	response	to	AAV	capsid	peptides	expressed	on	
the surface of the transduced cells. This response has often been 
observed in clinical settings and can lead to loss of transduced 
cells	 and	 therapeutic	 benefit.	 Administration	 of	 immunomodula-
tory agents such as corticosteroids ameliorates this unwanted im-
mune response but is not always effective.3 Recent evaluation of 

AAV	features	 in	constructs	used	for	hemophilia	B	studies	support	
the	 notion	 that	 pathogen-	associated	 molecular	 patterns	 can	 con-
tribute	to	the	formation	of	capsid-	specific	cytotoxic	T	lymphocytes	
(CTLs).	 Specifically,	 unmethylated	 cytosine-	guanine	 dinucleotides	
(CpG)	motifs	 that	 are	 the	 known	 ligands	 involved	 in	 activation	 of	
TLR9,	when	present	at	sufficient	density	in	an	AAV	expression	cas-
sette,	 may	 trigger	 CTLs,	 leading	 to	 the	 elimination	 of	 transduced	
hepatocytes	and	 loss	of	 transgene	expression.46 This possibility is 
supported	by	a	follow-	up	analysis	of	a	phase	1/2	study	of	an	AAV8-	
based	hemophilia	B	gene	therapy,	BAX	335.	The	study	investigators	
suggested	that	the	loss	of	expression	seen	in	seven	of	the	eight	par-
ticipants resulted from innate immune responses triggered by the 
vector	genome,	more	specifically,	by	the	presence	of	unmethylated	
CpG	motifs,47	 which	 triggered	 activation	 of	 a	 cytotoxic	 T-	cell	 re-
sponse	against	AAV-	transduced	hepatocytes.

3  |  A AV BIOLOGY AND MECHANISM OF 
AC TION

The	AAV	genome	consists	of	two	ITR	sequences	of	145	nucleotides	
flanking	open	reading	frames	that	encode	four	nonstructural	repli-
cases	(Rep78/68/52/40),	three	structural	(capsid)	proteins	(VP1/2/3),	
and additional proteins involved in capsid assembly.48,49 The ITRs 
contain cis-	acting	 sequences	 required	 for	 genome	 replication	 and	
encapsidation.50	 A	 critical	 advance	 in	 the	 AAV	 field	 was	 the	 dis-
covery	 that	 the	 AAV2	 genome	 could	 be	 cross-	packaged	 (pseudo-	
serotyped)	into	capsids	of	other	natural	AAVs51 and bioengineered 
capsid variants.52 This discovery allowed for alterations of vector 
tropism,	 immunobiology,	 kinetics	 of	 transgene	 expression,	 and	 in-
tracellular	trafficking,	all	of	which	have	dramatically	improved	clini-
cal applicability.52-	54	Additional	critical	AAV	vector	advances	include	
the	development	of	scalable	high-	titer	production	strategies55 and 
the	demonstration	of	rAAV	usefulness	in	gene	addition	and	targeted	
gene correction by homologous recombination.56

Although	 individual	 AAV	 serotypes	 can	 efficiently	 transduce	
multiple	tissues,57	the	liver	is	increasingly	recognized	as	the	primary	
natural	 target	 for	 all	 known	 AAV	 serotypes,	 as	 evidenced	 by	 the	
strong	evolutionary	relationship	between	the	AAV	life	cycle	and	the	
host liver.58	AAV2,	a	human	isolate	from	which	prototypic	AAV	vec-
tors	were	first	derived,	is	endemic	in	the	human	population,	with	se-
rologic	evidence	supporting	lifetime	infection	rates	of	35%	to	80%,	
depending on geographic location.59,60	When	AAV	virions	encounter	
target	cells	in	the	absence	of	a	helper	virus,	the	viral	genome	can	be-
come	latent.	Single-		or	double-	stranded	episomal	forms	of	the	AAV	
genome also can support latent infection; the mechanisms for this 
are	less	well	understood	but	may	be	linked	to	the	AAV	capsid.61 In 
rAAV,	the	entire	viral	coding	region,	including	rep and cap	genes,	is	
replaced	with	the	exogenous	DNA	of	 interest	or	“transgene,”	such	
as F8 or F9,	and	a	promoter	(Figure	1).3,30	This	rAAV	genome	is	sub-
sequently	 packaged	 into	 a	 human	 liver-	tropic	 capsid	 to	 preferen-
tially deliver the therapeutic cargo to the liver following systemic 
delivery.62,63
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The	 infused	 rAAV	 predominantly	 transduces	 hepatocytes	
and	 travels	 to	 the	 cell	 nucleus,	 where	 the	 payload	 is	 released.	
rAAVs	 exhibit	 different	 physical	 characteristics	 than	 their	 WT	
AAV	 precursors	 and	 no	 longer	maintain	 genetic	 instructions	 for	
site-	preferential	 integration64,65	 (Figure	 1).	 Random	 integration	
events	of	 rAAV	genomes	have	been	observed	at	a	very	 low	 fre-
quency	at	high	vector	doses	(5%-	10%	of	hepatocyte	transduction	
events).5,6,64,66	Although	such	rare	integrations	of	rAAV	do	not	ap-
pear	to	have	been	associated	with	safety	issues	in	clinical	studies,	
the	large	number	of	vector	genomes	(vgs)	delivered	during	a	typi-
cal gene therapy treatment (typically >1011	vg/kg),	relative	to	the	
number	of	all	hepatocytes	(139	× 109	cells/g	of	 liver),67 suggests 
that there could be the potential for a high number of random in-
tegration events.1

3.1  |  AAVs serotypes with different tissue tropisms

There	are	at	least	13	WT	AAV	serotypes51,68	(Table	4),	each	with	
somewhat	unique	tissue	tropisms	(prevalence	for	CNS,	liver,	lung,	
and/or	muscle),69	which	have	been	“vectorized”	for	use	as	rAAVs	
in	gene	therapy	approaches.	These	different	tropisms	are	tied,	 in	
part,	 to	 the	 presence	 of	 preferential	 receptors	 on	 the	 preferred	
cell	 type	 but	 stem	 from	 the	 tissue-	specific	 promotor	 in	 the	 vec-
tor cassette.69	Results	of	early	clinical	studies	of	rAAV	hemophilia	
gene	therapy	demonstrated	that	none	of	the	existing	natural	AAV	
serotypes had a high transduction efficiency for human liver cells. 
These	 results	prompted	efforts	 to	bioengineer	new,	highly	 func-
tional	 human	 liver-	tropic	 capsids	 that	 could	 evade	 the	 immune	
system,52,70 potentially allowing for efficacy at a lower dose with 
fewer adverse events.71 Capsid diversification strategies were 
thus	developed;	these	ranged	from	rational	design,	 in	which	spe-
cific	capsid	residues	are	modified	to	display	random	peptides	 (ie,	
ligands)	on	the	surface-	exposed	capsid	variable	regions,	to	random	
diversification	methods,	such	as	error-	prone	polymerase	chain	re-
action,	used	to	amplify	and	introduce	random	point	mutations	into	
the	AAV	cap sequences “by chance.”72	However,	a	key	milestone	
outside	of	these	AAV	bioengineered	technologies	was	the	descrip-
tion of directed evolution.

The directed evolution approach mimics natural evolutionary 
selection	 under	 controlled	 laboratory	 settings.	 Specifically,	 a	 se-
lection	 pressure,	 such	 as	 the	 ability	 to	 transduce	 primary	 human	
hepatocytes	 or	 resistance	 to	 neutralization	 by	 preexisting	 human	
NAbs,	is	applied	to	a	large	AAV	variant	library.52,73	Importantly,	this	
process	is	highly	flexible,	and	the	selection	can	be	performed	either	
in vitro73 or in vivo.52 The initial library can be generated by such 
methods as shuffling capsid genes from genetically and function-
ally	 diverse	 parental	 AAV	 serotypes	 through	 enzymatic	 fragmen-
tation,	 followed	by	 assembly	 of	 shuffled	 full-	length	 capsid	 genes.	
Novel	capsid	optimization	technologies	were	developed	to	improve	
shuffling efficiency and to enable contribution from highly diverse 
parental	AAVs.74

3.2  |  Insights from novel AAV vector studies

Studies	of	novel	bioengineered	AAV	vectors	have	led	to	interesting	
AAV	vectorology	insights	and	have	provided	a	potential	explanation	
for	the	unexpected	natural	AAV	variant	data.	For	example,	studies	of	
the FRG murine model (Fah−/−/Rag2−/−/Il2rg−/−)75 repopulated with 
primary	human	hepatocytes	suggested	that	rAAV8,	previously	con-
sidered	to	have	strong	liver	tropism,	is	a	poor	functional	transducer	
of human hepatocytes in vivo.52,76,77	A	more	recent	study	using	novel	
bioengineered	AAV	variants	as	a	genetic	tool	to	elucidate	the	inter-
action	between	AAV	and	human	primary	hepatocytes	showed	that	
strong	binding	to	heparan	sulfate	proteoglycan,	the	first	described	
AAV	 cellular	 receptor,	 is	 actually	 detrimental	 to	 AAV	 function	 in	
vivo.4,78	These	 insights	partially	explain	the	 lower-	than-	anticipated	
performance	of	AAV2	in	the	first	hemophilia	clinical	study.62

3.3  |  rAAVs in hemophilia clinical trials

rAAVs	 used	 as	 vectors	 for	 hemophilia	 gene	 therapy	 in	 clinical	 tri-
als are serotypes specific for liver tissue. The FVIII complementary 
DNA	 (cDNA),	 at	 7	 kb,	 is	 large	 and	 exceeds	 the	 capacity	 of	 AAV;	
however,	 the	 F8	 transgene	 has	 been	 reduced	 in	 size	 by	 deleting	
the B domain of the F8	gene	(≈2.6	kb),	which	is	not	required	for	co-
agulation.	The	resulting	products	are	derivatives	of	the	BDD-	FVIII	
transgene.3,79	The	1.6-	kb	coding	region	for	factor	 IX	 (FIX)	 is	much	
smaller	and	easier	to	package	in	rAAV.	Therefore,	despite	the	lower	
prevalence	of	hemophilia	B,	FIX	was	the	first	target	for	hemophilia	
gene	therapy	studied	in	clinical	trials	using	rAAV	vectors.3

4  |  R ATIONALE FOR LIVER-  DIREC TED 
A AV FOR HEMOPHILIA

FVIII	and	FIX	are	secreted	proteins	and	can	be	expressed	and	re-
leased	 into	 the	 bloodstream	 from	 various	 cell	 types,	 whereas	
the liver is the preferred target for hemophilia gene therapy due 
to its physiologic and functional properties that favor high vec-
tor	 transduction	 and	 systemic	 protein	 distribution.	 Furthermore,	
hepatocytes	naturally	produce	FIX,	which	may	provide	additional	
benefits	for	people	with	hemophilia	B.	The	liver	plays	key	roles	in	
metabolism,	accounts	for	10%	to	15%	of	overall	blood	volume,	and	
secretes	many	 proteins	 into	 the	 circulation.	 In	 addition,	 the	 liver	
is	highly	vascularized,	facilitating	AAV	transduction,	ensuring	that	
the	majority	of	the	IV-	administered	AAV	vector	reaches	its	target	
cells and the subsequent dissemination of the transgene product. 
The	liver	can	provide	a	“tolerizing”	effect	for	“nonself”	proteins	ex-
pressed	therein,39 which hypothetically may prevent activation of 
the immune response against the therapeutic protein. In small and 
large	animal	models,	liver-	directed	gene	transfer	with	AAVs	and	LVs	
shows	 that	 expression	of	 an	 antigen	 in	hepatocytes	 can	promote	
robust	 antigen-	specific	 immune	 tolerance.30,41	 Several	 studies	
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have	 documented	 induction	 of	 antigen-	specific	 T-	regulatory	 cells	
(Tregs)	and	expression	of	antigen-	specific	T-	cell	exhaustion	mark-
ers	at	inflammatory	sites	of	rAAV	delivery.80	Animal	models	of	AAV	
vector– mediated gene transfer have confirmed the crucial role of 
Tregs	in	liver-	mediated	tolerance	induction;	in	these	studies,	phar-
macologic	 blockade	 or	 depletion	 of	 Tregs	 resulted	 in	 an	 immune	
response against the transgene.30,41	However,	clinical	studies	have	
reported	 significant	 immunogenicity	 to	 rAAV	 vector	 capsid	 anti-
gens.	Although	this	immune	response	is	typically	treated	by	broad	
immunosuppression	with	steroids,	alternative	approaches	are	being	
developed,	such	as	stimulation	of	Treg	activity.30,41

The	 small	 diameter	 of	 rAAV	 vectors	 enables	 easy	 passage	
through fenestrated endothelium to reach hepatocytes.81 The diam-
eter	of	endothelial	fenestrae	in	healthy	humans	ranges	from	≈50	to	
250	nm,	with	a	mean	diameter	slightly	>100	nm,	whereas	the	diame-
ters	of	AAV	vectors	are	typically	≈25	nm.81,82	Thanks	to	these	phys-
iologic	 factors,	any	 infused	 liver-	targeted	AAV	vectors	accumulate	
rapidly	within	the	 liver,	a	property	that	 is	critical	to	the	success	of	
liver-	mediated	gene	therapy83	(Figure	2).

In	 the	 mature	 adult	 liver,	 <2%	 of	 hepatocytes	 are	 actively	
dividing;	 due	 to	 this	 low	 cell	 turnover,	 any	 therapeutic	 effect	
achieved	following	AAV	transduction	is	expected	to	be	long	last-
ing.81	However,	 this	 does	 not	 apply	 to	 the	 pediatric	 liver,	which	
undergoes three doublings in the first 10 years of life due to 
natural organ growth.84	Moreover,	 the	average	 life	 span	of	non-
quiescent hepatocytes (<1%-	2%	 of	 hepatocytes)	 is	 estimated	 to	
be 200 to 300 days.81	 Liver	 growth	 should	be	 considered	when	
contemplating	 the	 application	 of	 liver-	directed	 rAAV-	mediated	
hemophilia gene therapy in children but is less important for 
other	 tissue-	directed	 gene	 therapies	 (for	 example,	 onasemno-
gene	abeparvovec-	xioi),	which	targets	neurons.34 Data from sev-
eral	rAAV-	mediated	gene	therapy	trials	in	adults	with	hemophilia	
B	 (Table	 3)	 have	 shown	 durable	 transgene	 expression	 beyond	 4	

years. The finding that a sufficient fraction of transduced hepato-
cytes	 continues	 to	 express	 the	 transgene	may	 indicate	 that	 the	
rate of vector integration may be higher than anticipated or that 
potentially	some	other	longer-	lived	cell	type	is	functionally	trans-
duced with the therapeutic vector.

4.1  |  Clinical development of rAAV vector– 
mediated FIX gene therapy

The first hemophilia gene therapy studies were carried out with the 
F9	gene,	owing	to	its	small	size.3	An	early	gene	therapy	clinical	study	
in	which	 skeletal	muscle	 of	 participants	with	 severe	 hemophilia	B	
was	 injected	with	 rAAV-	F9 demonstrated safety up to 40 months 
after	 injection	 but	 showed	 insufficient	 expression	 levels.62,85 It 
should	be	noted,	 however,	 that	 in	one	participant	 from	 this	 study	
local	 transgene	 expression	 in	 skeletal	muscle	was	 detected	 up	 to	
3.7 years following vector administration.86

In	the	first	dose-	escalation	AAV2-	F9 clinical trial using systemic 
delivery,	those	with	severe	hemophilia	B	who	received	the	highest	
vector dose (2 × 1012	vg/kg)	initially	achieved	up	to	11%	of	normal	
FIX	expression,	which	decreased	to	<1%	within	weeks.	The	drop	in	
expression	was	accompanied	by	a	transient	elevation	in	liver	trans-
aminases.	All	participants	demonstrated	an	increase	in	AAV2	NAbs	
and	enzyme-	linked	immune	absorbent	spot	(ELISpot),	and	one	partic-
ipant	showed	interferon	gamma	(IFN-	γ)	secretion	detected	2	weeks	
after	vector	administration	but	showed	no	evidence	of	NAbs	to	FIX	
or	ELISpot	positivity	to	FIX	peptides.3,62

Systemic	 infusion	of	 rAAV8	 in	a	hemophilia	B	trial	 resulted	 in	sus-
tained,	 2%	 to	 5%	 FIX	 levels	 extending	>8 years following treatment 
(University	 College	 London/St.	 Jude	 Children’s	 Research	 Hospital;	
NCT00979238;	 Table	 3).87,88	 Even	 with	 prophylactic	 corticosteroids,	
participants	in	this	trial	demonstrated	an	immune	response	to	the	capsid,	

TA B L E  4 Examples	of	receptors	and	preferential	tissue	tropism	of	natural	AAV	vectors	(Reproduced,	with	permission,	from	Costa	
Verdera,	p	3,	Table	1)

Serotype Source Glycan Receptor Co- Receptor/Other Examples of Tissue Tropism

AAV1 Nonhuman	primate N-	linked	sialic	acid Unknown Skeletal	muscle,	lung,	CNS,	retina,	pancreas

AAV2 Human HSPG FGFR1,	HGFR,	LamR,	
CD9,	tetraspanin

Smooth	muscle,	skeletal	muscle,	CNS,	liver,	
kidney

AAV3 Nonhuman	primate HSPG FGFR1,	HGFR,	LamR Hepatocarcinoma,	skeletal	muscle,	inner	ear

AAV4 Nonhuman	primate O-	linked	sialic	acid Unknown CNS,	retina

AAV5 Human N-	linked	sialic	acid PDGFR Skeletal	muscle,	CNS,	lung,	retina,	liver

AAV6 Human N-	linked	sialic	acid,	HSPG EGFR Skeletal	muscle,	heart,	lung,	bone	marrow

AAV7 Nonhuman	primate Unknown Unknown Skeletal	muscle,	retina,	CNS

AAV8 Nonhuman	primate Unknown LamR Liver,	skeletal	muscle,	CNS,	retina,	pancreas,	
heart

AAV9 Nonhuman	primate N-	linked	galactose LamR Liver,	heart,	brain,	skeletal	muscle,	lung,	
pancreas,	kidney

AAV10 Nonhuman	primate Unknown Unknown Liver

Abbreviations:	AAV,	adeno-	associated	virus;	CNS,	central	nervous	system;	EGFR,	epidermal	growth	factor	receptor;	FGFR1,	fibroblast	growth	factor	
receptor	1;	HGFR,	hepatocyte	growth	factor;	HSPG,	heparan	sulfate	proteoglycans;	LamR,	laminin	receptor;	PDGFR,	platelet-	derived	growth	factor	
receptor.
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including	capsid-	reactive	T	cells	and	anti-	AAV8	antibodies,	but	no	 im-
mune response to the F9 transgene.87	 Comparison	 of	 higher-		 versus	
lower-	dose	 cohorts	 suggested	 the	 possibility	 of	 increased	 capsid	 im-
munogenicity with increased vector dose. This finding prompted the 
development of gene therapy employing a type of naturally occurring 
FIX	 variant,	 FIX-	Padua,	which	 has	 an	 8-	fold	 higher	 specific	 FIX	 activ-
ity	compared	with	FIX-	WT.3,89	An	 rAAV8	vector	with	 the	FIX-	R338L/

Padua	transgene	(Table	3)	provided	sustained	FIX	expression	at	20%	in	
a single participant receiving 1 × 1012	vg/kg	with	no	observed	toxicity.90 
However,	in	participants	treated	with	higher	doses,	FIX	expression	de-
creased	due	to	a	capsid	immune	response,	even	with	corticosteroid	treat-
ment.3	A	trial	using	Spark100	(Table	3),	a	modified	rAAV	variant,	at	a	fixed	
dose of 5 × 1011	vg/kg,	resulted	in	22.9%	physiologic	FIX	expression	at	
1 year following vector infusion and a lower rate of immune response.91

F I G U R E  2 Relevance	of	gene	therapy	
vector dimensions for gene transfer 
efficiency into hepatocytes. Human liver 
sinusoidal	fenestrae	show	a	Gaussian	size	
distribution	(shaded	box)	and	have	an	
average diameter of 107 nm. To ensure 
efficient transendothelial passage of gene 
transfer	vectors,	their	size	should	be	small	
enough to pass through the fenestrae 
into	the	space	of	Disse.	(Reproduced,	with	
permission,	from	Jacobs	et	al,	p	1375)
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F I G U R E  3 Factor	IX	(FIX)	activity	
across	time	(uniQure	FIX	clinical	trial	data).	
(A)	Cohort	1;	(B)	Cohort	2.	Only	values	
at	least	10	days	after	the	preceding	FIX	
concentrate	administration,	so	that	they	
are	uncontaminated	by	exogenous	FIX,	
are included. Participant 3 continued with 
prophylaxis	after	AMT-	060	treatment;	
as	a	result,	only	limited	samples	
uncontaminated	by	exogenous	FIX	were	
available.	The	dotted	line	at	FIX	activity	of	
2	IU/dL	indicates	the	threshold	required	
for	ceasing	prophylaxis	per	protocol.	FIX	
prophylaxis	was	continued	after	AMT-	
060	and	tapered	between	week	6	and	
week	12.	Participant	4	had	a	moderate	
hemophilia	B	phenotype	at	baseline	(FIX	
activity,	1.5	IU/dL).	(Reproduced,	with	
permission,	from	Miesbach	et	al,	p	1027,	
Figure	2)
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AMT-	061,	an	AAV5-	based	FIX-	Padua	gene	therapy,	is	currently	
being evaluated in a phase 3 study enrolling participants without 
prior	FIX	inhibitors	but	does	not	exclude	individuals	with	preexist-
ing	NAbs	(NCT03569891).	Recently	presented	data	from	54	partici-
pants with hemophilia B who received 2.0 × 1013	gc/kg	of	AMT-	061,	
showed	 that	 37.2%	 of	 participants	 had	 steady	 FIX	 expression	
6 months after vector administration.42	Importantly,	no	relationship	
between corticosteroid treatment for elevated transaminases and 
FIX	expression	level	or	immunity	was	observed42,92	(Figure	3).

An	rAAV	serotype	rh10	(AAVrh10)	vector	containing	a	human	F9 
gene	 that	was	 codon-	modified	 to	 increase	 expression	 efficiency	 but	
also	contained	elevated	CpG	dinucleotides	relative	to	WT,	with	expres-
sion	driven	by	both	a	liver-	specific	enhancer	and	promoter;	use	of	this	
vector	achieved	FIX	levels	of	5%	to	20%.93	Therapeutic	FIX	expression	
was	observed	across	two	dose	cohorts,	but	the	levels	declined	to	base-
line,	coincident	with	elevated	transaminase	 levels,	despite	corticoste-
roid	treatment.	The	loss	of	FIX	expression	is	thought	to	potentially	be	
related	to	AAVrh10	capsid	immune	response,	and	the	study	was	subse-
quently	terminated	(Dimension	Therapeutics;	NCT02971969;	Table	3).

FLT180a,	 an	 rAAV	 vector	 with	 a	 novel	 human	 liver-	tropic	 bio-
engineered	 capsid	 (AAVS3),	 was	 developed	 to	 express	 FIX-	Padua	
under	the	control	of	a	 liver-	specific	promoter	 (Freeline	Therapeutics;	
NCT03369444,	NCT03641703,	NCT04394286;	Table	3).	All	 partici-
pants treated with this therapy received prophylactic steroids. Those 
receiving 3.8 × 1011	vg/kg	of	R338L/Padua	(n	=	2)	achieved	steady-	
state	FIX	expression	in	the	40%	range,	the	highest	FIX	levels	obtained	
at	that	dose	without	elevation	of	liver	enzymes.	Of	the	two	participants	
who received 1.28 × 1012vg/kg,	one	showed	supraphysiologic	FIX	lev-
els	and	the	other	achieved	FIX	activity	in	the	normal	range.	One	partic-
ipant in each of the other cohorts (6.4 × 1011vg/kg	and	8.32	× 1011vg/
kg)	experienced	loss	of	FIX	expression	due	to	transaminitis.94,95

4.2  |  Clinical development of rAAV vector– 
mediated FVIII gene therapy

In	preclinical	studies,	use	of	dual	AAV	canine	FVIII	heavy-		and	light-	
chain	vectors	achieved	long-	term	success	lasting	>10 years in nine 
dogs	with	hemophilia	A.6

Based	on	these	animal	studies,	a	phase	1/2	clinical	trial	using	an	
rAAV5	serotype	at	doses	ranging	from	2	× 1012	vg/kg	to	6	× 1013 
vg/kg	was	 initiated	 to	evaluate	 the	 incidence	of	 treatment-	related	
adverse events and to determine the dose required to achieve 
FVIII	activity	≥5%	of	normal	 (BioMarin;	NCT02576795;	Table	3).96 
A	wide	range	of	FVIII	expression	was	observed	 in	 this	study,	with	
no	evidence	of	capsid-	mediated	immune	response.	Increased	factor	
expression	in	the	first	participant	was	accompanied	by	a	moderate	
increase	in	alanine	transaminase	(ALT)	levels,	prompting	preemptive	
corticosteroid	use	in	all	other	participants	to	forestall	a	drop	in	ex-
pression	levels.	To	date,	no	clear	connection	among	increased	ALT,	
anticapsid	T-	cell	 response,	steroid	use,	and	FVIII	activity	has	been	
demonstrated.3	A	4-	year	 follow-	up	analysis	showed	no	ALT	eleva-
tions or inhibitor development beyond year 1.97,98 This has led to 

several	 clinical	 trials	 with	 rAAV5,	 including	 three	 phase	 3	 studies	
(NCT03370913,	NCT03392974,	NCT04323098;	Table	3).

Results	from	a	phase	1/2	dose-	finding	trial	using	a	novel	recom-
binant	AAV	serotype,	Spark200/LK03	(SPK-	8011),	carrying	a	BDD-	
FVIII	 (Spark	 Therapeutics;	 NCT03003533;	 Table	 3)	 demonstrated	
that doses of 5 × 1011 and 1 × 1012	vg/kg	led	to	increased	expression	
levels	ranging	from	5.2%	to	19.8%	in	the	first	two	dose	cohorts.	In	
two	participants,	reactive	corticosteroids	were	administered	for	ap-
proximately	7	weeks	in	response	to	declining	FVIII	levels	without	ALT	
elevation,	likely	due	to	a	capsid-	based	immune	response,	as	well	as	
loss	of	FVII	expression.	Steady-	state	FVIII	expression	was	achieved	
by	 8	 to	 12	weeks	 in	 seven	 of	 nine	 subjects	 in	 the	 2	× 1012vg/kg	
cohort,	and	at	>2-	year	follow-	up	there	was	neither	a	change	in	FVIII	
levels	nor	elevations	in	ALT	and	no	evidence	of	immune	response	to	
capsid antigens99	(NCT03432520;	Table	3).

A	dose-	finding	 trial	 of	 another	novel	 vector,	 an	 rAAV-	hu37	 sero-
type	 with	 a	 liver-	specific	 promotor/enhancer	 combination	 optimized	
for	transgenic	expression,	has	also	demonstrated	some	success	(Bayer/
Ultragenyx;	NCT03588299;	Table	3).	Of	the	six	evaluable	subjects	who	
received	this	therapy,	five	achieved	and	maintained	clinically	meaning-
ful	 FVIII	 levels,	 and	one	 resumed	prophylaxis;	 however,	 at	 least	 four	
subjects	experienced	bleeding	after	vector	administration.100

Results	of	a	phase	1/2	FVIII	gene	therapy	study	using	an	AAV6	
vector	serotype	(SB-	525/PF-	07055480)	demonstrated	steady	FVIII	
activity	 by	week	9	 following	 vector	 administration	 in	 four	 partici-
pants.	Mean	FVIII	activity	 from	week	9	to	week	52	was	70.4%.101 
A	 phase	 3	 study	 evaluating	 this	 FVIII	 gene	 therapy	 is	 ongoing	
(NCT04370054).

The most significant limitations of these FVIII gene therapy stud-
ies	include	their	short-	term	follow-	up	and	the	reduction	in	expres-
sion seen in one study. It remains to be determined whether this is 
true for all FVIII gene therapy products.

5  |  CHALLENGES A SSOCIATED 
WITH GENE THER APY DELIVERY AND 
E XPRESSION IN THE CONTE X T OF VEC TOR 
SCIENCE

rAAV	vectors	can	preferentially	integrate	at	chromosome	breaks	at	
the	location	of	DNA	repair.	Thus,	in	order	for	gene	therapy	to	be	ap-
propriate	for	use	in	children,	the	possibility	of	insertional	mutagen-
esis in growing pediatric livers with rapidly dividing cells remains to 
be resolved.3

Currently,	people	with	preexisting	NAbs	to	rAAVs	are	generally	
excluded	from	clinical	trials.	For	this	reason,	as	part	of	the	Biologics	
License	 Application	 for	 an	 investigational	 AAV5	 gene	 therapy,	 a	
companion	 diagnostic	 that	 tests	 for	 preexisting	 anti-	rAAV5	NAbs	
was	also	submitted	for	FDA	approval.15

There is no agreement yet on which vector properties may ac-
count	 for	 the	differences	 in	 factor	expression.	Do	 the	differences	
stem	from	DNA	conformation,	from	the	presence	of	particular	nucle-
otide	sequences,	vector	capsid	 identity,	product-	related	 impurities	
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acquired	during	manufacture	(such	as	excess	noninfectious	capsids,	
DNA	contaminants,	and/or	other	proteins),	the	content	of	the	empty	
capsid	 in	 the	 final	 formulation,	or	 from	a	 combination	of	 all	 these	
factors?37,41

A	follow-	up	to	the	original	rAAV2-	FIX	study62,102 demonstrated 
the	persistence	of	high-	titer	AAV	NAbs	for	up	to	15	years	 follow-
ing	vector	administration.	NAbs	against	AAV5	and	AAV8	were	also	
detected,	 likely	 reflecting	 cross-	reactivity	 of	 AAV	 antibodies.	 The	
significance of these results to vector capsid selection and engi-
neering for lower immunogenicity and higher transduction rates is 
unknown.102

5.1  |  Approaches to reducing the effects of 
preexisting NAbs

An	 immunoadsorption	 procedure	 to	 remove	 preexisting	 AAV	NAbs	
before	 infusion	 is	being	explored	and	could	enable	gene	delivery	 to	
individuals	with	anti-	AAV	NAbs.	 In	 an	 rAAV5-	F9	 study	using	NHPs,	
the group that underwent immunoadsorption demonstrated lower 
levels	of	circulating	NAbs	(mean	NAb	titer	decreased	by	>1 log after 
three	consecutive	cycles,	with	an	average	2.3-	fold	reduction	per	cycle)	
and	higher	factor	expression	than	a	control	group.	Proof	of	concept	in	
humans was demonstrated in four subjects with autoimmune diseases 
who	underwent	testing	for	reductions	 in	various	serotypes	of	AAVs	
(the	procedure	resulted	in	an	average	1.8-	fold	reduction	in	immuno-
globulin	G	(IgG)	levels	per	cycle	across	all	four	subjects).103

Another	 strategy	 being	 explored	 is	 the	 use	 of	 an	 endopepti-
dase	that	degrades	circulating	IgG	to	eliminate	circulating	anti-	rAAV	
NAbs	before	rAAV	gene	therapy.	 Imlifidase,	an	 immunoglobulin	G–	
degrading	enzyme	of	Streptococcus pyogenes	(IdeS),	is	currently	being	
evaluated	in	subjects	who	have	received	a	solid-	organ	transplant.	In	a	
mouse	model	of	rAAV8-	mediated	F9	gene	therapy,	imlifidase	admin-
istration	decreased	anti-	AAV	antibodies	and	enabled	efficient	liver	F9 
transgene	expression.	The	results	were	confirmed	in	NHPs,	a	natural	
host	for	WT	AAV8.	Imlifidase	is	derived	from	Streptococcus pyogenes,	
and natural humoral immunity against Streptococcus pyogenes may 
represent	an	obstacle	 for	human	use.	However,	preliminary	 results	
suggest	 that	even	 in	 the	presence	of	anti-	imlifidase	antibodies	 this	
enzyme	can	be	effective.104	Human	proof-	of-	concept	data	have	not	
been	published	and	are	needed	for	a	better	understanding.	Another	
study	in	animal	models	analyzed	IdeZ,	a	homolog	of	IdeS,	which	effi-
ciently	cleaves	IgG	in	a	similar	manner	to	IdeS105 and may increase the 
number	of	potential	eligible	individuals	for	clinical	trials.	An	important	
caveat to these studies is the inclusion of models with only modest 
titers	of	NAbs.	Additional	analysis	is	needed	in	samples	with	high	an-
tibody	 titers,	which	are	more	 reflective	of	potential	 participants	 in	
gene therapy redosing studies.

Although	no	hemophilia	gene	therapy	has	delivered	predictable	
and	durable	physiologic	levels	of	factor	expression	to	date,	there	is	
broad	agreement	that	factor	expression	can	be	 increased	to	elimi-
nate spontaneous bleeding.106 Improvements in vector design and 
delivery	are	needed	to	ensure	consistently	high,	durable	expression	

that	 can	 achieve	 long-	term	 therapeutic	 success.2	Ongoing	work	 is	
aimed	at	developing	new	vector	types	with	properties	that	optimize	
transduction	and	minimize	immunogenicity	via	capsid	bioengineer-
ing	and	isolation	of	natural	liver-	tropic	variants.4,52,70,78

Insertional	mutagenesis	 and	 risk	of	 tumor	development,	while	
rare	 and	 more	 often	 associated	 with	 retroviral	 than	 with	 rAAV	
therapy,	remain	a	potential	risk	of	rAAV	vectors.	Even	at	low	rates,	
random	 integration	 of	 vector	 genomes	 into	 the	 host	 DNA	 may	
lead to deleterious mutations that may alter cell functionality and 
homeostasis.6,65

In	 a	 long-	term	 study	 of	 rAAV-	FVIII	 gene	 therapy	 in	 dogs	with	
10	 years	 of	 data,	 AAV	 gene	 integration	 and	 clonal	 expansion	 oc-
curred;	however,	no	instances	of	malignancy	have	been	reported	to	
date.6,65	Similar	data	were	obtained	in	hemophilia	B	dog	models	with	
more	than	8	years	of	data	of	an	rAAV2-	FIX	gene	therapy.107	So	far,	
no	evidence	of	genotoxicity	has	emerged	from	long-	term	follow-	up	
of human clinical trials.37

A	recent	report	of	the	development	of	hepatocellular	carcinoma	
(HCC)	in	a	person	with	hemophilia	B	1	year	after	receiving	etrana-
cogene	dezaparvovec	(AMT-	061)	concluded	that	the	HCC	was	not	
likely	related	to	the	study	treatment.108

5.2  |  Limited patient eligibility for gene therapy

There is the potential that strict eligibility criteria for most clinical 
trials	may	lead	to	restricted	indications	for	gene	therapy,	such	as	
in	 healthy	 adult	males.	 Primary	 exclusion	 criteria	 in	most	 stud-
ies	 have	 generally	 included	 preexisting	 AAV	 Nabs,	 pediatric	 or	
elderly	 individuals,	 history	 of	 HIV	 or	 hepatitis	 B	 or	 hepatitis	 C	
virus	 infection,	 cardiovascular	 disease,	 tuberculosis	 or	 fungal	
infection,	 inflammatory	 diseases	 or	 use	 of	 immunomodulatory	
agents,	malignancy,	history	of	factor	inhibitors,	and	other	bleed-
ing disorders.3

6  |  SUMMARY

Gene therapy represents a potential functional cure for people with 
hemophilia	and	is	being	developed	to	provide	safe,	durable,	and	ef-
fective	factor	expression.	In	vivo	investigational	rAAV	gene	therapy	
has been demonstrated to ameliorate the bleeding phenotype in 
adults,	but	long-	term	safety	and	effectiveness	remain	to	be	estab-
lished.	 Current	 research	 seeks	 to	 improve	 vector	 and	 other	 gene	
therapy attributes to achieve treatment success with simpler and 
more	 cost-	effective	protocols	 and	 to	expand	access	 to	 individuals	
who	are	not	currently	candidates	due	to	comorbidities,	medical	his-
tory,	age,	or	other	factors.
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