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Summary. After many reports of successful gene
therapy studies in small and large animal models of
haemophilia, we have, at last, seen the first signs of
success in human patients. These very encouraging
results have been achieved with the use of adenoassociated viral (AAV) vectors in patients with severe
haemophilia B. Following on from these initial
promising studies, there are now three ongoing trials
of AAV-mediated gene transfer in haemophilia B all
aiming to express the factor IX gene from the liver.
Nevertheless, as discussed in the first section of this
article, there are still a number of significant hurdles
to overcome if haemophilia B gene therapy is to
become more widely available. The second section of
this article deals with the challenges relating to factor
VIII gene transfer. While the recent results in
haemophilia B are extremely encouraging, there is, as
yet, no similar data for factor VIII gene therapy. It is
widely accepted that this therapeutic target will be

significantly more problematic for a variety of reasons
including accommodating the larger factor VIII
cDNA, achieving adequate levels of transgene
expression and preventing the far more frequent
complication of antifactor VIII immunity. In the final
section of the article, the alternative approach of
lentiviral vector-mediated gene transfer is discussed.
While AAV-mediated approaches to transgene delivery
have led the way in clinical haemophilia gene therapy,
there are still a number of potential advantages of
using an alternative delivery vehicle including the fact
that ex vivo host cell transduction will avoid the
likelihood of immune responses to the vector. Overall,
these are exciting times for haemophilia gene therapy
with the likelihood of further clinical successes in the
near future.

Introduction

ever, similar successes had not been documented in
human disease until very recently.
In this State-of-the-Art review several key aspects of
current haemophilia gene therapy science will be
addressed. First, with the recent demonstration of
gene therapy success in a very small number of haemophilia patients what are the challenges to the wider
application of this therapy? Second, what distinct
challenges are posed by FVIII gene transfer? And
finally, what are the opportunities provided by an
alternative gene transfer approach involving lentiviral
vectors?

The clotting factor genes were among the earliest to
be cloned in the early 1980s and as recessive traits,
the haemophilias rapidly became targets for the application of somatic cell gene therapy. Over the past
three decades, many strategies have been used to
achieve persistent expression of therapeutically relevant levels of factor VIII (FVIII) and factor IX (FIX)
in animal models of haemophilia. Indeed, there have
been many successes of various gene transfer strategies
with the long-term ‘cure’ of haemophilia A and B in
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Challenges to the widespread application of
haemophilia B gene transfer
With the report in late 2011 of successful long-term
expression of Factor IX in six men with severe haemophilia B using intravenous administration of an AAV
vector expressing the gene [1], the goal of gene
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therapy for haemophilia B would seem to have been
reached. The following year, at the annual meeting of
the American Society of Hematology, the same group
reported successful treatment of four additional subjects at the highest dose. Yet the total number of people who have received this promising experimental
therapy remains very low. What are the reasons for
this low access rate to a seemingly successful new
therapy?

Reasons related to scientific challenges in drug
development
Prevalence of neutralizing antibodies to AAV in the
adult population. From a scientific standpoint, even if
men with severe haemophilia B were waiting for gene
therapy in a line that stretched around the block,
roughly 40% of individuals would still be excluded
based on the presence of pre-existing neutralizing antibodies to AAV. Prior exposure to the wild-type virus
from which the vector is engineered is ubiquitous in
the population, and many individuals carry antibodies
to the vector capsid. Population screening of individuals from four continents reveals that the worldwide
prevalence of these antibodies is similar, and that, at
least among most of the naturally occurring serotypes,
the prevalence of antibodies is similar [2]. Careful
studies in non-human primates, who, similar to the
human population, carry pre-existing antibodies
formed in response to infection with the wild-type
virus, suggest that even modest titres completely inhibit transduction when vector is delivered through the
circulation [3]. The field has proposed a number of
strategies that could be used to circumvent this obstacle [4] (Table 1). At least one of these is currently
undergoing clinical investigation [5], but proof-of-concept has not been established for any of these in subjects with severe haemophilia B.
Manufacturing considerations. Progress in manufacture of clinical grade AAV vectors since the first
human studies were conducted in the 1990s has been
Table 1. Possible strategies to overcome humoral immunity to AAV in
systemic gene transfer.
Select subjects with low-to-undetectable anti-AAV NAb [6–8]
Administer higher vector doses [1,3,9–11]
Use empty capsids to adsorb anti-AAV antibodies thus allowing for
vector transduction [11,12]
Administer immune suppression to prevent or eradicate humoral immune
responses to AAV [13–17]
Switch AAV serotype [2] or engineer AAV capsids that are less
susceptible to Nab [18–21]
Use repeated plasma exchange cycles to adsorb immunoglobulins and
therefore reduce the anti-AAV antibody titre [22]
Use delivery techniques such as balloon catheters followed by saline
flushing to isolate the target tissue from the systemic circulation to avoid
vector dilution in blood and exposure to Nab [23]
Nab, neutralizing antibodies.
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dramatic, and most would now agree that methodology for generation, purification and characterization
of recombinant AAV under current Good Manufacturing Practice (cGMP) conditions is well in hand.
The products used in the clinical trials to date thus
have met regulatory standards for safety, quality and
consistency. However, most production methods currently in use lead to lot sizes in the range of 1–
5 9 1015 vg. Since a therapeutic dose for a 70 kg
man based on current studies is ~ 2 9 1012 vg kg 1,
each lot is adequate to infuse 7–35 subjects, depending on yields. Thus, considerable attention is now
focused on larger scale production processes. A commonly used manufacturing process involves transfection of a mammalian cell line, typically HEK 293
cells, with three plasmids, one encoding the AAV
structural (cap) and replication (rep) genes, another
the required adenoviral helper genes and a third the
therapeutic gene of interest cloned between the two
viral ITRs, with subsequent harvest of the recombinant virions and purification of these away from the
other components of the manufacturing process, i.e.
plasmid and cellular DNA and proteins. Using such a
system, we produce approximately 1 9 105–
5 9 105 vg transfected cell 1, with 1010 cells grown
per week [24]. This process can be further scaled by
moving from adherent cells to suspension culture for
transfection; even allowing for some fall-off in vector
productivity per cell on scale up, one can reach vector
yields of 5 9 1012 to 1 9 1014 purified vg per litre of
batch culture. An alternative production process relies
on introduction of the required DNA components
(same as above) into an insect cell line using expression vectors that are generated from baculovirus, a
double-stranded DNA virus that naturally infects butterflies and moths. The baculovirus expression system
has been reported to result in yields in the range of
7 9 1013 purified vg per litre of batch culture [25].
The products administered to subjects in the haemophilia trials to date have all been manufactured using
the transient transfection mammalian cell culture systems. The sole licensed AAV product, Glybera for the
treatment of lipoprotein lipase deficiency, was generated using a baculovirus system, and was administered by intramuscular injection. The concerns around
the mammalian expression system include risks associated with residual plasmid or mammalian DNA impurities, and around the baculovirus system, the risks
associated with residual xenogeneic (insect cell or baculoviral) DNA. The baculoviral production method
has also been characterized by the generation of
defective particles, which, if present, would increase
the total capsid dose that must be delivered to achieve
a set level of expression.
The human factor. At this point, there are three trials
open and recruiting subjects for gene therapy for
© 2014 John Wiley & Sons Ltd
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haemophilia B [26–28]. Moreover, two other groups
have declared their intention of starting trials in haemophilia B [29,30]. Thus, opportunities to participate
in trials would seem to be plentiful. Yet the pace of
accrual to the ongoing studies seems slow. There are
several reasons for this. First, most trials have mandatory pauses between subjects, to allow time to observe
any adverse events before enrolment of the next set of
subjects. Second, many interested participants at this
point are still turned away, because they fail to meet
the eligibility criteria of low or absent neutralizing
antibodies to AAV (vide supra).
Manufacturing considerations are theoretically a
limitation, although not until participation becomes
more robust than currently. An additional factor,
clearly though, is patient uncertainty about gene therapy. Gene therapy has had a chequered history, and
in the view of the lay public may still be regarded as
highly experimental. The reality to those engaged in
the work is that, for AAV-mediated therapy, the
short-term risks are well-delineated, consisting largely
of an immune response that seems controllable by steroids, and a risk of lack of efficacy, if this can be considered a risk. However, it is also the case that direct
clinical data addressing long-term risks of AAV-mediated gene transfer to liver is limited, since the total
number of patient-years of follow-up is limited, and
that the haemophilia community, based on the history
of complications related to plasma-derived concentrates, is justified in expressing concern over perhaps
unknown or poorly delineated long-term risks. The
reality is that long-term follow-up of individuals with
severe haemophilia B who were infused in the original
trials from 2001 to 2004 has been reassuring [31], as
has been long-term follow-up of >70 haemophilic
dogs (Tim Nichols and Katherine High, unpublished
data), and of normal non-human primates (Andrew
Davidoff and Amit Nathwani, unpublished data)
infused by the same route of administration. One
important goal of all drug development is to provide
patients with individual choices about how they manage their illness. The goal of the drug development
process is to be able to label a product accurately in
terms of risks that may be encountered. Until more
long-term follow-up studies are completed in individuals who have received AAV-mediated gene therapy to
liver, the level of certainty regarding long-term side
effects will be lower than that with well-established
recombinant protein products with longer treatment
histories.

Gene therapy for haemophilia A using recombinant
adeno-associated virus vectors:
Gene therapy for haemophilia A (HA), the most common severe inherited bleeding disorder, offers the
potential of a cure through continuous endogenous
© 2014 John Wiley & Sons Ltd
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expression of FVIII following a single therapeutic
manoeuvre without significant toxicity. Haemophilia
A is, in fact, well suited for a gene replacement
approach because the disease phenotype is entirely
attributable to the lack of a single gene product
(FVIII) that normally circulates in minute amounts in
the plasma (200 ng mL 1). Importantly, a modest
increase in the plasma FVIII levels to ≥1% of normal
levels substantially ameliorates the bleeding diathesis
and improves quality of life. Tightly regulated control
of the FVIII gene expression is not required as a wide
range of FVIII levels are likely to be efficacious and
non-toxic. Liver-mediated FVIII expression may offer
the additional advantage of induction of peripheral
tolerance, thereby reducing the risk of inhibitor formation, which remains a major concern with protein
replacement therapy. Finally, determination of the
therapeutic end point can be readily assessed in most
coagulation laboratories.
Several gene transfer strategies for FVIII replacement have already been evaluated in the clinic [32].
These include ex vivo electroporation of a FVIII
expression cassette into fibroblasts, as well as intravenous delivery of a retroviral vector, or a helper-dependent adenoviral vector, for FVIII gene delivery.
However, these trials failed to achieve persistent phenotypic correction in patients with severe HA [33,34].
Alternative strategies currently under investigation
include the use of lentiviral vectors to transduce haematopoietic stem cells (HSC) or the liver [35]. Therapeutic FVIII expression has been achieved in HA
knockout mice after transplantation of ex vivo lentiviral vector gene transfer of HSC with a hybrid human–
porcine FVIII transgene [36]. In another elegant study,
platelet-specific expression of human FVIII following
ex vivo transduction of HSC with lentiviral vectors
encoding FVIII under the control of a platelet-specific
promoter resulted in effective haemostasis, even in
animals with inhibitors, because of the ability of platelets to release the transgenic FVIII stored in platelet
alpha granules locally at the site of injury [37–39].
We have focused our efforts on adeno-associated
viral (AAV) vectors as they have an excellent safety
profile and can mediate long-term transgene expression from postmitotic tissues such as the liver [40–42].
Indeed, our ongoing gene therapy clinical trial for haemophilia B, a related bleeding disorder, has demonstrated that a single peripheral vein administration of
AAV vector leads to stable (>36 months) expression
of human factor IX (FIX) at levels between 1 and 6%
of normal [1]. This is sufficient for conversion of the
haemophilia phenotype from severe to moderate or
mild. More than two-thirds of the participants who
were on prophylaxis prior to gene transfer have discontinued prophylaxis and remain free of spontaneous
haemorrhage. The other participants have increased
the interval between FIX prophylaxes.
Haemophilia (2014), 20 (Suppl. 4), 43--49
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The use of AAV vectors for HA gene therapy, however, poses new challenges due to the distinct molecular and biochemical properties of FVIII. Compared to
other proteins of similar size, expression of FVIII is
highly inefficient [43]. Bioengineering of the FVIII
molecule has resulted in improvement of FVIII
expression. For instance, deletion of the FVIII B
domain, which is not required for cofactor activity,
resulted in a 17-fold increase in mRNA levels over
full-length wild-type FVIII and a 30% increase in
secreted protein [44,45]. This has led to the development of B-domain deleted (BDD) FVIII protein concentrate, which is now widely used clinically
(Refacto; Pfizer). Pipe and colleagues have shown that
the inclusion of the proximal 226 amino acid portion
of the B domain (FVIII-N6) that is rich in asparagine-linked oligosaccharides significantly increases
expression over that achieved with BDD-FVIII [46].
This may be due to improved secretion of FVIII facilitated by the interaction of six N-linked glycosylation
triplets within this region with the mannose-binding
lectin, LMAN1, or a reduced tendency to evoke an
unfolded protein response [47]. These six N-linked
glycosylation consensus sequences (Asn-X-Thr/Ser)
are highly conserved in B domains from different species suggesting that they play an important biological
role [48].
Another obstacle to AAV-mediated gene transfer for
HA gene therapy is the size of the FVIII coding
sequence, which at 7.0 kb far exceeds the normal
packaging capacity of AAV vectors. Packaging of large
expression cassettes into AAV vectors has been
reported but this is a highly inconsistent process resulting in low yields of vector particles with reduced infectivity [49,50]. AAV vectors encoding the BDD-FVIII
variant that is around 4.4 kb in size show promising
results using canine FVIII but further evaluation of this
approach using human BDD-FVIII is required. Other
approaches include the co-administration of two AAV
vectors separately encoding the FVIII heavy- and light
chains whose intracellular association in vivo leads to
the formation of a functional molecule. The alternative
two AAV vector approach exploits the tendency of
these vectors to form head to tail concatamers. Therefore, by splitting the expression cassette such that one
AAV vector contains a promoter and part of the coding sequence, as well as a splice donor site, whereas
the other AAV vector contains the splice acceptor site
and the remaining coding sequence. Following in vivo
head to tail concatemerization a functional transcript
is created that is capable of expressing full-length FVIII
protein [51–53].
We have developed an AAV-based gene transfer
approach that addresses both the size constraints and
inefficient FVIII expression. Expression of human
FVIII was improved 10-fold by re-organization of the
wild-type cDNA of human FVIII according to the
Haemophilia (2014), 20 (Suppl. 4), 43--49

codon usage of highly expressed human genes [54–
56]. Expression from B-domain-deleted codon optimized FVIII molecule was further enhanced by the
inclusion of a 17 amino-acid peptide that contains the
six N-linked glycosylation signals from the B domain
required for efficient cellular processing. These
changes have resulted in a novel 5.2 kb AAV expression cassette (AAV-HLP-codop-hFVIII-V3), which is
efficiently packaged into recombinant AAV vectors
and capable of mediating supraphysiological level of
FVIII expression in animal models over the same dose
range of AAV8 that proved to be efficacious in subjects with haemophilia B.

Summary
Our novel AAV-HLP-codop-hFVIII-V3 cassette substantially improves the prospects of safe and effective
gene transfer for haemophilia A. We are currently in
the process of developing clinical grade AAV-HLP-codop-hFVIII-V3 for use in human subjects in the context of a clinical trial, which we hope will open in
early 2015. The design of this clinical trial will be discussed in greater detail during the meeting.

Progress in the use of recombinant retroviral
vectors for the treatment of haemophilia A
Recombinant retroviruses used in clinical gene therapy
applications have been extensively engineered for efficient transfer of nucleic acid sequences into human
cells. The most significant modification is the creation
of replication incompetent viruses. This means that
whereas wild-type retroviruses produce viral particles
after infection, replication incompetent retroviruses
are devoid of sequences needed to replicate. Therefore,
clinically used recombinant retroviruses have an engineered safety modification that only allows the transfer of therapeutic nucleic acid sequences into target
cells, and the infected cell cannot generate additional
viral particles. Nucleic acid sequences delivered by
recombinant retroviruses are integrated into the genome of the targeted cell and can be transcribed for the
life of that cell, as well as all of the progeny of the
transduced cell.
Many retroviral vector-based strategies have been
tested in preclinical models of haemophilia A, in both
commercial and academic settings. There are several
reasons for this interest. First, under optimal conditions gene transfer using recombinant retroviruses
can be extremely efficient. Second, spontaneous
bleeding can be alleviated by relatively low increases
in FVIII levels, where as little as 2% normal levels
can be beneficial. Third, although FVIII expression is
generally considered to be liver specific, many studies
have shown that different cell types are capable
of synthesizing functional FVIII protein. Therefore,
© 2014 John Wiley & Sons Ltd
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virtually any cell type with access to the bloodstream
can be targeted for gene transfer. With respect to retroviral gene transfer, the haematopoietic stem cell
(HSC) is efficiently modified and transplanted, and
has, therefore, been a reasonable target for haemophilia A gene therapy. Fourth, compared to repeated
lifelong FVIII administration, retroviral-based gene
therapy can be more economical because the number
of treatment events should be limited, potentially to
a single treatment. Fifth, because of the limited number of treatment events, gene therapy can be less
invasive compared to protein replacement therapy
that requires multiple weekly injections. The use of
recombinant retroviral vectors is unique compared to
other gene transfer technologies in that the transferred genetic material is integrated into the genome
of the target cell, which can provide lifelong benefits.
However, this benefit may be diminished by the
potential adverse consequences of retroviral gene
transfer.
The benefits and risks of gene transfer for haemophilia A compared to conventional intravenous replacement therapy have been discussed extensively [57–63].
It has been well documented that the principal concern
with integrating viral-based gene therapy is the risk of
insertional mutagenesis, which is the disregulation of
endogenous gene functions as a result of the integrated
nucleic acid sequence. The concern is based on initial
retrovirus gene therapy studies where a T-cell leukaemia-like illness was found to be a serious adverse event
observed in children enrolled in trials designed to treat
the X-linked form of severe combined immune deficiency disease (SCID-X1) (reviewed in [64]). It was
subsequently shown that c-retroviruses, which were
used in the initial trials, integrate preferentially near
the promoters of active genes where the transcriptional
enhancer of the transgene promoter has a higher probability of causing unregulated expression of proto-oncogenes. Therefore, we now know that under certain
situations recombinant viruses can be oncogenic if they
insert into the genome in the proximity of a gene that
regulates cellular growth. As a consequence of this serious issue, clinical studies are now using gene-transfer
systems based on lentiviral vectors. Lentiviral vectors,
such as those derived from HIV-1, have multiple
advantages compared to c-retroviruses. Recent evidence shows that the use of advanced generation, selfinactivating recombinant lentiviral vectors for HSC
gene transfer is safer than c-retroviruses. It now is well
documented that lentiviral vectors, unlike c-retroviruses, do not integrate with high frequency near the promoters of proto-oncogenes and genes that control cell
proliferation, and recent studies showed that they have
a much lower oncogenic potential than other retroviruses. In addition, lentiviral vectors transduce HSCs as
efficiently or, under some conditions, more efficiently
than c-retrovirus vectors.
© 2014 John Wiley & Sons Ltd
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The use of haematopoietic stem cells (HSCs) as the
target cell population for lentiviral-mediated gene
therapy applications is the most advanced application
of this technology, and the use of lentiviral vectors
for the treatment of haemophilia A has benefited
from clinical trials that targeted HSCs for other
genetic diseases. Because lentiviral-based gene transfer
results in the genetic modification of the transduced
cell’s genome, the transduction process permanently
modifies the DNA of the targeted cell. Bone marrow
transplant studies in children have shown that transplanted HSCs survive for the lifetime of the recipient
and that genetically engineered HSCs can both self
replicate and/or differentiate into all cells of the haematopoietic system. In theory, transduction and
transplantation of a single genetically modified HSC
can result in the complete repopulation of the haematopoietic compartment, whereby all cells would be
genetically modified. In the clinical setting, many diseases have already been treated using lentiviral-modified
HSCs,
including
adrenoleukodystrophy,
metachromatic leukodystrophy, Wiskott-Aldrich syndrome, chronic granulomatous disease, SCID-X1,
HIV and thalassemia [65–71].
Based on encouraging clinical results using lentiviral vectors, preclinical studies using genetically engineered HSCs to treat haemophilia A are advancing
towards clinical trials. Platelet-specific promoters
have been used to treat both murine and canine
models of haemophilia A. It is thought that this technology can be most useful in the setting of patients
with pre-existing FVIII inhibitors. Lentiviral designs
using promoters with more ubiquitous expression
patterns have advanced to the stage of US FDA
review. Although initial studies using recombinant
retrovirus-modified HSCs showed limited FVIII
expression in transplanted haemophilia A mice,
recent studies using genetically modified FVIII
sequences for enhanced FVIII expression combined
with safety-enhanced recombinant lentiviruses have
shown long-term therapeutic FVIII expression. A clinical trial using a self-inactivating lentiviral vector has
been favourably reviewed by the US Recombinant
DNA Advisory Committee as well as the US FDA in
a preIND meeting, and funding for the clinical trial
has been obtained through the US National Institutes
of Health. It is, therefore, anticipated that a lentiviral
gene therapy trial for haemophilia A is nearing clinical approval.

Disclosures
KH holds equity in and acts as a scientific advisor to, Spark Therapeutics.
AN holds equity relating to several of his gene transfer products and has
licensed some of these products to BioMarin. TS is the co-founder and
holds equity in Expression Therapeutics. DL declares no conflicts of relevance to this text.

Haemophilia (2014), 20 (Suppl. 4), 43--49

48

K. H. HIGH et al.

References
1 Nathwani AC, Tuddenham EG, Rangarajan S et al. Adenovirus-associated virus vector-mediated gene transfer in hemophilia B.
N Engl J Med 2011; 365: 2357–65.
2 Calcedo R, Vandenberghe LH, Gao G,
Lin J, Wilson JM. Worldwide epidemiology of neutralizing antibodies to adenoassociated viruses. J Infect Dis 2009; 199:
381–90.
3 Jiang H, Couto LB, Patarroyo-White S
et al. Effects of transient immunosuppression on adenoassociated, virus-mediated,
liver-directed gene transfer in rhesus macaques and implications for human gene therapy. Blood 2006; 108: 3321–8.
4 Mingozzi F, High KA. Immune responses to
AAV vectors: overcoming barriers to successful gene therapy. Blood 2013; 122: 23–
36.
5 Mingozzi F, Anguela XM, Pavani G et al.
Overcoming preexisting humoral immunity
to AAV using capsid decoys. Sci Transl
Med 2013;5:194ra192.
6 Calcedo R, Morizono H, Wang L et al.
Adeno-associated virus antibody profiles in
newborns, children, and adolescents. Clin
Vaccine Immunol 2011; 18: 1586–8.
7 Gao GP, Alvira MR, Wang L, Calcedo R,
Johnston J, Wilson JM. Novel adeno-associated viruses from rhesus monkeys as vectors for human gene therapy. Proc Natl
Acad Sci USA 2002; 99: 11854–9.
8 Li C, Narkbunnam N, Samulski RJ et al.
Neutralizing antibodies against adeno-associated virus examined prospectively in pediatric patients with hemophilia. Gene Ther
2012; 19: 288–94.
9 Manno CS, Pierce GF, Arruda VR et al.
Successful transduction of liver in hemophilia by AAV-Factor IX and limitations
imposed by the host immune response. Nat
Med 2006; 12: 342–7.
10 Mingozzi F, Hasbrouck NC, Basner-Tschakarjan E et al. Modulation of tolerance to
the transgene product in a nonhuman primate model of AAV-mediated gene transfer
to liver. Blood 2007; 110: 2334–41.
11 Pien GC, Basner-Tschakarjan E, Hui DJ
et al. Capsid antigen presentation flags
human hepatocytes for destruction after
transduction by adeno-associated viral vectors. J Clin Invest 2009; 119: 1688–95.
12 Mingozzi F, Anguela XM, Pavani G et al.
A novel strategy to circumvent pre-existing
humoral immunity to AAV. Proceedings of
the American Society of Hematology, 54th
Annual Meeting. Atlanta, GA, 2012:
Abstract #2050.
13 Finn JD, Hui D, Downey HD et al. Proteasome inhibitors decrease AAV2 capsid
derived peptide epitope presentation on
MHC class I following transduction. Mol
Ther 2010; 18: 135–42.
14 Miao CH. Advances in overcoming
immune responses following hemophilia
gene therapy. J Genet Synd Gene Ther
2011; S1: pii:007.
15 Mingozzi F, Chen Y, Edmonson SC et al.
Prevalence and pharmacological modulation of humoral immunity to AAV vectors

Haemophilia (2014), 20 (Suppl. 4), 43--49

16

17

18

19

20

21

22

23

24

25

26

27

28

in gene transfer to synovial tissue. Gene
Ther 2013; 20: 417–24.
Mingozzi F, Maus MV, Hui DJ et al. CD8
(+) T-cell responses to adeno-associated
virus capsid in humans. Nat Med 2007; 13:
419–22.
Townsend MJ, Monroe JG, Chan AC. Bcell targeted therapies in human autoimmune diseases: an updated perspective.
Immunol Rev 2010; 237: 264–83.
Asuri P, Bartel MA, Vazin T, Jang JH,
Wong TB, Schaffer DV. Directed evolution
of adeno-associated virus for enhanced gene
delivery and gene targeting in human pluripotent stem cells. Mol Ther 2012; 20:
329–38.
Bartel MA, Weinstein JR, Schaffer DV.
Directed evolution of novel adeno-associated viruses for therapeutic gene delivery.
Gene Ther 2012; 19: 694–700.
Boutin S, Monteilhet V, Veron P et al.
Prevalence of serum IgG and neutralizing
factors against adeno-associated virus
(AAV) types 1, 2, 5, 6, 8, and 9 in the
healthy population: implications for gene
therapy using AAV vectors. Hum Gene
Ther 2010; 21: 704–12.
Stone D, Koerber JT, Mingozzi F, Podsakoff GM, High KA, Schaffer DV. Associated
virus variants that evade human neutralizing antibodies. Mol Ther 2010; 18(Suppl
1): S3.
Monteilhet V, Saheb S, Boutin S et al. A 10
patient case report on the impact of plasmapheresis upon neutralizing factors against
adeno-associated virus (AAV) types 1, 2, 6,
and 8. Mol Ther 2011; 19: 2084–91.
Mimuro J, Mizukami H, Hishikawa S et al.
Minimizing the inhibitory effect of neutralizing antibody for efficient gene expression
in the liver with adeno-associated virus 8
vectors. Mol Ther 2013; 21: 318–23.
Wright JF. Transient transfection methods
for clinical adeno-associated viral vector
production. Hum Gene Ther 2009; 20:
698–706.
Cecchini S, Virag T, Kotin RM. Reproducible high yields of recombinant adeno-associated virus produced using invertebrate
cells in 0.02- to 200-liter cultures. Hum
Gene Ther 2011; 22: 1021–30.
Dose-Escalation Study of a Self Complementary Adeno-Associated Viral Vector of
Gene Transfer in Hemophilia B. Clin
Trialsgov Identifier: NCT00979238. Available at http://clinicaltrials.gov/ct2/show/
NCT00979238?term=hemophilia+B&rank=
17. Accessed March 11, 2014.
Hemophilia B Gene Therapy – CCMT At
CHOP. Clinical Trialsgov Identifier:
NCT01620801. Available at http://clinicaltrials.gov/ct2/show/NCT01620801?term=
hemophilia+B&rank=11. Accessed March
11, 2014.
Open-Label Single Ascending Dose of
Adeno-associated Virus Serotype 8 Factor
IX Gene Therapy in Adults with Hemophilia B. Clinical Trialsgov Identifier:
NCT01687608. Available at http://clinicaltrials.gov/ct2/show/NCT01687608?term=
hemophilia+B&rank=12. Accessed March
11, 2014.

29 Dimension Therapeutics. Available at
http://dimensiontx.com/therapeuticprograms.
php. Accessed March 11, 2014.
30 UniQure Hemophilia B Gene Therapy Program. Available at http://www.uniqure.com/
pipeline/clinical-programs/hemophilia-b.html.
Accessed March 11, 2014.
31 Wellman JA, Mingozzi F, Ozelo M et al.
Results from long-term follow-up of severe
hemophilia B subjects previously enrolled
in a clinical study of AAV2-FIX gene transfer to the liver. Mol Ther 2012; 20(Suppl
1): S28.
32 Nathwani AC, Davidoff AM, Tuddenham
EG. Prospects for gene therapy of haemophilia. Haemophilia 2004; 10: 309–18.
33 Roth DA, Tawa NE Jr, O’Brien JM, Treco
DA, Selden RF. Nonviral transfer of the
gene encoding coagulation factor VIII in
patients with severe hemophilia A. N Engl
J Med 2001; 344: 1735–42.
34 Powell JS, Ragni MV, White GC 2nd et al.
Phase 1 trial of FVIII gene transfer for
severe hemophilia A using a retroviral construct administered by peripheral intravenous infusion. Blood 2003; 102: 2038–45.
35 Matsui H, Hegadorn C, Ozelo M et al. A
microRNA-regulated and GP64-pseudotyped lentiviral vector mediates stable
expression of FVIII in a murine model of
Hemophilia A. Mol Ther 2011; 19: 723–
30.
36 Johnston JM, Johnston JM, Denning G,
Doering CB, Spencer HT. Generation of an
optimized lentiviral vector encoding a highexpression factor VIII transgene for gene
therapy of hemophilia A. Gene Ther 2013;
20: 607–15.
37 Shi Q. Fahs SA, Wilcox DA, Syngeneic
transplantation of hematopoietic stem cells
that are genetically modified to express factor VIII in platelets restores hemostasis to
hemophilia A mice with preexisting FVIII
immunity. Blood 2008; 112: 2713–21.
38 Kuether EL, Schroeder JA, Fahs SA et al.
Lentivirus-mediated platelet gene therapy
of murine hemophilia A with pre-existing
anti-factor VIII immunity. J Thromb Haemost 2012; 10: 1570–80.
39 Du LM, Nurden P, Nurden AT et al. Platelet-targeted gene therapy with human factor VIII establishes haemostasis in dogs
with haemophilia A. Nat Commun 2013;
4: 2773–7.
40 Nathwani AC, Gray JT, Ng CY et al. Selfcomplementary adeno-associated virus vectors containing a novel liver-specific human
factor IX expression cassette enable highly
efficient transduction of murine and nonhuman primate liver. Blood 2006; 107: 2653–
61.
41 Nathwani AC, Gray JT, McIntosh J et al.
Safe and efficient transduction of the liver
after peripheral vein infusion of self-complementary AAV vector results in stable
therapeutic expression of human FIX in
nonhuman primates. Blood 2007; 109:
1414–21.
42 Nathwani AC, Rosales C, McIntosh J et al.
Long-term safety and efficacy following
systemic administration of a self-complementary AAV vector encoding human FIX

© 2014 John Wiley & Sons Ltd

HEMOPHILIA GENE THERAPY

43

44

45

46

47

48

49

50

51

pseudotyped with serotype 5 and 8 capsid
proteins. Mol Ther 2011; 19: 876–85.
Miao HZ, Sirachainan N, Palmer L et al.
Bioengineering of coagulation factor VIII
for improved secretion. Blood 2004; 103:
3412–9.
Pittman DD, Alderman EM, Tomkinson
KN, Wang JH, Giles AR, Kaufman RJ. Biochemical, immunological, and in vivo functional characterization of B-domain-deleted
factor VIII. Blood 1993; 81: 2925–35.
Kaufman RJ, Pipe SW, Tagliavacca L, Swaroop M, Moussalli M. Biosynthesis, assembly and secretion of coagulation factor
VIII. Blood Coagul Fibrinolysis 1997; 8
(Suppl 2): S3–14.
Cerullo V, Seiler MP, Mane V et al. Correction of murine hemophilia A and immunological differences of factor VIII variants
delivered by helper-dependent adenoviral
vectors. Mol Ther 2007; 15: 2080–7.
Malhotra JD, Miao H, Zhang K et al. Antioxidants reduce endoplasmic reticulum
stress and improve protein secretion. Proc
Natl Acad Sci USA 2008; 105: 18525–30.
Davidson CJ, Hirt RP, Lal K et al. Molecular evolution of the vertebrate blood coagulation network. Thromb Haemost 2003;
89: 420–8.
Allocca M, Doria M, Petrillo M et al. Serotype-dependent packaging of large genes in
adeno-associated viral vectors results in
effective gene delivery in mice. J Clin Invest
2008; 118: 1955–1954.
Lai Y, Yue Y, Duan D. Evidence for the
failure of adeno-associated virus serotype 5
to package a viral genome > or = 8.2 kb.
Mol Ther 2010; 18: 75–9.
Jiang H, Pierce GF, Ozelo MC et al. Evidence of multiyear factor IX expression by

© 2014 John Wiley & Sons Ltd

52

53

54

55

56

57

58

59

60
61

62

AAV-mediated gene transfer to skeletal
muscle in an individual with severe hemophilia B. Mol Ther 2006; 14: 452–5.
Chao H, Mao L, Bruce AT, Walsh CE.
Sustained expression of human factor VIII
in mice using a parvovirus-based vector.
Blood 2000; 95: 1594–9.
Chen L, Lu H, Wang J et al. Enhanced factor VIII heavy chain for gene therapy of
hemophilia A. Mol Ther 2009; 17: 417–24.
Ward NJ, Buckley SM, Waddington SN
et al. Codon optimization of human factor
VIII cDNAs leads to high-level expression.
Blood 2011; 117: 798–807.
Radcliffe PA, Sion CJ, Wilkes FJ et al.
Analysis of factor VIII mediated suppression of lentiviral vector titres. Gene Ther
2008; 15: 289–97.
McIntosh J, Lenting PJ, Rosales C et al.
Therapeutic levels of FVIII following a single peripheral vein administration of rAAV
vector encoding a novel human factor VIII
variant. Blood 2013; 121: 3335–44.
Tuddenham EG. Gene therapy for hemophilia? Gene therapy for hemophilia is both
desirable and achievable in the near future.
J Thromb Haemost 2005; 3: 1314.
Hough C, Lillicrap D. Gene therapy for
hemophilia: an imperative to succeed. J
Thromb Haemost 2005; 3: 1195–205.
White GC 2nd, Roberts HR. Gene therapy
for hemophilia? J Thromb Haemost 2005;
3: 1312.
Brettler DB. Gene therapy for hemophilia?
J Thromb Haemost 2005; 3: 1317–9.
DiMichele D. Gene therapy for hemophilia? The debate reframed J Thromb
Haemost 2005; 3: 1315–6.
Hoots WK. Gene therapy for hemophilia? J
Thromb Haemost 2005; 3: 1316–7.

49

63 Srivastava A. Gene therapy for hemophilia?
J Thromb Haemost 2005; 3: 1313.
64 Cavazza A, Moiani A, Mavilio F. Mechanisms of retroviral integration and mutagenesis. Hum Gene Ther 2013; 24: 119–
31.
65 Cartier N, Hacein-Bey-Abina S, Bartholomae CC et al. Lentiviral hematopoietic cell
gene therapy for X-linked adrenoleukodystrophy. Methods Enzymol 2012; 507: 187–
98.
66 Biffi A, Montini E, Lorioli L et al. Lentiviral hematopoietic stem cell gene therapy
benefits metachromatic leukodystrophy.
Science 2013; 341: 1233158.
67 Aiuti A, Biasco L, Scaramuzza S et al. Lentiviral hematopoietic stem cell gene therapy
in patients with Wiskott-Aldrich syndrome.
Science 2013 Aug; 23: 1233151.
68 Kang HJ, Bartholomae CC, Paruzynski A
et al. Retroviral gene therapy for X-linked
chronic granulomatous disease: results from
phase I/II trial. Mol Ther 2011; 19: 2092–
101.
69 Gaspar HB, Cooray S, Gilmour KC et al.
Long-term persistence of a polyclonal T cell
repertoire after gene therapy for X-linked
severe combined immunodeficiency. Sci
Transl Med 2011;3:97ra80.
70 DiGiusto DL, Krishnan A, Li L et al.,
RNA-based gene therapy for HIV with lentiviral vector-modified CD34(+) cells in
patients undergoing transplantation for
AIDS-related lymphoma. Sci Transl Med
2010;2:36ra43.
71 Cavazzana-Calvo M, Payen E, Negre O
et al. Transfusion independence and
HMGA2 activation after gene therapy of
human b-thalassaemia. Nature 2010; 467:
318–22.

Haemophilia (2014), 20 (Suppl. 4), 43--49

