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Abstract
Severe hemophilia A (HA) is an inherited bleeding disorder characterized by <1% of resid-

ual factor VIII (FVIII) clotting activity. The disease affects several mammals including dogs,

and, like humans, is associated with high morbidity and mortality. In gene therapy using

adeno-associated viral (AAV) vectors, the canine model has been one of the best predictors

of the therapeutic dose tested in clinical trials for hemophilia B (factor IX deficiency) and

other genetic diseases, such as congenital blindness. Here we report our experience with

liver gene therapy with AAV-FVIII in two outbred, privately owned dogs with severe HA that

resulted in sustained expression of 1–2% of normal FVIII levels and prevented 90% of

expected bleeding episodes. A Thr62Met mutation in the F8 gene was identified in one dog.

These data recapitulate the improvement of the disease phenotype in research animals,

and in humans, with AAV liver gene therapy for hemophilia B. Our experience is a novel

example of the benefits of a relevant preclinical canine model to facilitate both translational

studies in humans and improved welfare of privately owned dogs.

Introduction
Hemophilia is an X-linked bleeding disorder characterized by deficiency in the clotting activity
of factor VIII (hemophilia A, HA) or factor IX (hemophilia B, HB), key components of the
coagulation cascade. These coagulopathies are clinically indistinguishable. However, HA repre-
sents 80% of all human hemophilia cases, occurring in ~1 in 10,000 live male births worldwide,
and in 30% of the cases there is no family history of HA. Patients with severe HA have residual
FVIII activity<1% of normal, resulting in recurrent spontaneous bleeding episodes from early
in life, mostly into joints (hemarthrosis) and soft tissues, but also into closed spaces, such as the
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brain and retroperitoneum, leading to increased morbidity and mortality. Notably, residual
FVIII levels of 1–5% (moderate disease) result in significant phenotype improvement by
decreasing spontaneous bleeds, and those with mild disease (FVIII 6–30%) experience bleeding
mostly secondary to trauma or surgical intervention [1]. Current treatment of HA is based on
plasma-derived or recombinant protein replacement therapy to control bleeding or prevent
bleeding prior to invasive procedures. Over the last decades it became clear that prophylactic
therapy with protein injection (3 times or more/week) is beneficial in minimizing the bleeding
phenotype and preventing the joint disease. This therapeutic strategy is often recommended
for boys around 2 years of age or after the first episode of bleeding [2,3] and more recently,
throughout adult life [4]. Limitations of protein-based therapy include the short half-life of
FVIII (8–12 hours) necessitating frequent intravenous injections and the need for intravascular
catheter placement in the pediatric population, which is unfortunately complicated by infec-
tion, bleeding, and thrombosis [5,6]. In addition, one of the major complications of protein
replacement therapy is the development of inhibitory alloantibodies to the replacement protein
that affect 20–30% of severe HA patients [6,7] that neutralize the pro-hemostatic effect of
FVIII; inhibitors are also present in 9% of non-severe HA [8]. Despite the efficacy of replace-
ment therapy for hemophilia, it is estimated that only 20% of patients worldwide have access to
the treatment, mostly due to the high cost [9]. Therefore, the development of alternative thera-
peutic strategies is needed for hemophilia. Gene therapy has gained growing interest since
early data showed efficient expression of FIX reaching levels of 12% of normal following deliv-
ery of an adeno-associated viral (AAV) vector encoding the human F9 gene for hepatocyte-
restricted expression [10]. These data were based on the use of a natural canine model of severe
HB that accurately predicted the therapeutic dose of vector required in humans [11]. More-
over, recent data showed long-term expression of FIX in severe HB patients following a single
injection of AAV-FIX at levels of 1–6% in a dose-dependent manner, and in 4 of 7 subjects pro-
phylactic therapy was discontinued [12]. Together, these data further motivate the develop-
ment of translational studies of AAV-based therapy for liver expression of FVIII for HA.
Fortunately, the availability of dogs with severe HA that mimics the disease phenotype and the
immune responses to canine FVIII protein provides an excellent preclinical model [13,14].

The rationale for the initial focus on the development of AAV-FIX to treat HB, the least
common form of hemophilia, was due to the small size of the FIX cDNA being within the pack-
aging capacity of the AAV vector (4.7 Kb). Secondly, the risk of development of antibodies to
FIX is remarkably lower than to FVIII (3% versus 20%), and it is reasonable to expect that simi-
lar complications should be anticipated in gene-based strategies.

Continuous efforts by many groups of investigators are now supporting translational studies
using AAV-FVIII [15–18]. Factor VIII is a large protein (280 kDa) compared to FIX (55 kDa).
Two forms of recombinant FVIII are used clinically and are similarly efficacious and safe. One
is the full-length FVIII and the other is a short version lacking most of the B-domain, which
comprises 40% of the protein and is not required for the coagulation activity; the latter is
named B-domain deleted (BDD) form of FVIII.

We have used canine HA models (n = 13) from two distinct colonies for AAV liver gene
therapy encoding canine FVIII-BDD (cFVIII-BDD) [14,16,19]. Long-term follow-up showed
vector dose-dependent expression of therapeutic levels of cFVIII-BDD ranging from>1%-
10%, with follow-up of 1 to 5 years (cumulative 25 years/9 dogs, ongoing observations). The
disease phenotype was clearly improved by a greater than 90% reduction in bleeding episodes
expected for untreated dogs. We also developed a system for the expression of recombinant
cFVIII-BDD protein, and extensive characterization at the biochemical level showed proper
processing with enhanced biologic activity compared to humans [20]. Infusion of the
cFVIII-BDD protein in neonate and adult HA dogs showed that the canine protein corrected
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the hemophilia phenotype and exhibited a half-life comparable to the human protein, without
increased immunogenicity upon repeated injections. Collectively, these data formed the basis
of our proposal to extend the benefits of liver gene therapy to privately owned dogs with severe
HA. Currently, these dogs are treated with plasma-derived products to control bleeds, which is
challenging and associated with substantial morbidity. Here we report the long-term outcomes
of two dogs administered intravenous AAV-cFVIII-BDD and maintained in their home
environment.

Materials and Methods

Privately owned dogs
This study was approved by Institutional Animal Care and Use Committee fromMatthew J.
Ryan Veterinary Hospital of the University of Pennsylvania and The Children’s Hospital of
Philadelphia. After obtaining signed owner informed consent, two privately owned young
adult male dogs with severe HA were identified for investigational treatment based on their fre-
quent bleeding episodes requiring transfusion support (Table 1). Dog 1, a German shepherd
mixed breed, had 2 male littermates that were euthanized at 7 weeks of age due to severe bleed-
ing; a diagnosis of hemophilia A was confirmed in one puppy based on plasma FVIII coagulant
activity<1%. Dog 2, a Staffordshire bull terrier, was the result of a mating of two unrelated
dogs within the household; there was no history of bleeding among his only sibling (female),
dam, and sire or their families.

Results of initial screening coagulation testing performed by outside reference laboratories
for both dogs included a normal prothrombin time, prolonged activated partial thromboplastin
time, increased plasma vonWillebrand factor antigen concentration (Dog 1, 248%; Dog 2,
259%; reference interval 70–180%), and normal FIX activity (Dog 1, 115%; Dog 2, 52%; refer-
ence interval 50–150%).

Canine FVIII expression cassette
To overcome the limited packaging capacity of AAV vectors (4.7 Kb) for the expression of the
cFVIII-BDD (4.5 Kb) alone without promoter, intron sequences, and regulatory elements, an
early approach consisted of two separate vectors for the expression of the light chain (LC) and
the heavy chain (HC), with both transgenes under the control of a hepatocyte-specific pro-
moter, thyroxine-binding globulin gene promoter/enhancer [16].

Recombinant AAV vector production
Recombinant AAV vectors were produced by a triple transfection protocol as previously
described, using plasmids expressing cFVIII-BDD in separate vectors, a second plasmid sup-
plying adenovirus helper functions, and a third plasmid containing the AAV2 rep gene and the
AAV8 or cap genes [14]. Vectors were purified by repeated cesium chloride density gradient
centrifugation. Vector titers were obtained by Taqman PCR (Applied Biosystems, Foster City,
CA).

Detection of pre-existing neutralizing antibodies to AAV8 serotype
To detect neutralizing antibody responses against AAV8 capsid proteins we used serial dilution
of serum samples collected before and after vector delivery, as previously described [10] with
modifications for AAV8 [21] and for canine sera. Data are reported as the serum dilution.
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Canine FVIII antigen, activity, and antibody assays
Canine FVIII clotting activity was determined by Chromogenix Coatest SP4 FVIII (Diapharma,
Lexington, MA) and cFVIII antigen levels were analyzed by ELISA as previously described [14].
Anti-cFVIII-BDD antibodies were detected by a mixing test or Bethesda assay and by cFVIII-
BDD specific IgG antibodies using anti- cFVIII-BDD ELISA as previously described [14].

Animal procedures
The two young adult male HA dogs were administered 2.5 x 1013 vg/kg of AAV8-cFVIII-LC
and 2.5 x 1013 vg/kg AAV8-cFVIII-HC via the saphenous vein in a total volume of 10 mL/kg

Table 1. Bleeding episodes and transfusion events prior to gene therapy in privately owned dogs with severe hemophilia A.

Age Bleeding event Spontaneous or
traumatic

Transfusion support

Dog 1

8 weeks Hematoma in hindlimb Spontaneous None

9 weeks Suspected hemothorax (cough and dyspnea) Spontaneous None

12 weeks Hematoma on head Spontaneous CRYOa

20 weeks Oral bleeding and ecchymoses on abdomen Spontaneous CRYO

21 weeks Oral bleeding following loss of tooth Spontaneous CRYO

23 weeks Hematomas on leg and neck Spontaneous CRYO

25 weeks Hemarthrosis and hematoma on thorax; blood loss anemia Spontaneous CRYO

32 weeks Scrotal hemorrhage after castration Traumatic CRYO, PRBCsb

40 weeks Hemarthrosis and hematoma over shoulder Spontaneous CRYO

41 weeks Hematoma on neck; blood loss anemia Spontaneous CRYO, PRBCs

46 weeks Recurring hematoma over shoulder Spontaneous CRYO

50 weeks Recurring hematoma over shoulder Spontaneous CRYO

Dog 2

8 weeks Hematoma on head; blood loss anemia Spontaneous FWBc

10 weeks Hematoma in hindlimb Spontaneous FFPd

23 weeks Hematoma in hindlimb and epistaxis; blood loss anemia Spontaneous FWB

11 months Severe melena following corticosteroid administration for
allergies

Spontaneous FWB

11.5 months Hematoma in forelimb Spontaneous FWB

12–14
months

Recurring hematoma in hindlimb Spontaneous FWB or FFP on 5 separate occasions

17 months Bleeding from sutures placed for conjunctival flap (corneal
ulcer)

Traumatic FFP

19 months Hemarthrosis Spontaneous FFP

20 months Epistaxis and gingival bleeding Spontaneous None

21 months Epistaxis and gingival bleeding Spontaneous None

22 months Hematoma in hindlimb Spontaneous FFP on 5 separate occasions during the
month

24 months Bleeding after microchip placement Traumatic None

25 months Hematoma in hindlimb Spontaneous None

aCRYO, cryoprecipitate
bPRBCs, packed red blood cells
cFWB, fresh whole blood
dFFP, fresh frozen plasma.

doi:10.1371/journal.pone.0151800.t001
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body weight PBS. We expressed, purified, and characterized the recombinant cFVIII-BDD pro-
tein, which was tested in research dogs with HA and had an excellent efficacy and safety profile
[14]. This protein was administered at doses of 50 IU/kg immediately prior to the vector injec-
tion, as well as following 2 subsequent bleeding episodes (Dog 1). Dogs were hospitalized for 2
days after treatment for monitoring.

Adverse events
Complete physical examinations were performed prior to vector administration and at several
time points during the two days of hospitalization. Hematologic and comprehensive biochemi-
cal analyses of blood and serum samples were performed pre-treatment and at several time
points weeks to months following vector administration.

Molecular diagnosis of hemophilia A
DNA was extracted from peripheral blood samples from both dogs and from the dam, sire, and
2 female siblings of Dog 1, as well as a clinically normal dog. Twenty two pairs of oligonucleo-
tide primers (sequences and PCR conditions available upon request) were used to amplify the
coding regions and exon-intron boundaries of the cFVIII gene, comprised of 26 exons, for the
dogs with HA and a clinically normal dog. Once a mutation in exon 2 was identified for Dog 1,
exon 2 was amplified by PCR for this dog’s family members.

To further determine the impact of the amino acid substitution on the structure and func-
tion of the F8 protein (NCBI protein ID NP_001003212.1, http://www.ncbi.nlm.nih.gov), the
F8 amino acid sequence around the substitution site of Dog 1 was aligned and compared with
that of normal dogs and other mammalian species. Also, an amino acid destructive analysis
was performed on the F8 protein using the sorting intolerant from tolerant (SIFT) algorithm
and protein variation effect analyzer (PROVEAN) software (The J. Craig Venter Institute,
Rockville, MD, http://sift.jcvi.org). The analysis scale ranges from 0.00 (unacceptable, this
amino acid substitution renders the protein completely nonfunctional) to 1.00 (normal, the
substitution has no effect); the threshold for intolerance is�0.05, where an amino acid score
�0.05 is predicted to be deleterious.

Results

Pre-treatment screening
The bleeding history and transfusion events prior to gene therapy of both dogs are shown in
Table 1 and Fig 1. Baseline plasma FVIII coagulant activity and antigen were determined to be
<1% in both dogs. Because of the previous exposure to multiple plasma products, the dogs
were also screened for the presence of neutralizing and non-neutralizing antibodies to cFVIII
prior to AAV injection, and both tested negative. Neither dog had detectable circulating
cFVIII-BDD by activity or antigen assay in blood samples collected at baseline. There were
very low levels of detectable neutralizing antibodies to the AAV8 capsid (titer range: 1:1–1:3)
(Fig 2). Thus, both dogs were eligible for AAV8-cFVIII-BDD liver gene therapy since only
titers above 1:5 prevent liver gene transfer [12,22,23].

Molecular characterization of hemophilia A
Comparison of DNA sequences of the entire coding region and exon-intron boundaries of the
F8 gene from the 2 affected dogs to the published canine genome sequence revealed a single
nucleotide substitution in exon 2, 185C>T, resulting in a substitution of threonine 62 by
methionine (Thr62Met) in Dog 1. Sequences from the clinically normal sire of Dog 1 and an
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unrelated normal dog were wild-type, while the dam and two female siblings were heterozy-
gous for the mutation. No mutation was identified in the F8 gene from Dog 2, including the
inversion of intron 22. Multiple alignments of the F8 protein’s amino acid sequence around the
substitution site across mammalian species revealed that the p.Thr62Met substitution resided
in a highly conserved region. The SIFT analysis indicated that the p.Thr62Met (SIFT
score = 0.05) was most likely not tolerated. Thus, this amino acid change was considered highly
deleterious to the structure and function of the F8 protein.

Vector administration and immune responses to the vector capsid
Vector administration was well tolerated, with no adverse events noted during the 2 days of
hospitalization. No clinical abnormality was observed during the 31 months and 24 months of
follow-up for dogs 1 and 2, respectively, following vector injection. Liver enzymes (ALT, AST,
ALP, and GGT) remained within reference range for both dogs following gene therapy, except
for a mild transient increase in ALT (215 U/L; reference range 16–91) noted 18 months after
vector administration in Dog 2, with the ALT decreasing to 58 U/L when rechecked at 22
months post-treatment. Dog 2 was not exhibiting any clinical signs at the time of the ALT
increase. Following AAV delivery, both dogs developed a sustained and robust immune
response to the vector capsid determined by the increased titers of neutralizing antibodies to
AAV8 capsid (Fig 2), observed previously in preclinical and clinical studies using AAV vectors
[10,12,14,24].

Fig 1. Time course of canine FVIII activity following intravenous injection of AAV8-cFVIII-BDD in severe hemophilia A dogs.

doi:10.1371/journal.pone.0151800.g001
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Liver-gene therapy resulted in elevated levels of circulating cFVIII-BDD
without antibody formation to the transgene
For Dog 1, circulating plateau levels of cFVIII-BDD are 1.6–2% of normal, without formation
of antibodies to the transgene (Table 2, Fig 1). At 7 weeks following vector administration, the
dog developed a hematoma on his neck after playing roughly with other dogs, however, the
hematoma resolved quickly without administration of blood products. At 5 months following
vector administration, the dog sustained a bite wound that resulted in a large hematoma

Fig 2. Humoral response to AAV8 capsid in hemophilia A dogs before and after intravascular delivery of AAV8-cFVIII-BDD.

doi:10.1371/journal.pone.0151800.g002

Table 2. Summary of liver gene therapy by AAV8 encoding canine FVIII in privately owned severe hemophilia A dogs.

Clinical Characteristics Prior to AAV injection (41 months follow-up total) Post AVV injection (55 months follow-up total)b

Dog Breed Agea Body
weight
(kg)

FVIII
activity

Spontaneous
bleeding
episodes

Traumatic
bleeding
episodes

Transfusion
events

FVIII
activity

Spontaneous
bleeding
episodes

Traumatic
bleeding
episodes

Transfusion
events

1 German
shepherd

mix

13 22 < 1% 11 1 (neuter) 10 1.6–2% 2 1 (bite
wound)

2

2 Stafford-
shire bull
terrier

28 31 < 1% 11 2 (sutures,
microchip)

16 1% 1 0 0

aAge in months at the time of vector administration.
bFollow-up period of 31 months for Dog 1 and 24 months for Dog 2.

doi:10.1371/journal.pone.0151800.t002
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necessitating transfusion support (1 unit packed red blood cells and 8 units of cryoprecipitate,
as well as an infusion of cFVIII-BDD protein at dose of 50 IU/kg). One year later, a spontane-
ous bleeding episode (hematoma in the forelimb) occurred, and infusion of cFVIII-BDD pro-
tein at dose of 50 IU/kg was sufficient to control the bleeding. No adverse effects were noted
upon the protein infusion at either time point. Approximately 5 months after the most recent
protein injection, screening tests for inhibitory antibodies using Bethesda assay and non-inhib-
itory antibodies using anti-canine specific cFVIII-BDD were negative.

For Dog 2, circulating levels of cFVIII-BDD remain stable at 1% of normal with no evidence
of inhibitors to cFVIII (Fig 1). This dog received no additional injection of cFVIII protein or
any other blood product following vector administration.

Sustained improvement of the disease phenotype following AAV gene
therapy
In both dogs a substantial reduction (90%) was observed in spontaneous bleeding episodes dur-
ing follow-up period of 31 and 24 months for Dog 1 and Dog 2, respectively (Table 2). During
the cumulative period of 55 months post-AAV administration, three spontaneous bleeding epi-
sodes (two in Dog 1 and one in Dog 2) were documented, whereas the medical records prior to
gene therapy confirmed 22 episodes in 41 months in both dogs. These data are consistent with
the number of visits to the hospital prior to and after AAV injection. The modest relative
increase in FVIII activity following AAV gene therapy was sufficient to prevent most spontane-
ous bleeding in dogs with severe HA, consistent with a moderate phenotype of the disease.

Discussion
Hemophilia is a relatively common disease among privately owned dogs, with an estimated 60
new cases diagnosed each year in the US through the Comparative Coagulation Laboratory at
Cornell University (personal communication, Marjory Brooks, 2015). Although the prevalence
of HA in dogs in unknown, most of these cases are HA, as in humans, suggesting that an
endogenous mechanism of mutation in the F8 gene is relatively common among mammals, as
naturally occurring HA has also been reported in rats [25], sheep [26], cats, and horses (review
in [27]).

Worldwide, more than 2,000 F8mutations have been identified in humans with HA, and
the intron 22 inversion is the most common mutation in patients with severe disease. The
advent of emerging novel technologies is likely to identify mutations in those patients (4%)
without an as yet recognized molecular defect in the F8 gene [28,29]. Interestingly, in an AAV
liver gene therapy for hemophilia B, one human subject without a mutation in the F9 coding
region and no history of inhibitor was enrolled, and no adverse events were reported. However,
the risk of formation of inhibitor to FIX is 5-fold lower than FVIII [1]. Similar to humans, the
intron 22 inversion has been identified as the underlying mutation in the canine F8 gene in two
of three well characterized severe HA canine models in North America [30,31]. The use of out-
bred HA dogs with a distinct missense mutation or without an underlying mutation provides a
unique opportunity to gain further insights into the risk of immune responses to FVIII in gene
and protein therapy.

The challenge in providing effective care of these fragile, privately owned dogs with severe
hemophilia, having an unpredictable onset of spontaneous bleeding and commonly trauma-
induced hemorrhage, is substantial. The relatively short half-life of cFVIII-BDD (~ 8–12 hours),
limited access to plasma products enriched in cFVIII (such as cryoprecipitate), and the lack of
commercially available recombinant cFVIII protein also contribute to the difficulty in adopting
replacement therapy in dogs, as for humans. Our successful experience with research colonies in
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achieving therapeutic levels of clotting factors (FIX or FVIII) following a single injection of
AAV vectors for liver (n = 20) [11,14,16,24] or skeletal muscle (n = 40) [32] expression of the
transgene motivated the extension of this strategy to pet owners with severe clinically affected
dogs. Sustained expression of circulating FIX over a period of 3–9 years in dogs with severe HB
prone to inhibitor development (n = 4) [14,24,33] suggests that liver gene therapy has the poten-
tial for phenotype improvement but without increased immunogenicity. The ability to eradicate
pre-existing neutralizing antibodies to canine FVIII (n = 4) [14] or FIX (n = 1) [24] protein fol-
lowing AAV gene therapy highlights the potential for transgene-specific immune tolerance
induction, further supporting the safety of this strategy for outbred dogs with naturally occur-
ring hemophilia.

In this long-term follow up of two adult dogs with severe HA treated with gene transfer, the
sustained expression of therapeutic levels of cFVIII-BDD (~1%) was associated with a substan-
tial reduction in expected bleeding episodes (90%) and, therefore, an improvement of the dis-
ease phenotype, consistent with moderate hemophilia. One dog (Dog 1) required blood
component therapy and an injection of cFVIII-BDD protein for management of severe bleed-
ing associated with a bite wound and later an injection of cFVIII-BDD protein alone for the
management of a spontaneous hematoma. Notably, no antibody formation to cFVIII was
detected in these dogs, thus, these findings suggest that liver gene therapy is safe in outbred
dogs with HA.

Because these dogs live in their natural home environment and, therefore, are more fre-
quently exposed to trauma and other hemostatic challenges than animals in research colonies
[13,14], the number of bleeding episodes for Dog 1 prior to gene therapy was almost double
that expected for colony dogs (11–12 vs. 5–6 bleeds/year, respectively). However, the bleeding
episodes in privately owned and research dogs with severe HA are reduced similarly after
endogenous cFVIII-BDD expression by AAV. This improvement in the disease phenotype is
also consistent with the data from hemophilic dogs from research colonies following gene ther-
apy [13,32] and with the prophylactic replacement therapy that is the standard care of humans
with hemophilia in the developed world. Interestingly, both dogs had low titers of neutralizing
antibodies to AAV8 capsid (<1:5), currently an inclusion criteria for clinical trials using intra-
vascular delivery of AAV vectors [12,22,23]. High neutralizing antibody titers (> 1:5) could
prevent efficient gene therapy by intravascular delivery of AAV8. Thus, vector readministra-
tion of the same serotype is not feasible [10,12,22,23], although some limited success in gene
expression has been observed in dogs by using alternative AAV serotypes [34]. Of note,
approximately 30% of the general human population has detectable levels of neutralizing anti-
bodies to AAV8 [35,36] and, thus, cannot be enrolled in gene therapy trials using a similar
serotype. To date, attempts to eradicate these antibodies using plasmapheresis and/or immune
suppression are often associated with poor outcomes and not currently used in clinical trials
[37–39].

Collective data showed that AAV8 vectors transduced human hepatocytes>10 times less
efficiently than murine hepatocytes. Similar data were also observed in non-human primates
[40]. In terms of predicting the efficacy of a given strategy based on AAV liver gene therapy,
the dog model is potentially the most promising. In our early studies on AAV2, preclinical
studies in dogs were predictive of the therapeutic dose in humans [10,11]. Recently, in dogs
AAV8 at doses of 1 x1012 vg/kg resulted in 3% of FIX antigen [24] which is closer to findings in
humans (2 x 1012 vg/kg) of 5.1±1.7% of normal [12] than FIX antigen levels above 200% in
non-human primates [41].

In summary, to our knowledge, this is the first report of gene therapy in privately owned
dogs with HA resulting in a significant improvement of the disease phenotype after a single
vector injection, resembling the success of early phase clinical trials for humans with HB. This
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report also highlights that the use of preclinical animal models of disease has not only a direct
impact on the development of therapies for a variety of diseases, including hemophilia, affect-
ing humans, but allows the improvement of the health of animals in their home environment.

Acknowledgments
We would like to thank Robert French, Dr. Jonathan D. Finn, Nicholas B. Martin, Regina But-
ler and Juli Sorenson for assistance. We are grateful to Gerri Richards, Dr. Stephanie Polley,
and Dr. Thanasis Adamis for their dedicated care of these dogs prior to gene therapy.

Author Contributions
Conceived and designed the experiments: MBCMEH KAH VRA. Performed the experiments:
MBC VRA PW. Analyzed the data: MBC VRAMEH PW. Contributed reagents/materials/
analysis tools: SZ. Wrote the paper: VRAMBCMEH KAH.

References
1. Arruda V, High KA. Coagulation Disorders. In: Loscalzo J, Kasper D, Hauser S, Fauci A, Jameson J,

Longo D, eds. Harrison's Principles of Internal Medicine 19th Edition: Mc Graw Hill Education; 2015.

2. Astermark J, Petrini P, Tengborn L, Schulman S, Ljung R, Berntorp E. Primary prophylaxis in severe
haemophilia should be started at an early age but can be individualized. Br J Haematol. 1999; 105
(4):1109–1113. PMID: 10554828

3. Manco-Johnson MJ, Abshire TC, Shapiro AD, Riske B, Hacker MR, Kilcoyne R, et al. Prophylaxis ver-
sus episodic treatment to prevent joint disease in boys with severe hemophilia. N Engl J Med. 2007;
357(6):535–544. PMID: 17687129

4. Oldenburg J. Optimal treatment strategies for hemophilia: achievements and limitations of current pro-
phylactic regimens. Blood. 2015; 125(13):2038–2044. doi: 10.1182/blood-2015-01-528414 PMID:
25712992

5. DiMichele DM, Kroner BL. The North American Immune Tolerance Registry: practices, outcomes, out-
come predictors. Thromb Haemost. 2002; 87(1):52–57. PMID: 11848456

6. Hay CR, DiMichele DM. The principal results of the International Immune Tolerance Study: a random-
ized dose comparison. Blood. 2012; 119(6):1335–1344. doi: 10.1182/blood-2011-08-369132 PMID:
22101900

7. Gouw SC, van der Bom JG, Marijke van den Berg H. Treatment-related risk factors of inhibitor develop-
ment in previously untreated patients with hemophilia A: the CANAL cohort study. Blood. 2007; 109
(11):4648–4654. PMID: 17289808

8. Wight J, Paisley S. The epidemiology of inhibitors in haemophilia A: a systematic review. Haemophilia.
2003; 9(4):418–435. PMID: 12828678

9. Evatt BL, Robillard L. Establishing haemophilia care in developing countries: using data to overcome
the barrier of pessimism. Haemophilia. 2000; 6(3):131–134. PMID: 10792469

10. Manno CS, Pierce GF, Arruda VR, Glader B, Ragni M, Rasko JJE, et al. Successful transduction of
liver in hemophilia by AAV-Factor IX and limitations imposed by the host immune response. Nat Med.
2006; 12(3):342–347. PMID: 16474400

11. Mount JD, Herzog RW, Tillson DM, Goodman SA, Robinson N, McCleland ML, et al. Sustained pheno-
typic correction of hemophilia B dogs with a factor IX null mutation by liver-directed gene therapy.
Blood. 2002; 99(8):2670–2676. PMID: 11929752

12. Nathwani AC, Reiss UM, Tuddenham EG, Rosales C, Chowdary P, McIntosh J, et al. Long-term safety
and efficacy of factor IX gene therapy in hemophilia B. N Engl J Med. 2014; 371(21):1994–2004. doi:
10.1056/NEJMoa1407309 PMID: 25409372

13. Nichols TC, Dillow AM, Franck HW, Merricks EP, Raymer RA, Bellinger DA, et al. Protein replacement
therapy and gene transfer in canine models of hemophilia A, hemophilia B, von willebrand disease, and
factor VII deficiency. ILAR Journal. 2009; 50(2):144–167. PMID: 19293459

14. Finn JD, Ozelo MC, Sabatino DE, Franck HWG, Merricks EP, Crudele JM, et al. Eradication of neutral-
izing antibodies to factor VIII in canine hemophilia A after liver gene therapy. Blood. 2010; 116
(26):5842–5848. doi: 10.1182/blood-2010-06-288001 PMID: 20876851

Gene Therapy for Canine Hemophilia A

PLOS ONE | DOI:10.1371/journal.pone.0151800 March 24, 2016 10 / 12

http://www.ncbi.nlm.nih.gov/pubmed/10554828
http://www.ncbi.nlm.nih.gov/pubmed/17687129
http://dx.doi.org/10.1182/blood-2015-01-528414
http://www.ncbi.nlm.nih.gov/pubmed/25712992
http://www.ncbi.nlm.nih.gov/pubmed/11848456
http://dx.doi.org/10.1182/blood-2011-08-369132
http://www.ncbi.nlm.nih.gov/pubmed/22101900
http://www.ncbi.nlm.nih.gov/pubmed/17289808
http://www.ncbi.nlm.nih.gov/pubmed/12828678
http://www.ncbi.nlm.nih.gov/pubmed/10792469
http://www.ncbi.nlm.nih.gov/pubmed/16474400
http://www.ncbi.nlm.nih.gov/pubmed/11929752
http://dx.doi.org/10.1056/NEJMoa1407309
http://www.ncbi.nlm.nih.gov/pubmed/25409372
http://www.ncbi.nlm.nih.gov/pubmed/19293459
http://dx.doi.org/10.1182/blood-2010-06-288001
http://www.ncbi.nlm.nih.gov/pubmed/20876851


15. McIntosh J, Lenting PJ, Rosales C, Lee D, Rabbanian S, Raj D, et al. Therapeutic levels of FVIII follow-
ing a single peripheral vein administration of rAAV vector encoding a novel human factor VIII variant.
Blood. 2013; 121(17):3335–3344. doi: 10.1182/blood-2012-10-462200 PMID: 23426947

16. Sabatino DE, Lange AM, Altynova ES, Sarkar R, Zhou S, Merricks EP, et al. Efficacy and safety of
long-term prophylaxis in severe hemophilia A dogs following liver gene therapy using AAV vectors. Mol
Ther. 2011; 19(3):442–449. doi: 10.1038/mt.2010.240 PMID: 21081906

17. Siner JI, Iacobelli NP, Sabatino DE, Ivanciu L, Zhou S, Poncz M, et al. Minimal modification in the factor
VIII B-domain sequence ameliorates the murine hemophilia A phenotype. Blood. 2013; 121(21):4396–
4403. doi: 10.1182/blood-2012-10-464164 PMID: 23372167

18. Nair N, Rincon MY, Evens H, Evens H, Sarcar S, Dastidar S, et al. Computationally designed liver-spe-
cific transcriptional modules and hyperactive factor IX improve hepatic gene therapy. Blood. 2014; 123
(20):3195–3199. doi: 10.1182/blood-2013-10-534032 PMID: 24637359

19. Giles AR, Tinlin S, Hoogendoorn H, Greenwood P, Greenwood R. Development of factor VIII:C anti-
bodies in dogs with hemophilia A (factor VIII:C deficiency). Blood. 1984; 63(2):451–456. PMID:
6419797

20. Sabatino DE, Freguia CF, Toso R, Andrey Santos A, Merricks EP, Kazazian HH Jr, et al. Recombinant
canine B-domain-deleted FVIII exhibits high specific activity and is safe in the canine hemophilia A
model. Blood. 2009; 114(20):4562–4565. doi: 10.1182/blood-2009-05-220327 PMID: 19770361

21. Mingozzi F, Anguela XM, Pavani G, Chen Y, Davidson RJ, Hui DJ, et al. Overcoming preexisting
humoral immunity to AAV using capsid decoys. Sci Transl Med. 2013; 5(194):194ra192.

22. Jiang H, Couto LB, Patarroyo-White S, Liu T, Nagy D, Vargas JA, et al. Effects of transient immunosup-
pression on adenoassociated, virus-mediated, liver-directed gene transfer in rhesus macaques and
implications for human gene therapy. Blood. 2006; 108(10):3321–3328. PMID: 16868252

23. Wang L, Calcedo R, Bell P, Lin J, Grant RL, Siegel DL, et al. Impact of pre-existing immunity on gene
transfer to nonhuman primate liver with adeno-associated virus 8 vectors. HumGene Ther. 2011; 22
(11):1389–1401. doi: 10.1089/hum.2011.031 PMID: 21476868

24. Crudele JM, Finn JD, Siner JI, Martin NB, Niemeyer GP, Zhou S, et al. AAV liver expression of FIX-
Padua prevents and eradicates FIX inhibitor without increasing thrombogenicity in hemophilia B dogs
and mice. Blood. 2015; 125(10):1553–1561. doi: 10.1182/blood-2014-07-588194 PMID: 25568350

25. Booth CJ, Brooks MB, Rockwell S, Murphy JW, Rinder HM, Zelterman D, et al. WAG-F8(m1Ycb) rats
harboring a factor VIII gene mutation provide a new animal model for hemophilia A. J Thromb Haemost.
2010; 8(11):2472–2477. doi: 10.1111/j.1538-7836.2010.03978.x PMID: 20626616

26. Porada CD, Sanada C, Long CR,Wood A, Desai J, Frederick N, et al. Clinical and molecular characteri-
zation of a re-established line of sheep exhibiting hemophilia A. J Thromb Haemost. 2010; 8(2):276–
285. doi: 10.1111/j.1538-7836.2009.03697.x PMID: 19943872

27. Mao J, Xi X, Kapranov P, Dong B, Firrman J, Xu R, et al. and Model Systems for Hemophilia A Gene
Therapy. J Genet Syndr Gene Ther. 2013;Suppl 1: .

28. de Brasi C, El-Maarri O, Perry DJ, Oldenburg J, Pezeshkpoor B, Goodeve A. Genetic testing in bleed-
ing disorders. Haemophilia. 2014; 20 Suppl 4:54–58. doi: 10.1111/hae.12409 PMID: 24762276

29. Rost S, Loffler S, Pavlova A, Muller CR, Oldenburg J. Detection of large duplications within the factor
VIII gene by MLPA. J Thromb Haemost. 2008; 6(11):1996–1999. doi: 10.1111/j.1538-7836.2008.
03125.x PMID: 18752578

30. Hough C, Kamisue S, Cameron C, Notley C, Tinlin S, Giles A, et al. Aberrant splicing and premature ter-
mination of transcription of the FVIII gene as a cause of severe canine hemophilia A: similarities with
the intron 22 inversion mutation in human hemophilia. Thromb Haemost. 2002; 87(4):659–665. PMID:
12008949

31. Lozier JN, Dutra A, Pak E, Zhou N, Zheng Z, Nichols TC, et al. The Chapel Hill hemophilia A dog colony
exhibits a factor VIII gene inversion. Proc Natl Acad Sci USA. 2002; 99(20):12991–12996. PMID:
12242334

32. Nichols TC, Whitford MH, Arruda VR, Stedman HH, Kay MA, High KA. Translational data from adeno-
associated virus-mediated gene therapy of hemophilia B in dogs. HumGene Ther Clin Dev. 2015; 26
(1):5–14. doi: 10.1089/humc.2014.153 PMID: 25675273

33. Niemeyer GP, Herzog RW, Mount J, Arruda VR, Tillson DM, Hathcock J, et al. Long-term correction of
inhibitor-prone hemophilia B dogs treated with liver-directed AAV2-mediated factor IX gene therapy.
Blood. 2009; 113(4):797–806. doi: 10.1182/blood-2008-10-181479 PMID: 18957684

34. Demaster A, Luo X, Curtis S, Williams KD, Landau DJ, Drake EJ, et al. Long-term efficacy following
readministration of an adeno-associated virus vector in dogs with glycogen storage disease type Ia.
Hum Gene Ther. 2012; 23(4):407–418. doi: 10.1089/hum.2011.106 PMID: 22185325

Gene Therapy for Canine Hemophilia A

PLOS ONE | DOI:10.1371/journal.pone.0151800 March 24, 2016 11 / 12

http://dx.doi.org/10.1182/blood-2012-10-462200
http://www.ncbi.nlm.nih.gov/pubmed/23426947
http://dx.doi.org/10.1038/mt.2010.240
http://www.ncbi.nlm.nih.gov/pubmed/21081906
http://dx.doi.org/10.1182/blood-2012-10-464164
http://www.ncbi.nlm.nih.gov/pubmed/23372167
http://dx.doi.org/10.1182/blood-2013-10-534032
http://www.ncbi.nlm.nih.gov/pubmed/24637359
http://www.ncbi.nlm.nih.gov/pubmed/6419797
http://dx.doi.org/10.1182/blood-2009-05-220327
http://www.ncbi.nlm.nih.gov/pubmed/19770361
http://www.ncbi.nlm.nih.gov/pubmed/16868252
http://dx.doi.org/10.1089/hum.2011.031
http://www.ncbi.nlm.nih.gov/pubmed/21476868
http://dx.doi.org/10.1182/blood-2014-07-588194
http://www.ncbi.nlm.nih.gov/pubmed/25568350
http://dx.doi.org/10.1111/j.1538-7836.2010.03978.x
http://www.ncbi.nlm.nih.gov/pubmed/20626616
http://dx.doi.org/10.1111/j.1538-7836.2009.03697.x
http://www.ncbi.nlm.nih.gov/pubmed/19943872
http://dx.doi.org/10.1111/hae.12409
http://www.ncbi.nlm.nih.gov/pubmed/24762276
http://dx.doi.org/10.1111/j.1538-7836.2008.03125.x
http://dx.doi.org/10.1111/j.1538-7836.2008.03125.x
http://www.ncbi.nlm.nih.gov/pubmed/18752578
http://www.ncbi.nlm.nih.gov/pubmed/12008949
http://www.ncbi.nlm.nih.gov/pubmed/12242334
http://dx.doi.org/10.1089/humc.2014.153
http://www.ncbi.nlm.nih.gov/pubmed/25675273
http://dx.doi.org/10.1182/blood-2008-10-181479
http://www.ncbi.nlm.nih.gov/pubmed/18957684
http://dx.doi.org/10.1089/hum.2011.106
http://www.ncbi.nlm.nih.gov/pubmed/22185325


35. Li C, Narkbunnam N, Samulski RJ, Asokan A, Hu G, Jacobson LJ, et al. Neutralizing antibodies against
adeno-associated virus examined prospectively in pediatric patients with hemophilia. Gene Ther. 2012;
19(3):288–294. doi: 10.1038/gt.2011.90 PMID: 21697954

36. Boutin S, Monteilhet V, Veron P, Leborgne C, Benveniste O, Montus MF, 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. HumGene Ther. 2010; 21
(6):704–712. doi: 10.1089/hum.2009.182 PMID: 20095819

37. Calcedo R, Wilson JM. Humoral Immune Response to AAV. Front Immunol. 2013; 4:341. doi: 10.3389/
fimmu.2013.00341 PMID: 24151496

38. Masat E, Pavani G, Mingozzi F. Humoral immunity to AAV vectors in gene therapy: challenges and
potential solutions. Discov Med. 2013; 15(85):379–389. PMID: 23819952

39. Mingozzi F, Chen Y, Edmonson SC, Zhou S, Thurlings RM, Tak PP, et al. Prevalence and pharmaco-
logical modulation of humoral immunity to AAV vectors in gene transfer to synovial tissue. Gene Ther.
2013; 20(4):417–424. doi: 10.1038/gt.2012.55 PMID: 22786533

40. Lisowski L, Dane AP, Chu K, Zhang Y, Cunningham SC, Wilson EM, et al. Selection and evaluation of
clinically relevant AAV variants in a xenograft liver model. Nature. 2014; 506(7488):382–386. doi: 10.
1038/nature12875 PMID: 24390344

41. Nathwani AC, Rosales C, McIntosh J, Rastegarlari G, Nathwani D, Raj D, et al. Long-term safety and
efficacy following systemic administration of a self-complementary AAV vector encoding human FIX
pseudotyped with serotype 5 and 8 capsid proteins. Mol Ther. 2011; 19(5):876–885. doi: 10.1038/mt.
2010.274 PMID: 21245849

Gene Therapy for Canine Hemophilia A

PLOS ONE | DOI:10.1371/journal.pone.0151800 March 24, 2016 12 / 12

http://dx.doi.org/10.1038/gt.2011.90
http://www.ncbi.nlm.nih.gov/pubmed/21697954
http://dx.doi.org/10.1089/hum.2009.182
http://www.ncbi.nlm.nih.gov/pubmed/20095819
http://dx.doi.org/10.3389/fimmu.2013.00341
http://dx.doi.org/10.3389/fimmu.2013.00341
http://www.ncbi.nlm.nih.gov/pubmed/24151496
http://www.ncbi.nlm.nih.gov/pubmed/23819952
http://dx.doi.org/10.1038/gt.2012.55
http://www.ncbi.nlm.nih.gov/pubmed/22786533
http://dx.doi.org/10.1038/nature12875
http://dx.doi.org/10.1038/nature12875
http://www.ncbi.nlm.nih.gov/pubmed/24390344
http://dx.doi.org/10.1038/mt.2010.274
http://dx.doi.org/10.1038/mt.2010.274
http://www.ncbi.nlm.nih.gov/pubmed/21245849

