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Abstract

Dogs with hemophilia A, hemophilia B, von Willebrand disease (VWD), and factor VII deficiency
faithfully recapitulate the severe bleeding phenotype that occurs in humans with these disorders.
The first rational approach to diagnosing these bleeding disorders became possible with the
development of reliable assays in the 1940s through research that used these dogs. For the next 60
years, treatment consisted of replacement of the associated missing or dysfunctional protein, first
with plasma-derived products and subsequently with recombinant products. Research has
consistently shown that replacement products that are safe and efficacious in these dogs prove to
be safe and efficacious in humans. But these highly effective products require repeated
administration and are limited in supply and expensive; in addition, plasma-derived products have
transmitted bloodborne pathogens. Recombinant proteins have all but eliminated inadvertent
transmission of bloodborne pathogens, but the other limitations persist. Thus, gene therapy is an
attractive alternative strategy in these monogenic disorders and has been actively pursued since the
early 1990s. To date, several modalities of gene transfer in canine hemophilia have proven to be
safe, produced easily detectable levels of transgene products in plasma that have persisted for
years in association with reduced bleeding, and correctly predicted the vector dose required in a
human hemophilia B liver-based trial. Very recently, however, researchers have identified an
immune response to adeno-associated viral gene transfer vector capsid proteins in a human liver-
based trial that was not present in preclinical testing in rodents, dogs, or nonhuman primates. This
article provides a review of the strengths and limitations of canine hemophilia, VWD, and factor
VII deficiency models and of their historical and current role in the development of improved
therapy for humans with these inherited bleeding disorders.
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Introduction

Hemophilia A, hemophilia B, and von Willebrand disease (VWD?) are among the most
common inherited bleeding disorders in dogs and humans. Each is characterized by
quantitative or qualitative abnormalities of a single plasma coagulation protein, termed
“factor” and designated by a Roman numeral (Table 1): factor VIII (F.VII11) for hemophilia
A, factor IX (F.1X1) for hemophilia B, and von Willebrand factor (VWF1) for VWD. There
are also a number of rare bleeding disorders, including factor V11 (F.VI111) deficiency.

Recent reviews have described how these factors are activated, inhibited, and contribute
mechanistically to normal hemostasis and blood coagulation as well as bleeding when these
proteins are absent or dysfunctional (Gailani and Renne 2007; Mackman et al. 2007,
Monroe et al. 2002). Briefly, the fundamental mechanism that causes bleeding in hemophilia
is a defect in thrombin formation by activated factor X (F. Xa) when F.VIII or F.IX are
deficient or dysfunctional. Two recognized pathways activate F.X (Figure 1). The first, the
extrinsic or cellular injury pathway, is mediated by the binding of F.VIla to tissue factor
(TF); the TF:F.VIla complex in turn activates both F.X and F.IX. The second, called the
intrinsic or contact system pathway, is mediated by F.VIlla, which functions as a cofactor
and significantly accelerates activation of F.X by F.IXa. Once activated by either or both
pathways, F.Xa participates in the prothrombinase complex (F.Xa:F.Va), which, in the
presence of Ca* and phospholipids, converts prothrombin to thrombin. The latter, in turn,
cleaves fibrinogen to soluble fibrin monomers that are cross linked by F.XIlla to form a
hemostatic plug or clot. VWF mediates platelet adhesion at sites of endothelial disruption,
and bleeding in VWD results from the impaired inability of platelets to adhere to injured
subendothelium in the absence of VWF (Sadler 2005; Sadler et al 2006). Because the
bleeding phenotype in hemophilia and VWD is spontaneous, occurs stochastically, and is
frequently severe, leading to significant morbidity, death, and enormous use of health care
resources, these inherited bleeding disorders have been attractive targets for both
replacement therapy for many decades and, relatively recently, gene transfer.

Although inherited bleeding disorders have been recognized for many centuries, much of the
basic understanding of hemophilia and VWD began to emerge in the 1940s and 1950s from
canine models of these disorders. Affected dogs were key to researchers’ understanding of
the hemophilic clotting defect, knowledge that led to the establishment of modern methods
for diagnosis and treatment: the partial thromboplastin time test, the one-stage factor assay
system for F.VIII and F.1X, and the “home” treatment management system consisting of an
early alert at the first sign of hemorrhage and immediate intensive treatment with
replacement products (Brinkhous et al. 1956, 1968, 1985, 1989a,b, 1996, 2002; Jones 1980;
Langdell et al. 1953; Pemberton 2004; Webster et al. 1965). This work paralleled studies in
humans that first demonstrated a rationale for replacement therapy for hemophilia and VWD
during the first half of the 20t century, when clinicians recognized that bleeding events
were partially corrected by whole blood transfusion (Graham et al. 1949; Macfarlane 1965;

Labbreviations used in this article: AAV, adeno-associated virus; aPTT, activated partial thromboplastin time; BOECs, blood
outgrowth endothelial cells; cDNA, complementary DNA; DDAVP, 1-desamino-8-D-arginine vasopressin; F.VII, coagulant factor
VII; F.VIII, coagulant factor VIII; F.IX, coagulant factor 1X; HD, helper dependent; rAAV, recombinant adeno-associated virus;
rlL-11, recombinant interleukin 11; rF.Vlla, activated recombinant F.\VII; rF.1X, recombinant F.1X; VWD, von Willebrand disease;
VWEF, von Willebrand factor; WBCT, whole blood clotting time
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Owen 2001). This recognition sparked research that led to the identification, purification,
and characterization of individual coagulation proteins (Biggs et al. 1952; Monroe et al.
2007; Patek and Taylor 1937). The resulting advances in detection, characterization,
treatment, and prevention of inherited bleeding disorders dramatically improved the life
expectancy of hemophilia and VWD patients. More recently, studies have shown that
continuous prophylactic administration of replacement proteins in humans (Federici et al.
2006; Manco-Johnson et al. 2007) and canine models (Russell et al. 2003) corrects the
hemophilic phenotype.

Thus over the past six decades, studies in animals and humans with these disorders have
contributed to considerable progress in the development of safe and successful replacement
products. But their development has not been without setbacks, and limitations persist. The
products are expensive (typically $50,000 to $100,000 per year for an adult) and not readily
available in less developed countries (Manco-Johnson et al. 2007; Roosendaal and Lafeber
2007; Van Cott et al. 2004), so for most patients worldwide, replacement therapy is usually
used to treat acute bleeding on demand rather than to provide continuous prophylactic
coverage. Furthermore, the products’ half-life in the circulation is relatively short and quite
variable among patients (e.g., 8 to 23 hours for F.\VI1l), mandating repeated venipunctures or
port implantation for prophylactic administration (Brinkhous et al. 1996; van den Berg et al.
2007). Last, although current versions of plasma-derived and recombinant replacement
products are considered safe, extensive exposure to blood products has had tragic effects,
such as the infection of this patient population with the human immunodeficiency and
hepatitis C viruses through viral contamination of commercial plasma-derived products.

The experimental treatment of inherited bleeding disorders using gene transfer methods and
modern molecular biological technology, which has only recently become available,
presents a potentially attractive solution to problems with replacement therapy for several
reasons. First, the severity of the bleeding disorder is usually inversely proportional to the
plasma activity level of the involved protein, and only small amounts of the transgene
product are required to change the hemophilia phenotype from severe to mild. For example,
patients with F.VIII or F.IX levels greater than 5% of normal (i.e., more than ~5 to 10 ng/
mL and 250 ng/ml, respectively) have a mild phenotype; patients whose levels are lower
than 1% have a severe phenotype. Second, because F.VIII and F.IX have a broad therapeutic
range, tight transcriptional control may not be necessary. Third, since these coagulation
proteins are secreted, gene transfer is not restricted to the liver, the normal site of synthesis
of most coagulation proteins. Fourth, only a portion of a given organ needs to be transduced
to achieve some degree of therapeutic levels of protein secretion; this contrasts with many
other genetic disorders that alter organ function (e.g., muscular dystrophy, cystic fibrosis).
For these reasons, various vector systems—retroviral, recombinant adenoviral, recombinant
adeno-associated viral (rAAV), lentiviral, and nonviral vectors as well as cell therapy—have
been designed for expression of F.VIII, F.IX, VWF, and F.VII in a gene therapy setting.

Like all medications, viral vectors carry risks, including potentially harmful inflammatory
reactions, germline transmission, and insertional mutagenesis (Arruda et al. 2001; Donsante
et al. 2007; Hacein-Bey-Abina et al. 2003; Hasbrouck and High 2008; Mingozzi and High
2007). An important and relevant preclinical test model for assessment of these and other
potential adverse outcomes is available in hemophilic dogs, which have a lifespan of 10
years or more (Arruda et al. 2001; Herzog et al. 2002). Thus the goal of producing a
sustained, therapeutically useful elevation in circulating F.VI1II or F.IX through a vector-
mediated gene therapy strategy now more than ever appears within reach based on recent
results in hemophilic animals.
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In this review we present work done in hemophilia A, hemophilia B, VWD, and F.VII-
deficient dogs and the contributions from that work that produced reliable assays for
accurately diagnosing bleeding disorders and for monitoring correction of the hemostatic
defect after replacement therapy and gene transfer. We review the history of testing the
safety and efficacy of protein replacement and gene transfer. Finally, we discuss the
strengths and limitations of these animal models and challenges to the development of
improved therapy for patients with these inherited bleeding disorders.

Canine Hemophilia A

Hemophilia A is an inherited X-linked disorder caused by a deficiency of coagulation factor
VI (F.VII) in humans and dogs (Hoyer 1994; Mannucci and Tuddenham 2001). A colony
of hemophilia A dogs established in 1947 in Chapel Hill (North Carolina) appears to be the
longest-maintained strain of a serious genetic disease in dogs (Graham et al. 1949). The
prototype animals were Irish setters, but outbreeding was required to attain hybrid vigor.
Both homozygous females and hemizygous males are maintained for breeding (Brinkhous
and Graham 1950). The plasma level of F.VIII:Ag is <0.005 U/ml. As in humans, severe
disease is associated with levels of F.VIII less than 1% of normal coagulant activity and the
clinical severity is inversely proportional to the circulating F.VIII level in plasma. Likewise,
spontaneous bleeding typically occurs in joints and soft tissues but can occur at any
anatomic site.

Canine F.VIIl cDNA and Identification of the Causative Molecular Defect

The isolation and characterization of canine F.VIII complementary DNA (cDNAl) by David
Lillicrap’s team have advanced the field significantly (Cameron et al. 1998). The cDNA
sequence identity is 77-92% similar to that of humans, mice, and pigs, and the domain
structure is recapitulated with Al, A2, B, A3, C1, and C2 homologues present. Key
functional motifs are preserved, including VWF binding sites, three thrombin cleavage sites,
and the protein C cleavage site, and the six tyrosines known to be sulfated on human F.VI1I
are conserved. It is highly likely that the canine F.VIII expression is as complex as that of
humans (Miao et al. 2004). Using the canine F.VIII cDNA, researchers found that both the
Chapel Hill and Queen’s University (Ontario) strains of hemophilia A dogs have an intron
22 inversion (Hough et al. 2002; Lozier et al. 2002) and therefore appear to faithfully
replicate a causative mutation present in about 40% of humans with severe hemophilia A
(Antonarakis et al. 1995; Lakich et al. 1993; Naylor et al. 1993).

Development of Hemophilia A Dogs with Inhibitory Antibodies to F.VIII Activity

The development of inhibitory antibodies that neutralize the coagulant activity of F.VIII
may be the most important adverse event during replacement therapy with F.\VI1I products
(Tuddenham 2006). Such antibodies occur in approximately 20% of hemophilia A patients
(Lozier 2004) and are more common in patients with severe hemophilia, especially those
with complete deletion of the F.VIII gene (Oldenburg and Schwaab 2001). Most inhibitory
anti-F.VII1I antibodies form against the A1, A3, and C1/C2 regions (Astermark 2006), but
treatment of inhibitors is difficult and controversial; thus there is a need for relevant animal
models to study these issues (DiMichele 2007; Mannucci et al. 2006). Moreover, there
appears to be a racial disparity, as African Americans and Latinos have a higher prevalence
of inhibitors than Caucasians (Aledort and DiMichele 1998; Astermark 2006; Goudemand et
al. 2006); in African-Americans the disparity may be due to the presence of rare
polymorphic forms of F.VIII in this population (Howard et al. 2004).

Subsets of hemophilia A dogs with intron 22 inversion in both the Chapel Hill and Queen’s
University strains develop inhibitors to canine F.VIII (Finn et al. 2008; Giles et al. 1984;
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Tinlin et al. 1993). This immunological phenotype makes these subsets of dogs more
representative of the human hemophilia population, as inhibitors develop in some but not all
humans with identical underlying mutations in the F.\V1I1 gene (e.g., one of a pair of
monozygotic twins, both of whom have hemophilia). Scientists do not know whether the
Al, A3, and C1/C2 regions are the immunoepitopes for inhibitors in these hemophilia A
dogs, which thus present a unique opportunity to define immunological mechanisms of their
development, to explore other genetic modifiers of inhibitor development, and to test new
preventive and therapeutic approaches including gene transfer (Finn et al. 2008).

Replacement Therapy

The use of plasma from hemophilia A dogs led to the development of several basic
biochemical methods for preparing highly potent plasma-derived products for replacement
therapy in hemophilia A (Brinkhous et al. 1952, 1956; Graham et al. 1949; Langdell et al.
1953). Testing in hemophilic and VWD dogs of the safety and hemostatic effectiveness of
infusions of these different compounds during the developmental phase accurately predicted
safe and successful translation to human medicine (Brinkhous et al. 1968; Wagner 1957;
Wagner et al. 1968; Webster et al. 1965). Moreover, derivatives made from purified plasma
F.VIII (Andersson et al. 1986; Brinkhous et al. 1985) or recombinant F.V1I1 without the B
domain (making the F.VIIl1 molecule considerably smaller) exhibited pharmacokinetics and
pharmacodynamics similar to those of conventional plasma-derived F.VIII concentrates in
hemophilia A dogs, including one with an inhibitor to F.VIII (Brinkhous et al. 2002). That a
much smaller F.VIII molecule is fully functional has considerable significance for inclusion
in gene therapy vectors that cannot accommodate large cDNAs and for the production of
other variant molecules of F.VIII, such as the inactivation-resistant F.VI1I (IR8) developed
by Randal Kaufman and Steven Pipe (Nichols et al. 1999; Pipe and Kaufman 1997; Pipe et
al. 1999). These findings indicate that development of smaller, fully functional, and
nonimmunogenic versions of other large proteins such as dystrophin may be feasible.

Gene Therapy for Human Hemophilia A

There has been considerable progress in gene therapy for hemophilia A but several barriers
remain (High 2005). Of the three gene therapy trials in human hemophilia A in the United
States, the first used plasmid mediated transfection of autologous cells followed by
reimplantation in 6 patients (Roth et al. 2001), the second a retroviral vector in 13 patients
(Powell et al. 2003), and the third a “MiniAd” vector in one patient (White 2002). Both the
nonviral transfection of autologous cells and the retroviral phase 1 trials have proven safe
and a few patients had very low levels of F.VIII transiently detected. The MiniAd vector
produced fever, thrombocytopenia, and elevation of liver enzymes. All three trials have been
stopped due to low-level expression or vector toxicity. No inhibitor to F.V1Il was detectable
after gene transfer in these patients. Clearly, there is a need for additional preclinical and
clinical studies to achieve successful gene therapy of hemophilia A in humans.

Gene Therapy for Canine Hemophilia A

In the following sections we review the history, limitations, and potential solutions for
successful gene transfer strategies under study in hemophilia A dogs.

Organ Transplantation and Wild-Type Gene Therapy—“Wild-type” gene therapy
entails the transfer of the gene of interest to a recipient host by transplanting the organ that
normally expresses it. The possibility that hemophilia might be alleviated or even “cured”
by wild-type gene therapy was first demonstrated more than 40 years ago in Chapel Hill and
other strains of canine hemophilia A (Marchioro et al. 1969; Webster et al. 1967, 1971),
when the transplantation of the spleen resulted in elevation of plasma F.VI11 levels sufficient
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to change the phenotype from severe to mild (Webster et al. 1967). Liver transplantation
was even more effective, normalizing (or nearly so) the F.VIII levels (Webster et al. 1971)
and providing insights into F.VI1I1 storage and release (Lamont and Ragni 2005). Although
curative, this mode of gene therapy with the wild-type F.VI1II gene is rarely used, because of
the availability of effective plasma and recombinant products for replacement therapy, the
limited number of liver donors, and, until relatively recently, the lack of effective
antirejection therapy with acceptable levels of toxicity.

Retroviral Vectors—The Chapel Hill hemophilia A dogs were treated with B domain—
deleted human F.VIII cDNA in a retroviral vector delivered via peripheral vein infusion in a
dose escalation study (Greengard et al. 1997). All the dogs produced F.VIII activity, as
evident in a shortening of the whole blood clotting time (WBCTl) from over an hour to
between 12 and 16 minutes before development of antibodies to the human F. VI1II. This
study highlights the importance of using species-specific cDNA in gene therapy research in
adult animals.

Katherine Ponder developed a gamma-retroviral vector expressing canine B domain-deleted
F.VIII under the control of a hepatocyte-specific promoter (Xu et al. 2005). This vector was
given to neonatal hemophilia A dogs within 72 hours of birth (6.71 to 8.71 x 10°
transducing units (TU)/kg 1V) which went on to express F.VI1I activity over 100% for
nearly 3 years. Quarterly measurements of liver enzymes revealed that they remained in the
normal range during the study period. Interestingly,1-desamino-8-D-
argininevasopressin(DDAVPY) increased von Willebrand factor but not F.VI11 in these
gene-treated dogs. These data suggest that the increase in plasma F. VIII in normal dogs
after DDAVP is due to release of F.VIII synthesized by or taken up and stored in endothelial
cells. These findings are consistent with recent data from hemophilia A liver transplant
recipients that suggest that colocalization of F.VIIl and VWEF are necessary for F.VIII
secretion after DDAVP (Lamont and Ragni 2005). Although these preclinical results are
very encouraging, enthusiasm has been dampened by concerns of insertional mutagenesis
with retroviral-based vectors (Hacein-Bey-Abina et al. 2003); several strategies have been
proposed to address this issue (High 2005).

Adenoviral Vectors—The expression of high levels of a given transgene is a very
attractive feature of adenoviral vectors that is offset by the toxicity associated with their use.
To address this problem, there is now available a “MiniAdFVIII” construct that is a
“gutless” adenovirus vector devoid of all viral genes and that carries the full-length human
F.VIII (hF.VIIT) cDNA under the control of the 12.5 kb human albumin promoter. In mouse
models, the MiniAdFVIII vector directed expression of human F.VI1II at therapeutic but
gradually declining levels up to 1 year after a single intravenous injection (Balagué et al.
2000). For an assessment of the efficacy and safety of the MiniAdFVIII in larger animals, a
hemophilia A dog received a single intravenous injection of the MiniAdFVIII at a dose of 3
x 1012 viral particles per kilogram; the WBCT decreased from a pre-treatment value of 24.5
minutes to a normal level of 11.5 minutes for several days, but human F.VI1II activity was
detected only transiently at levels 0.1 and 0.5%. Unfortunately, fever, thrombocytopenia,
and elevation in liver transaminase levels were observed in this dog, as in nonhuman
primates (Fang et al. 2000) and humans (White 2002). These undesirable side effects may be
due to preexisting high antiadenoviral antibody titers, direct toxicity related to the innate
immune response, and/or platelet-leukocyte-endothelial interactions mediated by VWF and
P-selectin (Othman et al. 2007).

Researchers have pursued several strategies to reduce the toxicity associated with adenoviral

vectors while retaining its capacity for high-level expression. Brendan Lee and Philip Ng
have developed a helper-dependent (HD?) adenoviral vector that is devoid of all viral coding
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sequences and contains an expression cassette optimized for liver-restricted expression of
canine B domain—deleted F.VIII (McCormack et al. 2006). Adenoviral vectors with reduced
toxicity have also provided encouraging results in the hemophilia A dogs at Queen’s
University (Brown et al. 2004; Chuah et al. 2003). Further study is required to determine
whether successful reduction in the immune-mediated liver and hematological toxicities
coupled with increasing expression of F.VI1I is possible and whether it will allow
exploitation of the persistent expression now documented with this vector (Arruda 2006).

Adeno-Associated Viral (AAV) Vectors—The approximately 8 kb cDNA of full-
length F.VI1I has presented a challenge because inserting sequences larger than 4.5 kb into
adeno-associated viral (AAVl) vectors has been difficult. Researchers are addressing this
issue with significantly smaller B domain—deleted canine F.VIII constructs that can be
cloned into one AAV vector, as has been reported in mice (Chao et al. 2000; Ishiwata et al.
2006; Jiang et al. 2006a; Liu et al. 2004, 2008; Sarkar et al. 2004), as well as other single-
chain constructs. An alternative approach originally described by Linda Couto (Burton et al.
1999; Scallan et al. 2003) has been to make two AAV vectors, one containing the F.VIII
light chain and the other the F.VIII heavy chain, and to inject both concurrently. A potential
practical limitation of this approach is the “chain imbalance” problem, the probable
necessity of transducing a given cell with both vectors concurrently (Chen et al. 2007,
2009).

Recent reports have also shown that AAV8 and AAV9 may be more effective in male than
female hemophilia A dogs at the same dose (1.52 x 1012 to 3 x 1013 GC/kg, portal vein)
(Sabatino et al. 2007; Sarkar et al. 2006). The goal of ongoing studies of alternative AAV
serotypes in hemophilia A dogs (Jiang et al. 2006a) is to determine the optimal AAV
serotype, dosing, route of administration, and F.VII1 cDNA construct as well as the effect of
gender on gene transfer.

Lentiviral Vectors and Approaches—A key advance in gene therapy was the
discovery that the use of lentiviral vectors can result in gene transfer to nondividing cells
(Naldini et al. 1996). The development of unique packaging systems with self-inactivating
vectors has facilitated use of this vector (Xu et al. 2001). Recently, the laboratories of David
Wilcox, Mortimer Poncz, and Robert Montgomery used lentiviral transduction of
hematopoietic cells to express F.VIII in platelets of hemophilia A mice with and without
inhibitors; the researchers documented hemostatic efficacy (Gewirtz et al. 2008; Shi et al.
2003, 2006; Wilcox et al. 2003; Yarovoi et al. 2003) and novel insights into clotting
dynamics (Neyman et al. 2008). Comparable studies are in progress in hemophilia A dogs.

Nonviral Methods and Combinations with Transposons—The use of plasmid
DNA with various strategies including the Sleeping Beauty transposon system for stable
integration (lvics et al. 1997) has been successful in mice (Liu et al. 2006; Miao et al. 2006;
Ohlfest et al. 2005; Ye et al. 2004). Comparable studies are planned with hemophilia A
dogs.

Cell Therapy Using Blood Outgrowth Endothelial Cells—With the advent of
techniques for isolating stem cells from a variety of sources, new avenues of therapy may
become available and recent reports in mice are very encouraging (Matsui et al. 2007). The
return of autologous cells to the hemophilic host after engineering them to produce
antihemophilic factors remains an attractive approach (Follenzi et al. 2008). In addition,
Robert Hebbel and colleagues have pioneered the technique of growing endothelium
isolated from whole blood (Lin et al. 2000); these cultured cells are called blood outgrowth
endothelial cells (BOECsL). This novel technique has opened the door for engineering
BOECs with either nonviral or viral vectors, selecting clones that produce high levels of a
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transgene product, and reinfusing the transgene-producing cells into the original host.
Monolayer cultures of BOECs are reproducible from human peripheral blood buffy coat
mononuclear cells (Lin et al. 2000) and exhibit typical endothelial morphology and
endothelial phenotypic markers including, among others, VWF, Weibel-Palade bodies, and
adhesion cell molecules (Lin et al. 2000). These BOECs can be expanded from 20 starting
cells to 1019 cells in 2 months. Thus, it is feasible to scale up to very large numbers of
BOEC:s engineered to produce antihemophilic factors for infusion in hemopbhilic patients.
When the Hebbel team gave NOD/SCID (non-obese diabetic/severe combined
immunodeficiency) mice human BOECs engineered to produce human F.V1Il, the animals
expressed circulating levels from 10 to 200 ng/ml, or from 5% to over 100% of normal (Lin
et al. 2002). The Hebbel team has successfully isolated BOECs from the Chapel Hill
hemophilia A dogs for comparable experiments (Milbauer et al. 2008).

Canine Hemophilia B

Hemophilia B is an inherited X-linked disorder caused by a deficiency of F.IX.
Characterization of the complete coding region for canine F.IX cDNA, completed in 1989
(Evans et al. 1989b), revealed that it is 86% conserved (compared to human F.1X) at the
amino acid level. The leader peptide, Gla domain, epidermal growth factor (EGF) domains,
and carboxy-terminal portion of the heavy chains have extensive sequence conservation
between dogs and humans. All glutamic acid (Glu) residues undergoing gamma-
carboxylation in humans are conserved in dogs. The 1989 study provided the necessary tools
for identification of the molecular defects in several strains of hemophilia B dogs (Brooks et
al. 1997, 2003; Evans et al. 1989a; Gu et al. 1999; Mauser et al. 1996). Two strains have
been used extensively in gene therapy studies: one with a deletion mutation in Lhasa Apso
dogs that are prone to develop inhibitory antibodies to infused canine F. 1X, reported in 1996
from Auburn University in Alabama (recently moved to the University of Alabama at
Birmingham, UAB; Mauser et al. 1996), and one with a missense mutation that does not
develop inhibitory antibodies to infused canine F.IX, maintained in the Chapel Hill dogs
since 1966 (Evans et al. 1989a). As in severe hemophilia B humans, the hemophilia B dogs
from Auburn/UAB and Chapel Hill have a severe bleeder phenotype manifested by frequent
spontaneous bleeds into joints and soft tissues. The well-described phenotype and genotype
of these hemophilia B dogs make them very desirable for studying the pathophysiology of
hemophilia B and for testing replacement therapies and gene therapy strategies.

Replacement Therapy with Recombinant F.IX

Advances in bioengineering have made possible the production in serum-free media of
highly concentrated preparations of recombinant human F.I1X (rF.IXl) (Brinkhous et al.
1996). Both rF.1X and plasma-derived human F.IX (pdF.1X) corrected the hemostatic defect
in hemophilia B dogs in a dose-dependent fashion. The pharmacokinetic parameters and the
immune response were the same for the two products. The percent recovery of recombinant
F.IX (rF.IX) was somewhat lower than for pdF.1X, but the values of both products were less
than half of the predicted levels. Lower recovery was subsequently seen in humans as well,
especially in the pediatric population (Shapiro et al. 2005). In addition, a prophylactic
regimen with daily administration of rF.1X resulted in a continuous therapeutic level of
plasma F.IX that gradually rose for 5 days, with a twofold increase in recovery by day 5.
The mechanism of the high recovery of the prophylactic regimen may be related to the
degree of saturation of the vascular endothelial binding sites and to the altered dynamics of
the balance of intravascular and extravascular compartments (Cheung et al. 1996;
Schuettrumpf et al. 2005; Wolberg et al. 1997).

The pharmacodynamics and pharmacokinetics of various isoforms of F.IX have also been
determined in these dogs. First, rF.1X deficient in gamma-carboxylated glutamic acid
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residues 36 and 40 was shown to have in vivo hemostatic efficacy and pharmacodynamics
comparable to fully carboxylated F.IX. The discovery that gamma-carboxylation of Glu36
and Glu40 is not essential for in vitro clotting activity has important implications for therapy
with recombinant products that may not be fully gamma-carboxylated (Gillis et al. 1997).
Moreover, F.IX produced by gene therapy in extrahepatic sites may target cells with limited
capacity for gamma-carboxylation (Wu et al. 1997). Second, high molecular weight (M)
F.IX aggregates in pdF.1X products do not contribute substantially to F.IX activity in vivo
and their absence from rF.1X does not alter its efficacy in vivo (Sigman et al. 1997). Third,
newly constructed chimeric molecules of several coagulation factors have enhanced activity
when compared to their wild-type form (Chang et al. 1997). In Chapel Hill, Jen-Yea Chang
and colleagues made a chimeric F.IX molecule by replacing the first epidermal growth
factor—like domain with that of F.VII. The resulting recombinant chimeric molecule, factor
IXviiegr1, had at least a twofold increase in functional activity in the one-stage clotting
assay when compared to recombinant wild-type F. 1X, at least a threefold increase in
clotting activity, and a biological half-life equivalent to recombinant wild-type F.IX when
infused in hemophilia B dogs (Chang et al. 1997). The marked increased function of factor
IXviiegF1 in Vivo suggests that if this chimera or other F.IX variants (Pipe 2004;
Schuettrumpf et al. 2005; Yan et al. 2006) were expressed even at low levels by existing
gene therapy methods and compared to wild-type F.IX similarly expressed, they could
produce a greater biological and perhaps “curative” effect. Whether these variant molecules
might result in increased immunogenicity requires further study.

Extravascular Administration of F.IX

High-purity human plasma—derived and recombinant F.IX formulations have been exploited
to investigate the disease mechanism and correction of hemophilia B. Standard clinical
practice is to administer F.IX formulations intravenously with the attendant difficulties of
establishing vascular access. Attempts to circumvent these limitations include extravascular
administration of F.1X via intraperitoneal (IP), subcutaneous (SC), intramuscular (IM), and
intratracheal (IT) routes of administration (Liles et al. 1997; McCarthy et al. 2002; Russell et
al. 2001). The data from such efforts show that significant levels of F.IX may be obtained
via extravascular injection in hemophilia B subjects, and indicate the importance of routes of
administration in clinical uses of F.1X.

This work has direct bearing on gene therapy of hemophilia B with techniques that deliver
F.IX extravascularly into the circulation, although a potential pitfall of such administration
could be increased immunogenicity of the therapeutic protein. An adult male hemopbhilia B
patient with a missense mutation in the signal peptide domain that substitutes a proline for
leucine at position —24 received high-purity human plasma—derived F.IX subcutaneously
under an approved protocol in the Clinical Research Unit at the University of North Carolina
(Liles et al. 1997). Many months later, this same patient received 1V treatment with F.1X for
bleeding associated with a traumatic injury and recombinant F.IX in a clinical protocol that
required monthly Bethesda assays. He subsequently developed a transient, low-titer inhibitor
(1 to 2 Bethesda inhibitor units) but currently, even after many repeated exposures to rF.I1X,
has no detectable inhibitor. This patient had received extensive treatment in the past and had
not shown evidence of developing an inhibitor, although he had not been as rigorously
monitored as he was in this protocol.

This case raises the issue of whether extravascular administration of F.IX could result in an
immune response with greater frequency than intravascular administration. Because host
response can vary considerably, we offer several observations. First, none of the humans in
the IM gene therapy trial developed an inhibitor (Manno et al. 2003). Second, in our canine
model of hemophilia B we have detected functional canine F.1X that has traversed the
extravascular space to reach the circulation in a series of gene therapy protocols that express
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canine F.IX from muscle; however, in some cases, inhibitory antibodies to canine F.IX
formed and appear to be related to dosing and AAV serotype (Arruda et al. 2001, 2004a,b,c,
2005; Herzog et al. 2002, 1999). This information helped guide dosing in the human IM
gene therapy trial in which none of eight patients developed an inhibitor (Manno et al.
2003). Third, many patients probably receive some F.IX in the extravascular space when 1V
lines infiltrate, a common occurrence. Whether hemophilic patients are more likely to
develop an inhibitor with extravasation of F.I1X is unknown. Fourth, Darrel Stafford, Ronald
Heimark, and David Stern documented that F.IX binds to type IV collagen via lysine at
position 5 or valine at position 10, identifying the mechanism(s) of extravascular and
endothelial binding of F.IX (Cheung et al. 1996; Heimark and Schwartz 1983; Stern et al.
1987; Wolberg et al. 1997). Moreover, a recent study showed that factor 1X variants that do
not have these sites increase circulating levels of F.1X and thus improve gene therapy
efficacy in mice (Schuettrumpf et al. 2005).

Considered together with our data on the extravascular administration of F.IX, it appears
that F.1X can traverse not only from the extravascular space to the systemic circulation but
also from the latter to the former (Zauber and Levin 1977). The exact function of F.IX in the
extravascular space is unknown but likely prevents the bleeding into joints (Sun et al. 2008)
and soft tissues characteristic of hemophilia B patients. The extravascular route of
administration of F.IX warrants further investigation.

Induction of Tolerance to Recombinant Human F.IX (rF.IX) in Hemophilia B Dogs

The therapeutic potential and antigenicity of subcutaneous administration of F.IX were the
focus of a study designed to induce tolerance to human F.1X in hemophilia B dogs (Russell
et al. 2003). Administration (I1V, IM, or SC) of rF.1X to adult hemophilia B dogs corrects the
coagulopathy until inhibitory antibodies form to the xenoprotein. In our experience, the
antibody response appears to be independent of the route of administration, thus allowing us
to determine whether rF.1X, delivered subcutaneously, could induce immune tolerance under
the correct experimental conditions.

We chose neonatal hemophilia B puppies to receive rF.IX daily (82.6 1U/kg or 1650 1U/kg)
or thrice-weekly (82.6 1U/kg) SC injections from day 2 after birth (SC injections are
tolerated well and circumvent the challenges associated with venipuncture) and achieved
four goals in this study. First, five of eight hemophilia B dogs were tolerized to rF.IX.
Second, the tolerized dogs thrived for over 4 years including interruptions in therapy, IV
challenges, gestation and parturition, and surgical procedures. Third, the SC route and the
dose shortened the WBCT and the activated partial thromboplastin time (aPTTl), and
yielded F.IX antigen levels of approximately 1%. Fourth, and most importantly, our data
show that sustained prophylactic administration of rF.IX to tolerized hemophilia B dogs
significantly reduced the incidence of spontaneous bleeding events from an average of six
bleeds per year to one per year (p < 0.05). This significant reduction in bleeding events is
consistent with an improvement in phenotype. Moreover, these data underscore the
advantages of prophylactic therapy for decreasing hemorrhages and associated
complications in an animal model, and they support consideration of subcutaneous
administration as an alternative to IV infusions if proven safe and efficacious in clinical
trials in humans with hemophilia B.

Gene Therapy for Hemophilia B

Organ Transplantation and Wild-Type Gene Therapy—Following the “cure” of
canine hemophilia A by liver and spleen transplantation discussed above, researchers
demonstrated this same beneficial effect in the Chapel Hill strain of hemophilia B dogs
(Webster et al. 1974). While this approach is feasible in humans, it is not the first choice of
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therapy given the quality of available recombinant F.IX for replacement therapy (Brinkhous
et al. 1996). Nonetheless, the successful treatment of canine and human hemophilia B by
liver transplantation makes this approach reasonable to consider in hemophilia B patients
with severe liver damage from hepatitis or with nonmetastatic liver cancer.

Retroviral Vectors and Gene Therapy—Studies using the retroviral vectors created by
Inder Verma at the Salk Institute, Savio Woo at Mt. Sinai Medical School, Mark Kay at
Stanford University, and Kathy Ponder at Washington University in St. Louis illustrate both
the advantages and the limitations of retroviral vectors in gene transfer. The advantages are
that the vectors are replication-incompetent, have the ability to transduce a wide range of
cells (including hepatocytes), and undergo permanent integration into the host genome,
allowing for long-term expression of the transgene. Furthermore, it is possible to greatly
increase the titer of the retroviral construct with the use of packaging cell lines that furnish
essential DNA sequences deleted from the replication-deficient virus. The two practical
limitations of early retroviral vectors are that they can infect only dividing cells and can
accommodate an insert size of only about 7 kb.

In 1990, Inder Verma and Kenneth Brinkhous successfully accomplished gene therapy at the
cellular level in the Chapel Hill hemophilia B dogs (Axelrod et al. 1990). Hemophilic and
normal fibroblasts transduced with a retroviral construct produced functional F.IX and, with
IP injection, resulted in the transient appearance of low levels of canine F.IX in the
bloodstream (ex vivo gene therapy) (Lozier and Brinkhous 1994).

The first successful long-term somatic cell gene therapy in a large animal model was in the
same strain of hemophilia B dogs in 1993 by Kay, Woo, and Brinkhous, resulting in a
change in phenotype from severe hemophilia to a less severe form (Kay et al. 1993). The
procedure consisted of conditioning hepatocytes by partial hepatectomy to establish a
proliferative phase. With injection directly into the portal venous system, the vector that
included the moloney retroviral long terminal repeat (LTR) as the promoter transduced an
estimated 0.3-1.0% of the hepatocytes, which then expressed canine F.IX. Low but easily
detectable levels of plasma F.IX (about 2-8 ng/ml) caused the whole blood clotting time to
decrease from nearly 50 minutes to as low as 15 minutes, a distinct change in phenotype.
The effect lasted more than 3 years. Two types of control hemophilia B animals were used
in the protocol in addition to the experimental animals: (1) partial hepatectomy with
prophylactic F.IX administration but without vector, and (2) partial hepatectomy with
infusion of the retroviral vector without canine F.IX cDNA. In both cases, the WBCT,
which shortened after the procedure due to administration of blood products, returned to that
of the hemophilic state in 30 days. Most importantly, this study demonstrated the feasibility
of in vivo retroviral-mediated gene transfer into the liver of a hemophilic animal, with
improvement in the deficiency state (Kay et al. 1993).

Kathy Ponder has developed an alternative approach to retroviral gene therapy that
circumvents the need for partial hepatectomy by exploiting the higher level of hepatocyte
replication during the neonatal period (Xu et al. 2003). A murine leukemia virus (MLV)-
based retroviral vector containing a strong liver-specific human alpha 1-antitrypsin
promoter, the canine F.IX cDNA, and the Woodchuck hepatitis virus post-transcriptional
regulatory element was generated and tested in very young mice with and without
hepatocyte growth factor (HGF). The canine F.IX (cF.1X) antigen levels were over 100%
with and without HGF. With these encouraging data, neonatal hemophilia B puppies were
injected with comparable doses of this retroviral vector (7.84 x 10% to 1.27 x 1010
transducing units [TU]/kg 1V), resulting in marked shortening of the puppies’ WBCT from
over 60 minutes to between 8 and 12 minutes, shortening of the aPTT, and levels of F.IX
antigen of about 10% (500 ng/ml). One puppy died of unrelated causes (pyelonephritis,
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sepsis, and acute renal failure). This was the first demonstration that high levels of F.IX
activity are achievable with a retrovirus but without a partial hepatectomy or liver injury to
induce hepatocyte replication. The Ponder laboratory has now extended this work to
incorporate human F.IX cDNA into the retroviral vector cassette and has shown the
feasibility of both long-term expression of therapeutic levels of human F.IX and tolerance to
the xenoprotein (Xu et al. 2007). Remarkably, these tolerized hemophilia B dogs have been
exposed to human F.IX intravenously several times and have not developed inhibitory
antibodies.

This vector system is essentially the same as discussed above for hemophilia A (Xu et al.
2005). Concerns about the risk of insertional mutagenesis with retroviruses persist (Hacein-
Bey-Abina et al. 2003), but these encouraging results support the pursuit of strategies to
address these obstacles (High 2005) as well as consideration of alternative designs of
clinical trials in the pediatric population (Monahan 2007).

Adenoviral Vectors—Investigators have reviewed many aspects of the use of replication-
deficient recombinant adenoviruses for gene transfer (Arruda 2006; Connelly and Kaleko
1997; Eisensmith and Woo 1997; Lozier et al. 2002; Pasi 2001) and have extensively
characterized the human adenoviral prototypes of subgroup C, Ad2 and Ad5, both
biochemically and genetically. The first successful result with somatic cell gene therapy in
canine hemophilia B used an Ad5 construct containing the canine F.IX cDNA (Kay et al.
1994). A prompt and vigorous response was observed with F.IX plasma levels reaching
normal or supernormal levels for about a week, followed by a slow return to pretreatment or
baseline levels in 70 to 100 days.

The success of adenoviral-mediated gene therapy for hemophilia B has been limited by the
host immune response to the adenoviral proteins as it is quite complex and variable among
species. The adenoviral vector activates specific cytotoxic T lymphocytes (CTLs), T helper
cells (both Th1 and Th2 subsets), and B cells, leading to inflammation, the destruction of
infected tissues, and the cessation of transgene expression (Arruda 2006). The hypothesis
that suppression of the host immune response would prolong transgene expression was
tested by two methods. First, hemophilia B dogs received the canine F.IX adenoviral vector
and an immunosuppressive agent, cyclosporin A, concomitantly (Fang et al. 1995).
Cyclosporin A significantly increased the persistence of transgene expression after
adenovirus-mediated transfer in vivo, and discontinuation of the drug resulted in attenuation
of transgene expression. Second, CTLA4-Ig was equally effective in prolonging transgene
expression (unpublished data, Kay, Read, and Nichols). Next, the recombinant adenoviral
vector was modified to decrease its immunogenicity. No significant differences in the
duration of transgene expression were observed in this animal model when the temperature-
sensitive 125 (ts125) mutation was compared to the same transgene without the ts125
mutation in hemophilia B dogs (Fang et al. 1996). Thus, the immune response to this series
of adenoviral vectors is clearly a key factor that limits its use for gene therapy in the
hemophilia B dogs.

Exciting and important recent developments have been reported from Kay, Ng, Lee, Art
Beaudet, and researchers in other laboratories using the helper-dependent adenoviral
constructs that encode few to no viral proteins (Hardy et al. 1997; Kochanek et al. 1996;
Lieber et al. 1996a,b; Schiedner et al. 1998; also discussed above under gene therapy for
hemophilia A). Mark Kay and Anja Ehrhardt have constructed an HD adenoviral vector that
contains the complete human F.IX cDNA, some of the intronic sequences, and the complete
3’ untranslated region (Ehrhardt and Kay 2002). They directly compared this HD vector in
mice to a first-generation adenoviral vector using the same expression cassettes and found
that the level of F.IX expression was comparable between the two vectors. However, the HD
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adenoviral vector was less hepatotoxic and had an in vivo dose threshold effect about
fourfold lower than the first-generation adenoviral vector. Kay and colleagues substituted
canine for human F.IX cDNA in this vector and injected it into the Chapel Hill hemophilia B
dogs by peripheral vein at 8.6 x 1011 viral particles (vp)/kg (Ehrhardt et al. 2003). In
contrast to other studies using first- or second-generation adenoviral vectors, these dogs
expressed therapeutic levels of F.IX for up to 2 months, exhibited no hepatotoxicity as
judged by liver enzymes and liver histology, and had no drop in platelet counts. The level of
F.IX declined over time but persisted for up to 4% months with no detectable Bethesda
inhibitor. Kay and Ehrhardt have very recently developed and are testing a combination of
an HD adenoviral canine F.1X vector construct to support high-level transgene expression
and a Sleeping Beauty transposase vector that integrates into the host genome (Ehrhardt et
al. 2006; Ivics et al. 1997). Ng and Beaudet have been able to extend these observations with
an HD adenoviral construct that induced transient mild liver enzyme elevations and a
decrease in platelet count but exhibited sustained expression for over a year (1 x 1011, 3,57
x 1012 and 1.3 x 1012 vp/kg) (Brunetti-Pierri et al. 2005).

These studies demonstrate that injection of an HD adenoviral vector results in complete but
transient phenotypic correction of F.1X deficiency in canine models with little or no
detectable toxicity, a marked improvement over earlier adenoviral vectors. In addition,
sustained expression with nonintegrating vectors is an important achievement that addresses
safety concerns about integrating vectors (Donsante et al. 2007; Hacein-Bey-Abina et al.
2003).

Adeno-Associated Viral Vectors—The most significant advances in gene therapy for
hemophilia B have arguably come from use of the adeno-associated virus (Samulski et al.
1991). Gene transfer studies in mice, dogs, nonhuman primates, and humans have identified
the immune response to the expressed transgenic F.I1X and the AAV vector as the most
significant barriers to successful gene transfer for hemophilia B. With respect to the risk of
inhibitor formation to the expressed transgenic F.IX, these studies have identified the
following risk factors: the underlying F.I1X gene mutation in the host, vector dose per
kilogram of recipient, vector dose per site, and route of administration. The development of
reagents that rigorously characterize the canine immune response have enabled the
identification of operative mechanisms in the hemophilia B dogs as well as the development
of methaods for preventing inhibitor formation. With respect to the vector capsid, immune
responses have been observed in humans after gene transfer to the liver but not in any other
species (Manno et al. 2006).

AAV has a broad host range for infectivity (e.g., humans, monkeys, dogs, mice) when
coinfected with the appropriate helper. A number of features of AAV make it a promising
candidate for somatic gene delivery in patients: (1) it is ubiquitous in humans, although it
causes no known disease; (2) recent improvements in vector manufacturing techniques
provide more concentrated and purer preps than previously available (Matsushita et al. 1998;
Xiao et al. 1998); (3) it is predominantly nonintegrating, reducing the risk of insertional
mutagenesis (Nakai et al. 2001; Niemeyer et al. 2008), although debate continues about its
use in mice (Donsante et al. 2001, 2007; Han et al. 2008; Schultz and Chamberlain 2008);
(4) it efficiently transduces nonproliferating target cells; and (5) at least 12 serotypes of
AAV have been characterized (Gao et al. 2002). The availability of different serotypes has
provided an opportunity to re-treat or readminister AAV vectors to animals that exhibited a
strong neutralizing antibody response after initial treatment with a given serotype, and it is
reasonable to speculate that the different AAV serotypes will afford humans the same
possibility of retreatment. The ability to infect nonproliferating cells is of particular
importance for gene therapy of hemophilia because of the terminally differentiated
properties of most desirable target cells. The availability of an infectious recombinant AAV
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(rAAVl) clone and a helper-free packaging system have provided a manipulatable gene
transfer vehicle that has tremendous potential in the field of eukaryotic viral vectors. Indeed,
there is growing enthusiasm in the gene transfer field for the role of AAV as a vector for
genetic diseases.

Work in several laboratories has established muscle and liver as promising platforms for
rAAV vector-mediated gene therapy of canine hemophilia B (Herzog et al. 1999; Snyder et
al. 1997; Xiao et al. 1996). The use of rAAV vectors to express canine F.IX in hemophilia B
dogs has been exciting and informative (Chao et al. 1999; Herzog et al. 1999; Monahan et
al. 1998; Mount et al. 2002; Snyder et al. 1999; Wang et al. 2000). Intramuscular, portal
vein, hepatic artery, and peripheral vein administration of various constructs have
successfully induced expression of F.1X activity (Arruda et al. 2004a,b,c, 2005; Harding et
al. 2004; Herzog et al. 2002; Mount et al. 2002; Wang et al. 2005). The dogs tolerated all the
routes well, but there are important differences in transgene expression that are not yet fully
understood. For example, portal vein infusion in mice appears to yield higher levels of F.IX
than similar IM doses (Nathwani et al. 2001). The same may be true in dogs, but differences
in constructs, species-dependent promoter efficiency, transit to the circulation, or other
factors make direct comparisons difficult (High 2005). A second example was the subject of
collaborations between the High laboratory and the Chapel Hill and Auburn/UAB
hemophilia B colonies (Herzog et al. 2002; Mount et al. 2002). In the animals that received
IM injections, expression of F.IX has been reproducible and dose-dependent; the range has
been from 3 to over 200 ng/ml using doses from 101! to 1013 vp/kg. Unexpectedly,
inhibitory anticanine F.IX antibodies (IgG1 and 19gG2) formed in the Chapel Hill strain that
were low-titer, self-limited, and preventable by immunomodulation with cyclophosphamide
(Herzog et al. 2001, 2002). The vector dose per injected site appeared to be the strongest
predictor of anti-F.1X antibody formation. The associated proliferative responses and
cytokine production were documented when peripheral blood mononuclear cells were
restimulated in vitro with canine F.IX antigen. These data were consistent with T cell-
dependent anticanine F.IX antibody formation. Importantly, these studies showed that the
Chapel Hill strain can be used to evaluate gene transfer strategies for their potential to
activate F.1X-specific B and T cell responses. The animals that received rAAV by portal
vein injection exhibited a dose-dependent effect in a range similar to that seen with the IM
approach but without anti-F.1X antibody formation. Considered together, these studies
provide evidence that liver-based gene therapy may be less likely to generate an inhibitory
antibody to F.1X, a feared complication of any form of hemophilia therapy.

These encouraging preclinical data in multiple animal models strongly supported muscle-
and liver-based gene transfer trials with AAV vectors in humans. The intramuscular trial
tested for safety, which was documented at the expense of dosing for efficacy (Manno et al.
2003). Important and useful dosing information was obtained in the Chapel Hill hemophilia
B dogs as described above (Herzog et al. 2002), and the ultimate doses of rAAV used in the
human trials were chosen after consideration of these data and the underlying mutations in
the hemophilia B dogs. Based on studies in hemophilic dogs, the initial muscle trial was
limited to subjects whose disease was due to a missense mutation (i.e., the trial excluded
those with nonsense mutations or gene deletions). None of the eight patients who received
IM gene therapy has shown evidence of an inhibitor to date (TCN personal communication
with High, Kay, and Manno, December 2008) or any other significant side effects (Kay et al.
2000; Manno et al. 2003). Muscle biopsies of injection sites performed 2 to 42 months after
vector administration confirmed gene transfer (as evidenced by Southern blot) and transgene
expression (as evidenced by immunohistochemical staining) (Jiang et al. 2006b). Preexisting
high-titer antibodies to AAV did not prevent gene transfer or expression. Plasma levels of
F.IX were mostly less than 1-2% of normal. The vector was administered by separate needle
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injections and higher dosing seemed impractical; in addition, studies in the dogs suggested
that higher doses might induce inhibitor formation (Herzog et al. 2002).

The liver-based trial was initially promising and exciting as it resulted in F.IX levels of 10—
12% (Manno et al. 2006). Unfortunately, there was a gradual decline in F.IX accompanied
by a transient asymptomatic elevation of liver transaminases that resolved without treatment,
both of which were associated with expansion of AAV capsid-specific CD8* T cells in the
circulation. The increased presence of these cells suggested that the transduced hepatocytes
were being destroyed by cell-mediated immunity-targeting antigens of the AAV capsid, an
event that was not predicted by the preclinical studies in any other species. Further studies
are in progress in the hemophilic dogs to develop a model of this immune response. Future
liver-based studies in humans may require optimization of the expression cassette (Wu et al.
2008) or immunomodulation to achieve long-term expression. The US Food and Drug
Administration (FDA) has recently approved an immunomodulation protocol.

There are two additional important areas of rAAV research in the hemophilia B dogs. The
first uses an isolated limb perfusion approach that has been shown to dramatically increase
the level of muscle transduction with rAAV (Greelish et al. 1999). Valder Arruda and
Hansell Stedman have performed both antegrade infusion with drugs that are vasodilating
(i.e., papaverine, FDA-approved for human use) and vascular-permabilizing (i.e., histamine,
not FDA-approved for human use) (Arruda et al. 2005) and retrograde infusion without such
drugs (Arruda et al. 2004). While transient immune suppression may still be necessary, the
early results are very encouraging. The second area uses alternate serotypes or packaging of
rAAV to augment gene expression. Results obtained by the High laboratory do indeed show
that AAV-1 in the hemophilia B dogs resulted in approximately fiftyfold higher levels of
expression but that these came at the cost of increased inhibitor formation in mice and dogs
(maximum dose 1 x 1012 vp/kg IM) (Arruda et al. 2004b). The increase in transgene
expression may be due to a higher gene copy number and a larger number of cells
transduced at each injection site. Studies by the Wilson and Wang laboratory with hybrid
AAV 2/7, 2/8, and 2/9 have also been encouraging (3.34 to 5.26 x 1012 genome copies
(GC)/kg, portal vein) (Wang et al. 2005). Moreover, hemophilia B dogs that had received
treatment with AAV2 vectors were successfully transduced with alternate serotypes with
apparent additive effect on the level of transgene expression (Wang et al. 2005). The
magnitude of difference, the effect of gender on transgene expression, and the potential for
adverse outcomes (e.g., inhibitor formation, germline transmission) are actively being
studied with these alternate serotypes and packaging systems.

Remarkably, stable expression has persisted since 1998 without detectable toxicity in the
liver and muscle of the Chapel Hill strain (unpublished data, High, Kay, Verma, and
Nichols) and for several years in the liver of the Auburn/UAB strain (Niemeyer et al. 2008).
These observations are largely based on monitoring of the WBCT and aPTT and do not
exclude a subtle decrease or increase in transgene expression that would be detected by
specific antigen or coagulation factor assays. The titer of anti-AAV antibodies has not been
systematically characterized. Persistent AAV-mediated gene expression in muscle was
expected given the low rate of myocyte turnover. Since AAV is predominantly a
nonintegrating vector, persistent expression is somewhat unexpected in liver given that
hepatocytes have a higher rate of replication. In spite of these predictions, prolonged
transgene expression over 10 years was unexpected but a highly desirable outcome that
suggests long-term exposure to AAV gene therapy is safe in dogs. These observations are
particularly important when considering the occurrence of hepatocellular carcinoma and
angiosarcomas in mice with the lysosomal storage disease mucopolysaccharidosis type VI
(MPS V1) after treatment with rAAV vectors (Donsante et al. 2001, 2007; for a detailed
discussion of lysosomal storage diseases, see Haskins 2009). Insertional mutagenesis is
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probably the operative mechanism but other possibilities include overexpression of a human
transgene in rodents and colony contamination by oncogenic viruses. To address this issue
we are screening all AAV-treated Chapel Hill hemophilia B dogs for evidence of tumor
formation or other pathology at the sites of gene transfer (unpublished findings, Nichols,
High, and Arruda). The availability of relevant animal models that survive for 10 years after
gene therapy with a species-specific transgene has proven invaluable to assess toxicity over
time.

Finally, the potential for germline transmission through 1M administration of rAAV serotype
2 vectors was assessed to be quite low in sperm (Arruda et al. 2001; Schuettrumpf et al.
2005). Among the four species tested in this study, mice, rats, and rabbits were positive
whereas dogs were negative for vector in semen between 7 and 90 days after gene transfer.
Vector is detectable in hemophilic dog serum and saliva, urine, tears, and feces for 1 or 2
days after gene transfer using a sensitive reverse transcriptase-polymerase chain reaction
(RT-PCR) method (unpublished data, High, Arruda, and Nichols); we have not collected
semen from these dogs in this early, 1- or 2-day time frame. Notably, six of seven human
subjects treated in the liver-based trial have shed vector in semen briefly after gene transfer
(Manno et al. 2006). In 2002, theRecombinant DNA Advisory Committee (2002) and the
FDA determined that the transient shedding of rAAV vector was an acceptable risk.

Lentiviral Vectors Expressing Canine F.IX—Although the development of lentiviral
vectors has made possible the transduction of nonproliferative or quiescent liver cells (Kafri
et al. 1997), the Kay laboratory has shown that hepatocyte proliferation augments the effect
of lentiviral gene therapy (Park et al. 2000). Their study used human immunodeficiency
virus (HIV)-based lentiviral vectors containing an EFlalpha enhancer/promoter driving
human factor IX (hF.IX) cDNA expression for portal vein injection into C57BI/6 mice. A
dose escalation study produced a sustained increase in serum hF.IX levels to approximately
50-60 ng/mL. Importantly, partial hepatectomy resulted in a significant increase in hF.IX,
up to 350 ng/mL compared with the nonhepatectomized mice. Other vector cassettes are
being tested as are methods of inducing hepatocyte division. The most efficient vector(s)
will have canine F.IX cDNA inserted for studies in hemophilia B dogs.

Lentiviral vectors expressing F.IX from hepatocyte-specific promoters failed to achieve
sustained F.IX expression in hemophilia B mice in part because of the induction of an anti-
F.IX cellular immune response (Follenzi et al. 2004). Further analysis suggested that this
may be a result of off-target transgene expression in hematopoietic-lineage cells of the
spleen. In order to overcome this problem, the Naldini laboratory modified this vector to
contain a target sequence for the hematopoietic-specific microRNA, termed mir-142-3p
(Brown et al. 2006). Addition of this microRNA eliminated off-target expression in
hematopoietic cells and enabled sustained gene transfer in hemophilia B mice for more than
280 days after injection. Treated mice had over 10% of normal F.IX activity, no detectable
anti-F.1X antibodies, and shortened tail-clip bleeding times, and they were unresponsive to
F.IX immunization (Brown et al. 2007). Plans are under way to extend these studies in the
hemophilic dogs.

Nonviral Methods for Expressing F.IX—A variety of nonviral methods have been tried
in cell lines from the hemophilia B dogs. First was the development of molecular conjugate
vectors containing DNA sequences that do not have a size limitation, in contrast to the
retroviral, adenoviral, and rAAV vectors (Cristiano et al. 1993; Lozier et al. 1994). Second,
RNA/DNA oligonucleotides that are chemically modified to be nuclease resistant underwent
testing by Betsy Kren and Clifford Steer at the University of Minnesota (Kren et al. 1998)
and Carol Miao at the University of Washington (Miao et al. 1999, 2000). Both groups used
RNA/DNA oligonucleotides containing a G insertion at nucleotide 1477 to transfect cultured
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canine hemophilia B hepatocytes. At present, results from these nonviral methods do not
justify in vivo experiments in hemophilia B dogs (De Meyer et al. 2007; Zhang et al. 1998).
Third, a study in mice showed that electroporation induces pores in cells that allow materials
to enter until the pores seal; in vivo electroporation immediately after IM plasmid delivery
leads to levels of transgene expression that are 100- to 1000-fold greater than those possible
with direct plasmid injection alone using reporter genes (Fewell et al. 2001). Based on these
encouraging results in mice, we injected our hemophilia B dogs with comparable doses of
canine F.IX (cF.I1X) plasmid with electroporation (Fewell et al. 2000). Correction of WBCT
was evident in all treated animals 1 day after injection but was transient (lasting about 10
days) due to the development of Bethesda inhibitors (1 to 5 BU) that persisted for up to 3
months. Immunomodulation delayed but did not prevent the development of anti-cF.IX
antibodies. These data show that plasmid gene delivery augmented by electroporation may
temporarily improve gene transfer, but that the immune response to the transgene after
electroporation is a critical barrier to surmount.

Cell Therapy: Ex Vivo Gene Therapy with Transduced Hemophilic Cells—The
return of modified cells to the body is an important point to consider for ex vivo gene
therapy, but it is more challenging than one might initially imagine. The chief difficulty lies
in establishing a support matrix and blood supply to sustain the implanted cells and deliver
the desired coagulant factor to the bloodstream (reimplantation is not a problem for
transduced blood or marrow cells, which can be returned directly to the bloodstream).
Instead of implantation of transduced cells directly into tissues, several researchers have
proposed the installation of subcutaneous capsules or ports that have semipermeable
membranes and contain cultures of transduced cells producing antihemophilic protein
(Chang et al. 1993; Kingdon et al. 1993; Lozier et al. 1991). These methods (or possibly
BOEC:s as discussed above under hemophilia A) may be effective with canine hemophilic
cells transduced with canine F.I1X when the systems are optimized.

Canine von Willebrand Factor (VWF) and von Willebrand Disease (VWD)

Von Willebrand factor (VWF) has several roles in hemostasis and thrombaosis in humans,
dogs, and pigs, associated in part with its compartmentalization or cellular source (Sadler
2005). It is synthesized not only in endothelial cells that store and secrete the protein into the
subendothelium and plasma (Ruggeri and Ware 1993; Wu et al. 1987) but also in
megakaryocytes, and is present in human and porcine platelet alpha-granules (Bowie et al.
1986; Cramer et al. 1986; Koutts et al. 1978; Sporn et al. 1985). Studies in both humans and
swine have shown that bleeding time prolongation is associated with decreased platelet
VWEF with or without changes in plasma VWF (Bowie et al. 1986; Gralnick et al. 1986;
Nichols et al. 1995; Parker et al. 1992).2 Dogs that have no platelet VWF but normal plasma
and endothelial VWF have normal bleeding times (Nichols et al. 1993) and, in contrast to
humans and pigs with von Willebrand disease (VWD), infusion of canine VWF into VWD
dogs nearly normalizes bleeding time (Nichols et al. 1993). Thus, bleeding time, as a
measure of hemostasis, appears to have species specificity related to its distribution in
plasma, platelets, and endothelium.

VWEF has no known enzymatic activity but serves as a carrier for F.VII1 in plasma in
humans, pigs, and dogs and may have cofactor activity accelerating thrombin-catalyzed
cleavage of F.VIII light chain (Hill-Eubanks and Lollar 1990). The VWF carrier function
protects F.VII1 from degradation by activated protein C and may provide for the delivery of

2Interesting|y, in porcine and human type 3 (the most severe form) von Willebrand disease (VWD), replacement of both plasma and
platelet VWEF is required to normalize the bleeding time, whereas plasma VWEF alone is insufficient (Bowie et al. 1986; Castillo et al.
1991; Mannucci et al. 1987; Nichols et al. 1995; Smiley et al. 1989).
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F.VIII to sites of arterial injury (Koedam et al. 1988). Such events could both localize F.VIII
activity to sites of VWF attachment on exposed subendothelium and promote thrombosis.
However, BB3-BD5, a neutralizing monoclonal antibody raised to purified porcine VWF,
does not affect F. VIII activity but interrupts VWF-dependent arterial thrombosis in pigs
(Bellinger et al. 1987). In addition, dogs with hemophilia A (i.e., no detectable F.VIII but
normal VWF) form occlusive arterial thromboses at sites of arterial stenosis and injury as
readily as normal dogs (Nichols et al. 1993). Likewise, human subjects with hemophilia A
also have no detectable F.VIII and normal VWF, but it is not yet clear whether they are
protected from myocardial infarction (i.e., thrombosis in atherosclerotic arteries) (Brinkhous
et al. 1989b; Kiechl and Willeit 2003; Sramek et al. 2003). Notably, VWF level in humans
also correlates directly with thrombosis risk and inversely with bleeding risk (Sadler 2005).
These results support the hypothesis that VWF has an intrinsic property that supports arterial
thrombosis and appears to be independent of its association with F.VIII in dogs, pigs, and
humans.

Von Willebrand disease (VWD) is characterized by qualitative or quantitative abnormalities
in VWEF (Sadler et al. 2006). Both humans and dogs inherit the disease in an autosomal
fashion (Nichols et al. 2008; Read et al. 1978; Sadler et al. 2006). There are several types of
VWD and taken together they are the most prevalent of inherited bleeding disorders in both
dogs and humans (Goodeve et al. 2007; Schneppenheim et al. 1995), so there is great
interest in developing better diagnostic and treatment methods for the disease in both
species.

Canine VWF: cDNA and Identification of the Causative Molecular Defect

The Chapel Hill canine VWD strain was derived from a show-dog strain of Scottish terriers,
and the colony was established in 1978 from a single heterozygote from one of these terriers
(Read et al. 1978). The normal canine VWF gene has been localized to chromosome 273in
a region that is syntenic with human chromosome 12p13, the location of the human gene
(Sheldon-Inloes et al. 1986). Robert Montgomery’s team has reported the cDNA sequence
for canine VWF (Haberichter et al. 2000) and found that the human and canine VWF are
87.1% and 86.2 % identical at the nucleotide and protein levels, respectively. This cDNA
and reports from others (Rieger et al. 1998) enabled us, in collaboration with Montgomery,
to identify the causative mutation in the Chapel Hill strain of canine VWD (Haberichter et
al. 2005). A single nucleotide deletion is present in the VWD canine sequence at base pair
255 that causes a frame shift mutation resulting in a premature stop codon in exon 4. Canine
VWD mimics type 3 human VWD, which is characterized by undetectable VWF and severe
bleeding, especially at mucocutaneous sites. Type 3 VWD is the least common and has the
most severe bleeding phenotype among the various types of VWD. The Chapel Hill VWD
dogs have proven extremely useful for studying the basic biology of VWF and testing
replacement products and novel therapeutics.

Replacement Therapy with Human Recombinant VWF and Plasma-Derived VWF

The pharmacodynamics and pharmacokinetics of human recombinant furin-processed VWF
(rVWEF, Baxter) were compared with a plasma VWF-F.VIII concentrate, Humate-P (100 U
VWEF:RCo/kg 1V), in the homozygous VWD dogs in Chapel Hill (Nichols et al. 2007).
Blood samples were taken up to 29 days after infusion and measured for human VWF:Ag,
VWE activity, VWF multimers, and canine FVIII activity. r'VWF, but not Humate-P,
reduced primary saline bleeding time from more than 15 minutes to about 5 minutes;
recovery with the two treatments was 102% and 76%, respectively. Elimination of rVWF

3Information about this genome is available from the website of the National Institutes of Health’s National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/genome/guide/dog/).
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was slower than Humate-P but both were completely eliminated from circulation in 96 to
144 hours. Canine F.VIII activity increased about 150% relative to baseline after VWF
infusion and returned to baseline within 48 hours. Humate-P contains substantial amounts of
human F.VII1 so the level of F.VIII was approximately 250% immediately after infusion but
declined to baseline within 30 hours. Thus human rVWF appears to stabilize endogenous
(i.e., canine) F.VIII in VWD dogs. These very preliminary results suggest that
pharmacokinetic properties of rVWEF are similar to or slightly better than for pdVWF. The
correction of bleeding time by rVWF but not Humate-P in the VWD dogs may have
important clinical implications. Further studies are in progress to confirm these results.

Treatment of Canine and Human VWD with Recombinant IL-11 and DDAVP

Recombinant human interleukin 11 (rIL-111; Neumega™), a glycoprotein 130 (gp130)—
signaling cytokine that is approved for treatment of thrombocytopenia, has been shown to
induce elevations in VWF and F.VIII in humans and mice (Denis et al. 2001; Kaye et al.
1994). Mice are not responsive to DDAVP, a standard therapy for increasing VWF levels in
humans (Federici et al. 2006). On the other hand, dogs do respond to DDAVP, and therefore
a comparative study of DDAVP and rIL-11 was possible in VWF-deficient dogs. To
determine whether rlIL-11 would offer an advantage over DDAVP in the treatment of VWF
and F.VIII deficiencies, VWD heterozygous (VWF*) and normal (VWF*/*) dogs received
riL-11 (50 ug/kg/SC x 7 days) and DDAVP (5 ug/kg/IV x 7 days) (Olsen et al. 2003).
riL-11 produced a gradual and sustained elevation of VWF and F.VIII levels in both the
normal and VWF-deficient (VWF*~) dogs, whereas DDAVP caused a rapid and
nonsustained increase. rlL-11 treatment produced a 2.5- to 11-fold increase in VWF mRNA
in the heart, aorta, liver, and spleen of normal dogs but not in homozygous (VWF ") VWD
dogs, thus identifying a mechanism for elevation of plasma VWF in vivo. Moreover, dogs
pretreated with rIL-11 retain a DDAVP-releasable pool of VWF and F.VIII, suggesting that
riL-11 does not significantly alter trafficking of these proteins to or from storage pools. The
half-life of infused VWF was unchanged by rIL-11. These results strongly suggest that
riL-11 and DDAVP raise plasma VWF by different mechanisms, and collectively our data
suggest that, if shown to be safe in clinical trials, treatment with rIL-11 with or without
DDAVP may provide an alternative to blood-derived products for some VWD or
hemophilia A patients or for patients who are unresponsive to DDAVP. Successful rIL-11
therapy could also reduce the use of plasma products in some patients.

Margaret Ragni recently extended these studies in humans and administered rlL-11
subcutaneously to nine subjects (5F, 4M, 21-49 y.o0.) with mild or type 1 VWD (Sadler and
Rodeghiero 2005) in an FDA-approved Phase 2 open-label study (Ragni et al. 2008). Three
each received rlL-11 at 10 mcg/kg, 25 mcg/kg, and 50 mcg/kg SC daily for 7 consecutive
days, and all nine received DDAVP 0.3 mcg/kg IV on day 7. VWEF ristocetin cofactor
(VWF:RCo), VWF antigen (VWF:Ag), and F.VIII increased over baseline to 179 + 55%
(mean = standard error of the mean [SEM]), 240 + 120%, and 143%, respectively, by day 4.
After the DDAVP treatment on day 7, VWF:RCo further increased to 359 + 152% and
VWEF:Ag to 277 + 21%. Very high molecular weight VWF multimers were detected in
plasma by gel electrophoresis only after DDAVP. Quantitative PCR revealed a two- to
eightfold increase in platelet VWF mRNA between baseline and day 7 in one patient. The
drug was well tolerated with less than grade 1 hypertension, hypokalemia, and fluid
retention (the latter was associated with dilutional decrease in hemoglobin).

These data confirm that rIL-11 increases VWF in mild or type 1 VWD by means other than
the DDAVP releasable pool of VWF, and possibly by increasing VWF mRNA. These
encouraging results have provided the foundation for requests to perform two Phase 2
efficacy studies in mild or type 1 VWD patients, the first in patients with menorrhagia
(Jankowitz et al. 2008) and the second in those undergoing elective surgery. The studies will
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determine whether the results of rIL-11 therapy in the VWD dogs can be translated into a
new treatment for humans with mild to moderate VWD and a hemostatic challenge.

Canine VWF and Weibel-Palade Body Formation

Weibel-Palade bodies are considered to be endothelial-specific markers that both require
VWE for their formation and serve as the intracellular site of VWF storage (Sadler 2005).
VWD dogs lack VWF and therefore their endothelial cells do not have Weibel-Palade
bodies. For this reason, Robert Montgomery used endothelium cultured from such dogs not
only to study intracellular VWF trafficking and the role of VWF multimerization in Weibel-
Palade body formation (Haberichter et al. 2005) but also specifically to test the hypothesis
that expression of VWF protein would support Weibel-Palade body formation in canine
VWD endothelium. Antibody staining for the endothelial cell marker PECAM-1 and
immunofluorescence confocal microscopy demonstrated a homogeneous population of
cultured VWD dog aortic endothelial cells (K9-VWD-AEC). Immunostaining of the cells
revealed that, in contrast to normal endothelial cells, no Weibel-Palade bodies could be
identified by P-selectin, VWF propeptide (VWFpp), or VWF antibodies. In results similar to
those reported for murine VWF knockout endothelial cells (Denis et al. 2001), P-selectin
was identified only as diffuse staining or by the presence of very small granules.
Montgomery then used nucleofection of the K9-VWD-AEC to test the hypothesis that
formation of Weibel-Palade bodies would be supported by expression of either wild-type
human or canine VWF. VWF from both species induced elongated granules consistent with
Weibel-Palade bodies as revealed by VWF and VWFpp immunostaining and confocal
microscopy. Moreover, these VWF granules recruited endogenous P-selectin and
reestablished the apparent Weibel-Palade body distribution of P-selectin.

Further studies tested the hypothesis that formation of Weibel-Palade bodies was dependent
on the multimerization of VWF in canine VWD. Previous studies from the Montgomery
laboratory characterized a Y87S-VWF mutant that produces only dimeric VWF. Multimer
analysis of the culture supernatants of transfected K9-VWD cells confirmed the lack of
multimerization using this construct as well as a construct lacking the VWFpp, termed Apro
VWEF. Immunostaining and confocal microscopy demonstrated that the Apro construct did
not restore apparent storage granules and P-selectin staining remained unchanged. However,
the Y87S-VWF mutant demonstrated the presence of both VWF and VWFpp in storage
granules that recruited endogenous P-selectin to the granule membrane. These results
support the hypothesis that Weibel-Palade body formation can be induced by expression of
wild-type fully multimerized VWF or the mutant dimeric VWEF in endothelium from a
spontaneously occurring animal model of type 3 VWD. Furthermore, establishing these
storage granules is dependent on the expression of the VWFpp by the construct.

Lentiviral-based Cell Therapy of von Willebrand Disease

BOECs grown from VWD dogs were successfully transduced with lentiviral vectors
encoding human VWF and produced functional human VWF (De Meyer et al. 2006). If
comparable results are possible with canine VWF cDNA, reimplantation in the VWD donor
dog would be an important next step.

Factor VII and F.VII-Deficient Dogs

F.VII deficiency was recognized in dogs in 1962 (Mustard et al. 1962). As in human F.VII
deficiency, the bleeding phenotype is severe. Canine F.VII cDNA was recently cloned in the
High laboratory; the gene resides on canine chromosome 22, which is syntenic with human
chromosome 13, the location of the human F.VII gene (Callan et al. 2006). The protein
sequence contains 406 amino acids and shares a 75% identity with mature human F.VII. The
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availability of the canine cDNA enabled the identification of a G to A missense mutation at
nucleotide 6385 in exon 5 that substitutes glycine 96 for a glutamic acid as the causative
molecular defect in dogs from research colonies in Switzerland, Canada, and the United
States (Callan et al. 2006) and in Alaskan Klee Kai dogs (Kaae et al. 2007).

Activated Recombinant F.VII in Factor VII Deficiency and Hemophilia

Activated recombinant F.VII (rF.VIlal) has proven to be safe and efficacious in F.VII-
deficient patients (Klitgaard and Nielsen 2008; Mariani et al. 1999). Although this is a
relatively rare disorder in humans, the addition of recombinant F.VIla for use in patients
with hemophilia, especially those with inhibitors, has been a critically important advance
(Brinkhous et al. 1989a; Hedner 2003, 2004). During purification, rF.Vlla is formed and
composed of two polypeptide chains (M, approximately 20,000 and 30,000 each). Before its
use in humans, rF.VIla was administered to hemophilic dogs to test the hypothesis that the
introduction of sufficient rF.VIla into the circulation can correct the hemostatic defect
without causing systemic coagulation. This hypothesis is based on several earlier findings:
(1) No specific plasma inhibitor for factor VI has been identified; hence, rF.VIla should not
be cleared rapidly from the circulation. (2) Lacking tissue factor (TF), rF.VIla will be
inactive in the circulation. (3) At the site of an injury, such as a bleeding-time (BT) wound,
TF is generated as a cell-membrane receptor for F.VIla; the F.VIla-TF complex forms
promptly and initiates the extrinsic pathway of coagulation. (4) The onset of extrinsic
coagulation with rapid formation of fibrin in BT wounds is normal in hemophilia.
Recombinant F.VIla was produced in baby hamster kidney cells transfected with human
factor VII cDNA, and hemophilic testing was done in hemophilia A, hemophilia B, and
VWD dogs that all had the severe form of the disorder. A sufficient dose of rF.Vlla
normalized hemostasis in both types of hemophilia but not VWD.

These studies indicate that administration of rF.V1la can “bypass” both F.VIII and F.IX
deficiencies in hemophilic dogs and correct the hemostatic defect without generalized
coagulation. These data are in accord with the hypothesis that the TF-rF.V1la complex forms
at the site of injury with formation of an effective hemostatic plug, and that supplemental
rF.VIla in hemophilia results in sufficient thrombin generation with fibrin formation and
platelet activation to facilitate formation of a stable hemostatic plug. The data on the
hemophilia B dogs extend the hypothesis, indicating that activation of factor X alone in the
absence of factor IX can correct the hemophilia B defect. The data on the VWD dogs
indicate that activation of factors 1X and X is inadequate to bypass the hemostatic defect in
type 3 VWD (i.e., no VWF) (Brinkhous et al. 1989a). Current studies are addressing the
safety and efficacy of modified versions of F.VIla (Ghosh et al. 2007; Viuff et al. 2007).

Expression of Recombinant Canine F.Vlla by Gene Transfer in Hemophilia A and
Hemophilia B

The High laboratory developed a novel treatment strategy with a recombinant adeno-
associated viral vector delivering a modified F.VII transgene that can be intracellularly
processed and secreted as activated F.VII (F.V1la) (Margaritis et al. 2004). They
documented long-term expression as well as phenotypic correction of hemophilia A and B in
mice after gene transfer of the murine F.VIla homologue, with no evidence of thrombotic
complications at these doses. These studies have also identified an important therapeutic
window beyond which thrombotic complications have occurred in mice (Aljamali et al.
2008). Comparable studies with the canine F.V1la construct, in the Chapel Hill hemophilia
A and hemophilia B dogs (Margaritis et al 2008), have shown marked reduction in bleeding
events in the four treated animals: three have had no bleeds for 1 to 2 years, and the fourth,
which received the lowest vector dose, has had three bleeding events related to trauma but
no spontaneous bleeding. There has been no evidence of thrombotic complications in these
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dogs. Recently, our laboratories have shown that thromboelastography (TEG) is an effective
way to monitor rF.VIla activity in whole blood (Viuff et al. 2007) and that TEG parameters
are markedly improved in the hemophilic dogs that received canine F.VIla by gene transfer.
These data hold great promise for a potential treatment for hemophilia, especially in
inhibitor patients.

Readily available animal models of hemophilia A, hemophilia B, von Willebrand disease
(VWD), and factor VI1I (F.VII) deficiency have facilitated the study of the pathophysiology
of blood coagulation and hemostasis, and the development of safe and efficacious new
therapeutic agents. In particular, dogs with well-characterized inherited bleeding disorders
that mirror the respective human conditions have provided the investigational basis for the
development of sensitive and reproducible detection assays (Goldsmith et al. 1978; Langdell
etal. 1953; Read et al. 1978), the safe and successful transfer of many experimental
therapies into clinical practice (Brinkhous et al. 1968, 1985, 1989a, 1996, 2002; White et al.
1997), and the continued preclinical evaluation of promising new therapies (Arruda et al.
2004, 2005; Ehrhardt et al. 2003; Harding et al. 2004; Jankowitz et al. 2008; McCormack et
al. 2006; Mount et al. 2002; Ragni et al. 2008; Sarkar et al. 2006; Wang et al. 2005; Xu et al.
2003, 2007).

A number of recent reviews present the results of gene therapy studies that have used
retroviral, adenoviral, lentiviral, and adeno-associated viral vectors, hydrodynamic injection
of plasmid DNA, and transfer of stem cells (Chuah et al. 2004; High 2005; Lillicrap et al.
2006; Lozier 2004; Monahan and White 2002; Nathwani et al. 2004; Ponder 2006). For
initial preclinical testing of protein replacement and gene therapy strategies, hemophilic
mice are often the most practical animal model; the more successful protein replacement and
gene therapy approaches are then tried in hemophilic dogs (Casal and Haskins 2006; High
2005; Ponder 2006; Rawle and Lillicrap 2004). This progression from small to large animal
models has established a paradigm that is often used before the initiation of human trials as
it allows investigators to address issues of scaling up protein or vector production, to access
larger amounts of target tissue (e.g., muscle or liver), and to determine the immune response
to the procedure in a mixed genetic or outbred animal (High 2005).

But the progressive experimental approach is not without limitations (High 2005; Ponder
2006; Rawle and Lillicrap 2004). With regard to gene therapy, the immune response to
AAV?2 capsid detected in humans after liver-based gene transfer (Manno et al. 2006) was not
seen in rodents, hemophilia B dogs, or nonhuman primates (Mount et al. 2002; Snyder et al.
1999). A new trial of gene therapy for hemophilia B is under consideration based on results
of testing in nonhemophilic nonhuman primates (Nathwani et al. 2007) without testing in
hemophilic dogs, and other human gene therapy trials also have not relied on direct testing
in hemophilic dogs (Roth et al. 2001).

The primary benefits of preclinical testing of gene transfer strategies in the hemophilic dogs
are as follows:

» successful prediction of correct vector dosing in the human liver-based trial
(Manno et al. 2006),

» assessment of the functional status of the expressed coagulation protein,

» determination of the duration of expression of the functional protein over several
years,
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» assessment of the degree of correction of the bleeder phenotype, including
monitoring for a clinically relevant endpoint of reduction in spontaneous bleeds,
which is not possible in mice (Margaritis et al. 2008),

*  biochemical analyses of the expressed protein to determine the extent to which
important post-translational modifications are executed (e.g., propeptide cleavage,
gamma carboxylation, sulfation, glycosylation),

* monitoring of the immune response to the vector or expressed protein,
e assessment of issues related to scaling up vector production, and

»  access to large amounts of target tissue for assessment of vector persistence and
integration by analytical methods such as Southern blot, RNA expression,
immunohistochemistry for detection of transgenic protein expression, and
screening for symptoms of toxicity such as inflammation and mutagenesis.

Moreover, in both preclinical and clinical protein replacement and gene therapy trials,
unexpected results arise that often require refining scientific questions that can best be
addressed in animal models. We do not know the exact positive and negative predictive
values for all of the complex experiments done in these dogs, but many protein replacement
products that have been successfully introduced into human clinical practice were first
shown to be safe and efficacious in these dogs using this approach (Brinkhous et al. 1968,
1985, 1989a, 1996, 2002; White et al. 1997). These historical successes are the primary
reason many advisory boards strongly encourage investigators contemplating new therapies
for hemophilia A, hemophilia B, and VWD to demonstrate safety and efficacy in bleeder
dogs before initiating studies in humans.4

Dogs are clearly recognized as valid animal models of human bleeding and other disorders,
with a strong preclinical predictive value for successful translation to human medicine (e.g.,
Bauer et al. 2009; Haskins 2009; Sleeper et al. 2009; Wang et al. 2009). It is highly likely
that studies in dogs and other species will continue to provide complementary information
that will allow the safest and most efficacious design of clinical trials approved for humans.
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Figure 1. Coagulation cascade

The extrinsic or cellular injury pathway is mediated by the binding of F.V1la to tissue factor
(TF) and the TF:F.VIla complex in turn activates both F.X and F.IX. In the intrinsic or
contact system, coagulation is initiated through high-molecular-weight kininogen (HMWK),
prekallikrein (PK), and F.XII activation, which in turn activates F.XI, which then activates
F.IX. F.VIlla functions as a cofactor and significantly accelerates activation of F.X to F.Xa
by F.IXa. Once activated, F.Xa participates in the prothrombinase complex (F.Xa:F.Va),
which, in the presence of calcium (Ca2*) and phospholipids (PL), converts prothrombin
(F.11) to thrombin. The latter, in turn, cleaves fibrinogen to soluble fibrin monomers that are
cross linked by F.XIlla to form a hemostatic plug or clot. Deficiency of F.VIII (hemophilia
A) or F.IX (hemophilia B) results in impaired activation of F.X and downstream activation
of thrombin and fibrin formation. Black arrow = conversion or activation of factor or
cofactor function; red arrows = action of inhibitors; purple arrows = various functions of
thrombin. TFPI, tissue factor pathway inhibitor.
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Table 1

Roman numeral designation and names of blood coagulant and hemostatic proteins?

Roman numeral Name

Protein characteristics

Factor | Fibrinogen

Factor 11 Prothrombin

Factor 111 Tissue factor

Factor 1V Calcium ions

Factor V Labile factor

(Factor VI) (obsolete for Accelerin)
Factor VI1I Stable factor

Factor VIII Antihemophilic factor
Factor IX Christmas factor

Factor X Stuart-Prower factor
Factor XI Plasma thromboplastin
Factor XII Hageman factor

Factor XII1 Fibrin-stabilizing factor
VWF von Willebrand factor

Dimeric, each monomer has 3 subchains
Vitamin K-dependent

Transmembrane protein

Cofactor to factor Xa

Now recognized as factor Va
Vitamin K-dependent
Cofactor to factor 1Xa
Vitamin K-dependent
Vitamin K-dependent
Homodimeric

Activates factor XI
Tetrameric (A2B2)

Carries F.VIII in plasma
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aThis list simply provides a frame of reference for the reader and does not list all names or known coagulation proteins. Historically, the same
coagulation protein may have had many names that were based on the state of knowledge at the time (Monroe DM, Hoffman M, Roberts HR. 2007.
Fathers of modern coagulation. Thromb Haemost 98:3-5; Owen CA Jr. 2001. A History of Blood Coagulation. Nichols WL, Bowie EJW, eds.
Rochester MN: Mayo Foundation for Medical Education and Research).
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