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Abstract
Bioengineering Viral Transgenes for the Treatment of the Hemophilias
By Harrison Carroll Brown

Since its inception in the mid-1960s, gene therapy has remained an attractive yet elusive
strategy for the treatment of inherited genetic disease. The first successful introduction of
therapeutic DNA was into a human was performed in 1990, where a gene encoding adenosine
deaminase was introduced in cells from an adenosine deaminase deficiency severe combined
immunodeficiency (ADA-SCID) patient. Since then, over 2,300 clinical trials have been conducted
worldwide, and over $7 billion were invested in commercial gene therapy in 2015 alone. Despite
these efforts, only one clinical gene therapy product has been approved in a regulated market to
date.

Over the last 15 years, there has been substantial scientific and financial investment in
producing a clinically viable gene therapy for the hemophilias, A and B. At the time of writing,
there are 8 active gene therapy clinical trials for hemophilia, with 4 actively recruiting. These trials
propose to use adeno-associated virus to deliver therapeutic transgenes to the liver of patients with
hemophilia. However, a second modality of using lentivirus to deliver the transgene to
hematopoietic cells is also under pre-clinical investigation.

Experience with previous adeno-associated viral trials for hemophilia B have been
hampered by low-levels of protein expression at clinically safe viral doses. This problem has been
anticipated in ongoing trials, and substantial effort has been made to increase protein expression
while maintaining a safe vector dose. The work presented herein furthers these efforts, both by
expanding on previously utilized methods of increasing protein production as well as introducing
novel strategies tailored toward gene therapy. We hypothesized that there are two primary factors
limiting efficient protein production from these gene therapy systems. First, that the oversized
nature of the transgene utilized in the context of AAV-mediated gene therapy limits the amount of
functional vector DNA that is delivered to a patient’s cells, and that this could be overcome by
engineering smaller, more efficient regulatory control regions. Second, that the intracellular
biosynthesis of the protein itself limits protein production, and that this could be overcome by both
engineering the protein itself or by modifying the coding sequence of the vector DNA for optimal
expression within the particular cellular milieu in which it is expressed. Through a combination of
these techniques, we have developed AAV vectors for both hemophilia A and B that pre-clinical
in vivo studies predict are of sufficient potency to delivery curative levels of protein expression at
clinical safe viral vector doses, achieving a long-sought milestone in the history of viral gene
therapy for the hemophilias.
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Chapter 1

Introduction



1.1 A history of Gene Therapy

In the United States, gene therapy is regulated by the Center for Biologics Evaluation and
Research (CBER), one of the six main centers of the Food and Drug Administration (FDA), as
enabled by the Public Health Service Act and the Federal Food Drug and Cosmetic Act (1). Gene
therapy is defined by the FDA as therapies that “that mediate their effects by transcription and/or
translation of transferred genetic material and/or by integrating into the host genome and that are
administered as nucleic acids, viruses, or genetically engineered microorganisms. The products
may be used to modify cells in vivo or transferred to cells ex vivo prior to administration to the
recipient” (2).

Despite the regulatory pipeline to enable the approval of medicinal gene therapies, at the time
of this writing the FDA has yet to approve any gene therapy product for use in the Unites States.
To date, the European Commission is the only western regulatory body to grant marketing approval
of a gene therapy product, Glybera® (alipogene tiparvovec), which was approved in October, 2012
for the treatment of familial lipoprotein lipase deficiency (LPLD) (3).

The earliest demonstration of experimental gene transfer may be traced to the 1928 work of
Frederick Griffith, over 2 decades before the now famous Hershey Chase experiment confirmed
DNA as the source of heritable genetic material (4; 5). In his seminal work, Griffith demonstrated
that nonvirulent Streptococcus pneumoniae could be converted into a virulent phenotype by mixing
it with a heat-inactivated virulent form of the bacteria. It would not be until 1944 that work by
Oswald Avery and colleagues would show that the causative agent of the virulent transformation
was DNA (6).

In 1962, the first proof-of-principle demonstration of heritable correction of a genetic defect in
mammalian cells was demonstrated by Szybalska et al (7). In this experiment, Sybalska established
a line of bone marrow-derived cells with defective hypoxanthine-guanine phosphoribosyl
transferase (HGPT), an enzyme critical for the de novo synthesis of purines when the dihydrofolate

reductase (DHFR) pathway is inhibited. When both of these pathways are disrupted, purine



synthesis is shut down and the cell subsequently dies. Syblaska showed that as expected, when the
DHFR pathway is blocked by the addition of aminopterin, the HGPT® cells failed to proliferate
and subsequently died. However, by transforming these cells with DNA extracted from HGPT®™
cells, the HGPT pathway was salvaged, and the cells grown in the presence of aminopterin survived
and proliferated. Furthermore, the daughter cells of the transformed HGPT® retained the phenotype
of the transformed parental cells, for the first time demonstrating the possibility of heritable
correction of a genetic defect.

The next pivotal finding in the history of gene transfer came from the work of Joeseph
Sambrook in 1968. Sambrook and colleagues were investigating the state of viral DNA in cells that
had been infected from Simian vacuolating virus 40 (SV40). Surprisingly, multiple copies of viral
DNA were found to have been stably integrated into the host cell’s chromosomal DNA (8). This
work demonstrated that not only could viruses transfer genetic information cells, but that they could
permanently and heritably modify the genome of the recipient cell.

Building on this knowledge, in 1975 Terheggen et al attempted the first published attempt at
gene therapy in humans (9). In this study, wild-type Shope papilloma virus, which was believed to
carry a virally coded arginase, was delivered to three hyperargininemic patients, with the hope that
the virally delivered arginase gene would correct the underlying metabolic disorder. Unfortunately,
this experiment resulted in no change in serum arginine levels in these patients. It was not until the
genome of the Shoppe papilloma virus was fully sequenced in 1985 that it was discovered that the
virus does not carry an arginase encoding gene (10).

It would not be until 1990 that the first successful therapeutic introduction of recombinant DNA
into humans was achieved. In this trial, two children with adenosine deaminase severe combined
immunodeficiency (ADA-SCID) received T-cells which were modified ex vivo using retroviral-
mediated gene transfer to express adenosine deaminase (11). The results of this study were mixed,

yet promising. One patient showed persistent benefit from the therapy, with improvements in both



cellular ADA levels as well as both cellular and humoral immune function. The second patient
showed only transient improvement.

A second gene therapy trial for ADA-SCID was initiated in 1995, again using retroviral-
mediated ex vivo transduction, but in contrast to the 1990 trial, both peripheral lymphocytes as well
as bone marrow cells were gene modified. The two patients that received this therapy exhibited
persistent benefit from the treatment (12). Fate mapping of the gene modified cells demonstrated
rapid but short term immune reconstitution was achieved with the gene modified peripheral
lymphocytes, while delayed but long term reconstitution was achieved with modified bone marrow
cells. This benefit persisted in the years reported following the gene therapy.

Since these initial clinical trials, over 2,300 clinical trials have been initiated across 36
countries, for indications ranging from cardiovascular disease, ocular disorders, cancer,
hematological malignancies and beyond (13).

1.2 Types of Gene Therapy Vectors

In early gene therapy trials, the choice of viral vector was largely made out of convenience and
availability. This is perhaps most poignantly demonstrated by the 1975 trial using the Shope
papilloma virus, where it was hoped the wild-type virus would on its own confer the therapeutic
gene with no further manipulation. However, as knowledge of molecular genetics and virology
have advanced, a wide variety of gene therapy vectors have become available. As this panel grew,
it became apparent that each vector would have a vastly different profile in terms of safety and
efficacy, and that the holy grail of a one size fits all viral vector for gene therapy was unlikely to
be found. Indeed, it has become increasing clear that under the current paradigm of gene therapy,
each gene therapy protocol will likely need to carefully select a vector tailored to a specific disease
and even a specific patient.

Of particular consideration when choosing a vector are the durability of gene expression, the
ability to infect dividing or quiescent cells, the immunogenicity of the vector, the prevalence

preexisting inhibitory antibodies to the vector, the tropism of the virus, as well as the practical



considerations of the cost of vector manufacture and supply chain infrastructure necessary for
global distribution. In this section, we will explore the benefits and shortcomings of some of the
most widely utilized viral gene therapy vectors. However, it is worth noting that several non-viral
gene delivery approaches, including naked plasmid delivery (14), liposome encapsulated nucleic
acids (15), polymer nanoparticle and mechanical mediated approaches to gene transfer are also
being explored for clinical gene therapy (16; 17).

Viral gene therapy vectors may be broadly divided into two categories: integrating and non-
integrating. Integrating viruses stably incorporate their genetic cargo into the chromosomal DNA
of the host cells. One particular benefit of these viruses is that the modified DNA is passed to
daughter cells, providing durable gene expression over the life of that cell’s and that of its progeny.
However, this comes at the risk of heritable disruption or activation of endogenous gene function.
Non-integrating viruses, conversely, do not modify the DNA of the host cells, and instead persist
as episomes capable of gene expression but not replication. As a result, these episomes are diluted
out during cell division, providing gene expression for the life of the parent cell, but decreasing
expression in each successive generation of progeny. As these viral tools have been further
developed, the lines between integrating and non-integrating viruses are becoming increasingly
blurred. Non-integrating viruses may be engineered to deliver transposons and or gene editing
systems, where the host cell DNA is modified a while sparing integration of the viral transgene
itself (18-20). Alternatively, non-integrating variants of naturally integrating vectors have also been
developed (21). The genomic structure of two prototypical gene therapy vectors is contrasted in
Figure 1.1
A. Integrating Vectors

Due to the permanent inheritability of gene modification, integrating viral vectors are an
attractive and obvious choice for gene therapy. Within this class, the vectors being most rigorously

developed for gene therapy can be subdivided into two classes: oncoretroviruses (ORVs) and
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Figure 1.1 Schematic representation of AAV and lentiviral genomes. A) The non-integrating
AAV vector utilizes a compact genome and simple structure containing only vector DNA
surrounded by protein capsid. B) The integrating lentiviral vector utilizes a more complex
genome and viral structure containing both viral RNA and viral proteins contained in a lipid
membrane envelope. Abbreviations: sSDNA: single stranded DNA, scDNA: self complimentary
DNA, LTR: long terminal repeat, cPPT: central polypurine tract, WPRE: woodchuck’s
posttranscriptional response element, SIN: self incativiating, This figure was adapted from

Molecular Therapy — Methods & Clinical Development. It was originally created by Sandeep

Kumar and Roland Herzog and is licensed under CC BY-NC license.




lentiviruses (LVs). LVs are the most broadly utilized vectors, while ORVs, which were utilized in
the first ADA-SCID trials, are restricted in use due to their dangerous integration profiles.

Despite their popularity in early clinical trials, ORVs suffer from two distinct
disadvantages. First, these viruses have been found to poorly infect quiescent cells, as breakdown
of the nuclear envelope during cell division is required for efficient infection, with infection of
quiescent cells being as much as 100-fold lower than those that are actively dividing (22). Due to
this requirement, the use of these vectors has largely been limited to ex vivo modification, where
cells such as peripheral lymphocytes or their progenitors may be stimulated to actively divide and
permit efficient transduction. The second limitation of ORVs is their propensity to integrate in the
non-coding gene enhancers and promoters proximal to active genes. Due to this preference, these
viruses have been documented to activate proto-oncogenes, leading to loss of cell cycle control,
which is then passed to the rapidly proliferating daughter cells (23; 24).

Unlike ORVs, LVs are capable of efficiently infecting both dividing and terminally
differentiated, quiescent cells (25). Like ORVs, LVs are capable of infecting dividing cells ex vivo,
however, cells that are quiescent in vivo such as hepatocytes, neurons, or myofibers are also
permissive to infection. Additionally, LVs have a much more favorable integration profile than
ORVs in terms of clinical safety. LVs tend to integrate more randomly through the genome, with a
preference for integration within the coding of actively transcribing genes (26). While this leaves
the potential for gene disruption, in most cases the second copy of the gene would is sufficient to
provide protection against disruption of any anti-oncogenic gene. For these reasons, LVs are
becoming the vector of choice over ORV for gene therapy applications.

B. Non-integrating Vectors

While the permanent heritability of integrating vectors offers a clear advantage to their
clinical application, strategies of non-integrating gene therapy are also under active development.
These approaches are attractive when either permanent gene expression may not be desired, such

as gene editing systems, or when the target cells are under long term quiescence or undergoing slow



turnover, such as in neurons and hepatocytes, respectively. In these cases, non-integrating vectors
may provide years to a lifetime of benefit despite their non-heritable nature. The two lead non-
integrating vectors under current development for clinical gene therapy are adenovirus and adeno-
associated virus.

Adenovirus (Ad) is a large (100nm) virus known to efficiently transfer genes to the cells
of most human organs in vivo (27). This discovery made adenovirus a front runner in early gene
therapy vector designs. However, adenovirus is well documented to elicit a potent, dose responsive
immune response in persons treated with the vector, with the potential to induce a strong innate and
cellular immune response against the infected cells, resulting in destruction of the infected cells,
the loss of gene expression, and the potential of escalating to life-threatening systemic
inflammatory response (28; 29). While toxicities have tempered enthusiasm for the use of this virus
for the treatment of hereditary genetic disease, adenovirus remains an attractive vector for targeting
of some cancers. In 2004, China's State Food and Drug Administration approved Gendicine, an
adenoviral gene therapy vector, for the treatment of head and neck squamous cell carcinoma (30).

Originally discovered as a contaminating factor to adenoviral preparations, adeno-
associated virus (AAV) is quickly becoming the preferred vector for many gene therapy
applications (31-34). AAV is a small, single stranded virus that causes no known pathogenicity in
humans (35). Due to its small size, the DNA packaging capacity of the virus is limited to about 4.7
kilobases (kb), which limits its ability to carry larger transgenes, such as the cystic fibrosis
transmembrane conductance regulator (CFTR) or coagulation factor VIII (FVIII). Despite this
limitation, AAV continues to be developed and applied clinically to treat a wide variety of genetic
disease. A particular benefit of AAV is that a large library of both naturally-occurring and
synthetically-derived serotypes have been well characterized, with over 100 naturally occurring
variants described to date (36). While each serotype has a similar DNA packaging capacity, the
unique viral capsid structure of these vectors allows for broad or specific tissue tropism based on

the needs of the therapy (37; 38).



1.3 AAV as a gene therapy vector

Adeno associated virus (AAV) is a small, helper-dependent DNA virus of the
Dependovirus genus of parvoviruses that infects humans and other primates. With the exception of
mild immune response, AAV causes no known pathogenicity. AAV is able to infect a wide variety
of both dividing and quiescent cells, and due to this favorable profile of robust infectivity as well
as safety, AAV has become an attractive vector for human gene therapy applications, with over
170 clinical trials having been conducted, representing 7.2% of all gene therapy clinical trials to
date (39).

Wildtype AAV uses a compact, 4.7kb single-stranded DNA genome that is reliant co-
infection with helper viruses such as adenovirus or herpes simplex virus to produce a productive
infection. Cellular infection with AAV may take two non-exclusive pathways: latent or productive.
In the presence of helper virus co-infection, there is sufficient functionality to allow for successful
viral genome reproduction and packaging of DNA into nascent viral particles. In the absence of
helper virus coinfection, the AAV-encoded Rep proteins guide the viral DNA to integrate into a
specific locus on human chromosome 19, where it may persist in latency until it is later rescued by
infection with a helper virus.

While over 100 variants of AAV have been isolated from various host species, these viruses
all share the same genome structure (36). AAV genomes are generated from double stranded (ds)
DNA precursor, which serves as both template for DNA replication and substrate itself for
packaging into preformed viral capsids as single stranded (ss) DNA fragments, with both strand
polarities (+ or —) packaged with equal efficiencies (40). The single stranded genome is flanked on
both ends by non-coding T-shaped hairpin structures known as inverted terminal repeats (ITRs).
These ITRs serve as important elements for the replication, integration, rescue, and packaging of
the AAV genome. Between these ITRs are two open reading frames, which through alternative
splicing are translated into four non-structural (Rep40, Rep52, Rep68, and Rep78), and three

structural (VP1, VP2, and VVP3) proteins, which code for capsid (Cap) proteins. An alternative
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ORF within the VP gene codes for the non-structural assembly-activating protein (AAP), which is
required for capsid assembly (41). All other functions needed for AAV reproduction and assembly
are provided by the host cell or helper virus coinfection.

The basis for use of AAV as a gene therapy vector is that, in absence of the Rep/Cap
proteins or viral coinfection, the host cell alone is capable of uncoating the viral capsid, converting
the ssDNA genome to dsDNA, and utilizing DNA repair pathways to form stable
extrachromosomal episomes directed by the structure of the ITRs (42). A therapeutic AAV vector
is created by replacing the rep/cap genes of the AAV genome with a therapeutic gene expression
cassette. Under this design, the recombinant genome is delivered, converted, stabilized, and
expressed in the same manner as the wildtype genome, but lacking the rep/cap genes, is unable to
reproduce.

Packaging of a recombinant AAV genome into an AAV capsid minimally requires the
ITRs to be in cis with the DNA expression cassette. To generate a functional AAV viral vector free
from AAV coding DNA, the proteins required for viral replication (rep, cap, AAP, and helper virus
proteins) are provided in trans during virus production. The necessary elements (the ITR flanked
expression cassette, rep/cap genes, and helper virus genes) are brought together in producer cell
lines by standard gene transfer techniques, such as plasmid transfection or viral transduction.
Within the producer cells, rep/cap and helper proteins are expressed, and in a process analogous to
a productive wildtype infection, the ITR flanked genome is rescued from the dsDNA plasmid
template and packaged as ssDNA into preformed viral capsids. These capsids may then be purified
by standard chromatography or centrifugation techniques.

The tissue specificity and immunogenic properties of AAVs are determined by the
structure of the viral capsid, which is composed of the three structural proteins VP1, VP2, and VP3
assembled in a 1:1:10 ratio. When assembled, these proteins form a 20nm shell of icosahedral
symmetry. While structurally similar, the particular topology of the surface of the capsid shell of

the different AAV serotypes may radically alter the cell binding and immunogenic profile of a
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particular serotype (37; 43). AAVs utilize multiple cell surface glycans as anchors for cellular
attachment and entry, with the particular binding profile of each serotype determined by the
structure of the capsid shell. AAV vector transgenes may be cross-packaged into different capsid
serotypes depending on the tissues targeted for gene transfer. The tissue tropism and receptor usage
of AAV serotypes 1-9 are shown in Figure 1.2.

These therapeutic particles may be delivered either systemically or directly to the target
tissue. Upon binding to cell surface receptors, AAV vectors are internalized through clathrin coated
pits, however, the potential for intracellular signaling through surface receptor binding remains an
unanswered question (44). While the spatiotemporal nature of the pathways and mechanisms of
viral trafficking and uncoating remain incompletely understood, it is generally accepted that
minimally AAV particles are trafficked through endosomal pathways, ultimately resulting in
nuclear transport. However, visualization of intact AAV particles throughout the cell suggests that
alternative, non-mutually exclusive pathways of nuclear entry may exist (45). Within the nucleus,
the single-stranded DNA genome undergoes conversion to dsDNA by utilizing the self-
complimentary end of the 3’ ITR as a self-priming motif, allowing cellular polymerases to extend
second strand synthesis across the length of the genome. However, this step has been shown to be
rate-limiting and potentially detrimental to recombinant AAV vectors (46). To relieve this
restriction, AAV may be packaged as double stranded DNA by deleting the terminal resolution site
within the 3* ITR. This site is the target for cleavage by the AAV rep protein, which is necessary
for single stranded packaging. Lacking this motif, vector DNA is packaged as self-complimentary
dsDNA, which is believed to increase vector potency by eliminating the necessity of second strand
synthesis.

Despite the favorable safety profile and increasing interest in AAV as a gene therapy
vectors, the biology of the virus imposes several limitations on its use as a therapeutic tool. The
small size of the assembled capsid (20nm) places a physical constraint on the amount of DNA that

may be packaged. The precise capacity of the virus remains debated, however, it is generally
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recognized to be under 5.0kb of total DNA, with efficiency of vector production, heterogeneity of
vector product, and potency of the virus improving as transgene size approaches the 4.7kb wildtype
genome (47). This places particular constraints on the treatment of diseases caused deficiencies in
proteins coded by long cDNAs, such as the cystic fibrosis transmembrane conductance regulator
in cystic fibrosis, dystrophin in muscular dystrophy, or coagulation factor FVIII for hemophilia A.
In these cases, the size of the cDNA approaches or exceeds the ideal packaging capacity of the
virus on its own, while still requiring the addition of ITRs and non-coding regulatory control
features. While vectors larger than 5.0kb are frequently utilized, these vectors package as genome
fragments, which rely on intracellular reassembly after coinfection with a viral fragment containing
a partially overlapping, complimentary strand containing the missing regions of transgene DNA,
which greatly reduces vector potency (48). Because of this constraint, transgene size is a critical
parameter in the design of AAV vectors. This is of particular concern for self-complimentary,
dsDNA designs, which are limited to half the coding length of sSDNA designs.

In addition to the size constraints, pre-existing immunity to AAV is an additional obstacle in
AAYV administration. As natural hosts to AAV, 22-56% of humans are estimated to have pre-
existing inhibitory antibodies against AAV serotype 2, with antibodies frequently cross-reacting to
other serotypes (49; 50). Systemic administration of AAV to these individuals is rendered
ineffective by this pre-existing immunity, however, several strategies have been proposed to
circumvent this obstacle. Pharmacologic intervention, local administration, the use of “decoy”
capsids to saturate antibody binding, and the use of alternative natural or artificial capsid serotypes
hold promise to allow broader administration of AAV vectors to populations with high prevalence
of pre-existing immunity (51).

1.4 History of the Hemophilias

The hemophilias are a primarily an X-linked inherited bleeding disorder resulting from

deficiencies in functional circulating blood coagulation factors. Lacking these factors, the body’s

ability to control bleeding is impaired, resulting in a pro-hemorrhagic state that leads to prolonged
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bleeding, excessive bruising, and greatly increased risk of hemarthrosis and cerebral hemorrhage.
Left untreated, hemophilia is universally fatal by the age of 30 (52). Hemophilia may be considered
the first instance of a documented inherited disease, where the 5 century Babylonian Talmud, a
collection of rabbinical writings on Jewish law and tradition, provides an exemption to the ritual of
circumcision for sons of a mother who has previously had two sons die from the operation (53).
While the discovery of the mechanisms of gene transmission remained over a millennium away,
this writing importantly identified both the familial and maternal nature of the disease inheritance.
The disease was first identified in medical literature by the Arabic 12" century physician Albucasis,
who specifically described families with males who died from seemingly minor injuries (54).

The first description of hemophilia in modern times was by physician John Conrad Otto, who
in 1803, some 700 years after the writings of Albucasis would again describe a familial bleeding
disorder which specifically effected males (55), however, the etiology of the disease would not
begin to be understood until the next century. In 1916, Minot and Lee described that whole blood
transfusion from healthy donors decreased bleeding time in patients with hemophilia, and in 1937,
Patek and Taylor would discover that a specific component extracted from blood plasma, which
they described as “anti-hemophilic globulin” was sufficient to control bleeding time (56). In 1944,
it was discovered that the blood from one person with hemophilia could correct the bleeding from
another person with hemophilia, and vice versa (57). This finding showed that there existed at least
two forms of hemophilia, which would later become known as hemophilia A, which results from
deficient levels of coagulation factor VIII (FVIII), and hemophilia B, which occurs from the
deficiency of coagulation factor 1X (FIX). These discoveries of the early 20" century for the first
time allowed efficacious treatment of the hemophilias, however, due to the limited volume of blood
able to be transfused at a single time, complete correction of bleeding was unachievable and
morbidity and mortality remained high.

A breakthrough in treatment for the hemophilias came in 1964, when it was discovered that

fractions from cryoprecipitated blood plasma contained concentrated amounts of clotting factors
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(58). These factor concentrates for the first time allowed near complete correction of bleeding
diathesis, allowing for surgery and control of severe bleeding. Over the next two decades, increased
availability of clotting factor concentrates allowed for improved treatment protocols, allowing for
at-home prophylactic injection of clotting factor, leading to significantly improved quality of life
and decreased burden on healthcare systems and providers. Tragically, the increased use of these
blood-derived concentrates throughout the 70s and early 80s coincided with the rise of the
worldwide HIV and hepatitis epidemic. As these pooled blood-derived products were not screened
for viral contamination at this time, by the mid 80’s 40% of persons with hemophilia were positive
for hepatitis C, and over 50% were positive for HIV (59; 60).

Fortunately, the discovery of the viral contamination of blood-derived products coincided with
the emergence practical gene sequencing methods, and by 1985 the DNA sequences of FIX and
FVIII had been determined (61; 62). This complete sequence allowed the development of
recombinantly expressed FIX and FVIII concentrates, which are produced free from human blood
and greatly improved the safety of protein replacement therapies, while improved viral detection
methods increased the safety of blood-derived products. Through these developments over the last
century, the hemophilias have transformed from a lethal pediatric disease to a chronic condition
that when properly managed allows near normal life expectancy.

1.5 Coagulation physiology

Approximately 800 million years ago, the multicellular eukaryotic kingdom Metazoa emerged.
The rise of this kingdom marked a significant departure in the body plan of early organisms, where
their multicellular nature allowed an expansion in size and complexity. While early organisms
relied on simple diffusion for the transport of nutrients and oxygen, as body size increased there
was a need for organized transport systems, a scheme that may broadly be classified as circulatory
systems. In both vertebrate and invertebrate linages, closed circulatory systems, wherein blood
remains distinctly separated from the tissues of the body, arose to meet these demands. These closed

systems rely on a propulsive force to drive blood through diverging branches of vessels to distribute
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blood throughout body. A consequence of propulsive force within a closed system is pressurization.
While these pressurized systems allowed for large and efficient body plans, an uncontrolled breach
of this closed system would result in a fatal compromise of the distribution of nutrients and removal
of wastes. From this, a strong evolutionary pressure to control such hemorrhages emerged (63).

Hemostasis is the process that emerged to protect organisms from injury to the vascular system
(64). This process is highly conserved within mammals, and ultimately results in the local
transformation of blood from a liquid to a gel. This process may be divided into two separate yet
interrelated parts: primary and secondary hemostasis. Primary hemostasis is the process in which
platelets adhere to the site of injury to form a plug which controls hemorrhage, while secondary
hemostasis is the process in which insoluble fibrin is incorporated into this plug, strengthening and
stabilizing it from disruption. Despite the names of primary and secondary, these two processes
occur simultaneously. Upon injury to the endothelial lumen of a blood vessel, the pro-thrombotic
subendothelial matrix becomes exposed to circulating blood, initiating the process of hemostasis.
Within the subendothelial matrix lies immobilized von Willebrand factor (VWF) and collagen,
which bind to platelet receptors GP1b-1X-V and GPVI, respectively (65; 66). This binding results
in integrin-dependent platelet activation, ultimately resulting in platelet-activating agonists
releasing from the platelets themselves, causing feedback activation of nearby platelets and further
aggregation of the local platelet plug (67).

During the formation of the platelet plug, secondary hemostasis initiates from the exposure of
subendothelial tissue factor (TF), which binds the circulating serine protease coagulation factor VII
(FVII). Upon binding, FVII is activated to FVIla as a result of cleavage from several proteases,
including thrombin and the FVIla-TF complex itself. The TF-FVIla complex activates coagulation
factors IX (FIX) and X (FX) to FIXa and FXa, respectively. This activation initiates a feedback
loop, wherein the presence of its cofactor activated coagulation factor VIII (FVIlla), FIXa will
itself activate FX to FXa. FXa, and in the presence of its cofactor activated coagulation factor V

(FVa), form the prothrombinase complex, which activates pro-thrombin to thrombin. The now
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active thrombin feeds back to activate FVIII to FVIlla, FV to FVa, and FVII to FVlla, as well as
to convert soluble fibrinogen to insoluble fibrin which is deposited within the growing platelet plug,
forming a mesh that stabilizes the plug against disruption. In the absence of functional FVIII
(hemophilia A) or FIX (hemophilia B), this thrombin-generating feedback loop is disrupted,
resulting in impaired fibrin deposition and significantly impaired clotting, however, the FVIla-TF
complex by itself provides low levels of FX activation, permitting low-levels of thrombin activation
and fibrin deposition (68). This process is summarized in Figure 1.3. In persons with hemophilia,
FVIII or FIX protein concentrate may be supplied by intravenous injection, restoring the thrombin
generating feedback loop and enabling normal hemostasis.

1.6 Challenges in Modern Hemophilia Treatment

While the past century has brought tremendous improvements in the treatment of hemophilia,
from the genetic and biomolecular etiology of the disease to the availability and use of recombinant
protein replacement therapies, patients and practitioners are still left with many challenges in
managing the disease. In countries and communities with access to advanced heath care resources,
prophylactic protein replacement is well established as the standard of care for the hemophilias
(69). Under this regimen, patients generally self-administer clotting factor concentrates
intravenously 2 to 3 times per week, with a goal of constantly maintaining therapeutic levels of
clotting factor activity. This treatment generally provides patients with protection from the rigors
of everyday life, however, additional factor concentrate may be utilized to protect against
anticipated trauma, such as high impact sporting events, dental procedures, or surgery.

While this treatment modality offers an unprecedented opportunity for improved life
expectancy and quality of life, many challenges still face patients, practitioners, and heath care
systems around the world. Even under ideal circumstances, prophylactic treatment remains highly
invasive, resulting in poor patient compliance. Due to its invasive nature, over 10% of patients with

access to prophylactic protein replacement decline the treatment, while only 60% of those who
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Figure 1.3 Schematic summary of primary and secondary hemostasis. Upon exposure of the

subendothelial matrix to the blood, the exposed prothrombotic factors initiate platelet aggregation
and initiation of the coagulation cascade, resulting in a fibrin-stabilized platelet plug at the site of
injury. Abbreviations: FlI: factor 1, Flla: activated factor Il, TF: tissue factor, TFPI: tissue factor

pathway inhibitor, ATIII: antithrombin, APC: activated protein C, PC: phosphatidylcholine. This

work was originally published in PLOS Computational Biology. It was created by Deyan Luan

and Jeffrey Varner and is licensed under CC BY license.
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choose treatment accurately follow the treatment regimen (70). Unfortunately, across the world
access to prophylactic treatment is the exception rather than the norm. Globally, approximately
80% of persons with hemopbhilia receive either no or inadequate treatment (71), largely arising from
the high cost of prophylactic treatment of hemophilia A and B, which cost approximately $150,000
and $200,000 per patient year, respectively (72).

However, even in locations with sufficient resources to provide advanced healthcare, treating
hemophilia remains problematic. The primary complication with treatment is the formation of
inhibitory antibodies (inhibitors) against the exogenous FVIII and FIX, which occurs in 33% and
3% of patients, respectively (73). In these patients, antibodies binding to the FVIII or FIX proteins
block their procoagulent activity, rendering protein replacement ineffective. Treatment options for
these patients is cumbersome and expensive. A primary strategy for treating patients with inhibitors
is immune tolerance induction (ITI), wherein large amounts of factor concentrate are given at
regular intervals until central and peripheral immune tolerance to the protein is achieved. This
strategy is effective in approximately 50% of inhibitor patients with hemopbhilia A, while data on
hemophilia B is limited (74). While this strategy has proven effective, the high doses of factor
concentrate which are given over the course of months to over a year, carries a significant cost
burden, with estimated lifetime costs of $1.7 million per patient (75). Lacking availability or
response to ITI, patient care becomes additionally complex. Bypassing agents, such as FVIla or
concentrates of FX and thrombin may be given, but these agents do not provide the same levels of
protection against bleeding as FIX or FVIII concentrates. A recently approved strategy for
managing inhibitor patients is the use of recombinant porcine FVI1II, which the antibodies of some
inhibitor patients fail to bind, allowing effective restoration of hemostatic activity (76).

Despite the growing portfolio of approved products for the treatment of hemophilia, the high
cost of treatment, invasiveness of injections, and development of inhibitors pose challenges largely
unmet by currently available therapies. Gene therapy, which ultimately seeks to provide a single

dose cure of the disease, offers a potential solution to these challenges. The goal of gene therapy
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for hemophilia is the use of DNA transfer technology to enable a person with hemophilia to
endogenously produce therapeutic levels of their deficient coagulation factor. The hemophilias
have long been identified as ideal target diseases for gene therapy. As circulating plasma proteins,
FVIII and FIX could conceptually be produced and secreted by any cell with access to the
vasculature, and phenotypic benefit may be easily quantified by routine clinical assay of
coagulation factor activity. An important aspect of hemophilia gene therapy is the broad therapeutic
window of coagulation factor activity. Coagulation factor activity is measured by correlation to the
activity of pooled normal human plasma, which is self-defined as 100% activity. For both
hemophilia A and B, restoration of even 1% of normal factor activity has clinical benefit, while
levels of 30% or more would result in nearly complete phenotypic correction (77). Multiple
modalities of gene therapy for the hemophilias have been developed in small and large animal
models, and have now advanced into early stage clinical trials.

1.7 Landscape of Clinical AAV for the Hemophilias

Due to the limited packaging capacity of AAV for the large FVIII transgene, combined
with the poor biosynthetic efficiency of the FVIII protein itself, early efforts in clinical gene therapy
for the hemophilias have centered on hemophilia B. Like hemophilia A, hemophilia B is an
attractive target for gene therapy as only modest increases in FIX expression (>1% of normal)
confer phenotypic improvement. However, due to the small size of the FIX cDNA (1.39kb) and
more efficient biosynthesis of the FIX protein, AAV-FIX vectors are not encumbered by the same
challenges of AAV-FVIII, making these vectors an excellent platform for AAV gene therapy vector
development.

The first AAV clinical trials for hemophilia B were conducted by Avigen, Inc in the early
2000s. The first study published investigated the safety of intramuscular (IM) injection of an AAV-
FIX vector (78-80). While pre-clinical studies in dogs supported the safety and efficacy of this
approach, this trial would be the first IM directed AAV clinical trial in humans (81). The vector

chosen for this study utilized the AAV2 capsid carrying a wild-type human FIX driven by a
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cytomegalovirus (CMV) promoter. As safety was the primary outcome measured in this study, it
was designed as a dose escalation study, with cohorts of subjects receiving between 2ell and
1.8e12 vector genomes (vg) / kilogram (kg). The AAV was administered through a series of 10-12
injections to the anterior thigh under local anesthesia, and patients were followed for over 4 years
after vector administration. Although one patient developed transient thrombocytopenia, there were
no other vector related toxicities noted in the study, nor did any patients develop inhibitory
antibodies the FIX protein. PCR-based studies showed the presence of vector transgene in the
muscle in 8/10 patients, however, only 2 of these patients showed measurable increases in
circulation FIX, with these levels being <2%.

The second Avigen AAV trial, published in 2006, investigated intrahepatic delivery of
AAV-FIX (82). Like the IM trial, this study utilized an AAV2 capsid carrying wildtype FIX,
however, instead of a CMV promoter, this vector utilized a synthetic variation of the human alpha-
1 antitrypsin (hAAT) promoter generated by fusing the apolipoprotein (APOE) hepatic control
region (HCR) enhancer to the serine protease Al (SERPINA1L) promoter, which provided liver-
directed expression of the transgene. The vector itself was targeted toward the liver by angiographic
guidance to the hepatic portal vein. Designed as a dose escalation combined phase I/11 clinical trial,
this study investigated both the safety and efficacy of the treatment.

The vector was administered in three doses, 8e10 vg/kg, 4e11vg/kg, and finally 2e12 vg/kg.
At the lowest dose, the recipient showed no vector related toxicity, but FIX expression remained
undetectable at <1% of normal. In the medium dose (4e1l vg/kg), no FIX expression was seen in
any of the four patients treated, however, one patient exhibited a modest rise in liver transaminase
levels, a response indicative of hepatotoxicity, which resolved without intervention over the next 4
weeks. In the high dose (2e12 vg/kg) cohort, the two treated subjects showed an increase in
circulating FIX levels to 3% and 11% of normal. However, this expression dropped to <1% of
normal in both patients over the next 12 weeks. While no toxicities were noted in the patient whose

FIX levels increased to 3%, a significant rise in liver transaminase levels to >20x normal were
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noted in the patient expressing 11% of normal FIX. This transaminitis resolved without intervention
with kinetics similar to the decline in FIX expression. Further investigation found that the
transaminitis and decline in FIX expression was due to an AAV capsid-specific memory CD8+ T-
cell response directed against capsid proteins displayed by major histocompatibility (MCH)
presentation on the surface of infected cells, resulting in specific cytotoxic destruction of the gene
modified cells (82; 83). This study demonstrated the safety of liver-directed AAV at low doses, but
suggested a dose limiting toxicity at levels of 2e12 vg/kg, as well as uncovering the need for vector
designs capable of conferring efficacious expression FIX at low vector doses.

Building on the experiences of the Avigen trials, St. Jude Children’s Research Hospital in
2007 sponsored an AAV-FIX trial using a vector developed at the University College, London (84).
This vector incorporated several new technologies designed to increase the efficacy of the virus at
lower vector doses. While the Avigen trials utilized AAV serotype 2, this vector utilized the AAV8
capsid. First isolated in 2002, this serotype was found to transduce hepatocytes 10-100 more
efficiently than other serotypes (85). The vector encoded a wildtype FIX protein, however, the
coding region was codon optimized for increased biosynthesis in the context of expression within
a human liver cell. This optimized cDNA was driven by a variant of the hAAT promoter, consisting
of the core regions of the HCR enhancer fused to the core hAAT promoter. Finally, this design
incorporated a self-complimentary genome design, wherein a deletion of the terminal resolution
site (TRS) in the 3’ ITR results in packaging of the viral genome, relieving the vector of the need
for second strand synthesis and improving transgene expression (86).

This study was performed as a dose escalation study, with participants receiving 2ell
vg/kg, 6e11 vg/kg, or 2e12 vg/kg. In the low-dose cohort , the two patients showed FIX expression
levels of 2% of normal, that remained stable for the for the 6 to 16 month follow-up after vector
infusion with no signs of transaminitis indicative of cytotoxic T-cell response. The mid dose group
showed stable FIX expression at 3-4% of normal during the follow-up period, again with no signs

of transaminitis. In the high dose group, the two participants showed peak FIX levels of 8 and 12%.
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However, this expression was accompanied by a concurrent rise in transaminase levels and
subsequent decline in FIX expression. The participants were immediately started on a regimen of
prednisolone to control the cytotoxic T-cell response. At the resolution of the transaminitis, FIX
expression in the first participant remained stable at 3% of normal, while the second participant
stabilized at levels between 8 and 12%. This study showed that the dose limiting toxicity of AAV
at 2e12 vg/kg was replicated with AAV8, however, with advanced knowledge of the underlying
mechanism, FIX expression was spared through pharmacological immune modulation. While the
hepatotoxicity noted in this study was not severe enough to qualify as a severe adverse event, it
highlighted the need for further improved vectors capable of proving curative levels of FIX
expression at low vector doses.

The promising results from these initial studies generated substantial commercial interest
in generating a commercially viable AAV-FIX vector. As of September, 2016, four AAV-FIX gene
replacement clinical trials have been initiated by for-profit entities. Recognizing the need for more
efficacious vectors, these industry efforts have incorporated novel technologies in an attempt to
further improve FIX expression at clinically safe vector doses. Amsterdam-based Uniqure, BV,
whose portfolio contains Glybera, the only gene therapy approved for human use in the west, has
initiated human trials utilizing a vector transgene comparable to that used by in the 2007 St. Jude
trial, with the notable difference of utilizing an AAV5 capsid. At a 9-month follow up, patients
receiving this vector are stably expressing FIX levels of approximately 5% of normal (87). Baxalta,
formerly a wholly-owned subsidiary of Baxter International, in 2016 conducted an AAV-FIX trial
utilizing a self-complimentary AAV8 vector encoding a variant of human FIX containing a
mutation of arginine 338 to leucine, which has been previously shown to increase the specific
activity of FIX by over 700%, this time being driven by the liver-directed transthyretin (TTR)
promoter (88; 89). Since this trial initiated, Baxter was purchased by Shire, Plc, which has since
discontinued the trial due to inconsistent performance of the vector (90). Dimension Therapeutics,

in partnership with Bayer AG, has initiated a trial utilizing wild-type FIX packaged into an
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AAVrh10 capsid (91). Finally, Spark Therapeutics has released what may be the most promising
results to date. This trial utilizes the same high specific activity FIX variant as the Bayer trial,
packaged in an undescribed capsid designated “Spark100” and driven by an undisclosed, liver-
directed promoter. At 4-6 months after dosing at 5ell vg/kg, patients in this trial are stably
expressing FIX at levels of 20-40% of normal with no signs of hepatotoxicity (92).

In Q4 2015, BioMarin Pharmaceutical initiated the first AAV gene therapy clinical trial for
hemophilia A. This vector utilizes an AAV5 capsid and codon optimized human FVIII driven by a
minimally sized promoter. This trial utilized higher vector doses than the previous trials for
hemophilia B. The first patient was dosed with 6e12 vg/kg, with doses escalating to 2e13 and 6e13
vg/kg. At the lowest vector dose, no FVIII activity was detected, however, at the mid and high
doses, FVIII expression ranged from 2% to 50% of normal in all patients treated. However,
consistent with previous results, these high vector doses resulted in transaminitis which was
partially controlled by steroid administration. Two of the patients met criteria for halting
enrollment, and the trial was put on hold until October 2016 (93).

From these developments, the future of AAV gene therapy for the hemophilias is bright.
However, further development of these vectors is warranted to improve factor expression, reduce
vector toxicity, and enable efficient vector manufacture to allow distribution of an affordable
product in the global market.

1.8 Strategies for improving AAV Vectors for the Hemophilias

Increasing the per viral particle factor expression conferred by AAV therapies remains an
important goal in both academic and commercial gene therapy. By increasing the potency of the
virus, higher and potentially curative levels of expression may be obtained while using lower vector
doses. With lower vector doses comes improved safety through the avoidance of cellular immunity
against gene modified cells, as well as reduced per-patient cost of vector manufacture. AAV vectors
essentially contain just two parts: the protein capsid and DNA transgene. Both of these components

offer opportunities for improving the pharmacologic properties of clinically oriented vectors.
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A. Capsid Discovery and Engineering

To date, over 100 variants of AAV have been isolated from various host species, including
humans (36). While structurally similar, each variant has a potential for altered profiles of tissue
tropism, infectivity, and immunogenicity. AAVs utilize multiple cell surface glycans as anchors
for cellular attachment and entry, with the particular binding profile of each serotype determined
by the structure of the capsid shell. It is this variation in receptor binding that provides the variety
the specificity of tissue tropism of the various AAV serotypes, however, post-entry viral restriction
may inhibit viral uncoating and gene expression in certain tissues (94). In addition to exploiting the
natural variation in AAV capsids, there has been substantial effort in engineering or evolving
capsids to improve their properties as a gene therapy vector. Efforts to rationally direct the tropism
of AAV capsids have included modifying the capsid subunits with antibody domains and targeting
peptides to allow anchoring to non-native cellular receptors (95; 96). Alternatively, directed
evolution has been utilized to generate novel capsids without pre-existing knowledge of the
resultant structure (97). Both of these approaches have developed novel capsid structures with
potentially beneficial alterations in tropism, immunogenicity, and post-entry uncoating.
B. Protein Bioengineering

Modification of the primary amino acid sequence of the protein product of AAV vectors
has shown promise to improve the potency of the vectors. To do this, novel FVIII and FIX protein
designs have been explored to both increase the biosynthetic efficiency of protein production,
resulting in increased levels of circulating protein, or to increase the specific activity of the
molecule, resulting in higher coagulation factor activity at the same levels of protein expression.
FVIII is expressed at levels 2-3 orders of magnitude lower than similarly sized proteins (98). This
low-level expression has been spatially and temporally located to poor trafficking between the
endoplasmic reticulum and Golgi apparatus due to engagement of the unfolded protein response
(99; 100). As shown in Figure 2.1A, FVIII is organized in domains structure of A1-Al-B-C1-C2,

where the B domain is a largely unorganized sequence with no known biological function, and
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frequently substituted with a short peptide linker in recombinant FVIII designs. The A domains
share homology with the A domains of the copper-binding protein ceruloplasmin, while the C
domains mediate membrane binding. Substitution of porcine FVIII Al and A3 domains has been
shown to relieve this constraint, increasing FVIII expression 100-fold over the native human
sequence (99). Incorporation of such a molecule into AAV-FVIII designs would be expected to
significantly increase the potency of the vector. Recently, there was described a naturally occurring
pro-thrombotic mutation in FIX that has been show to increase the specific activity of the protein
5-10 fold (89). Similar to the incorporation of the porcine domains in FVIII, incorporation of this
gain of function mutation would similarly be expected to increase the potency of AAV-FIX vectors.
C. Size reduction

The limited DNA packaging capacity of AAV of approximately 4.9 kilobases presents a
substantial constraint on the design of AAV-FVIII vectors, where the FVIII cDNA itself occupies
4.4kb of available space. While vectors larger than 5.0kb are frequently utilized, the potency of the
virus is substantially reduced due to the need of intracellular reassembly of the resulting fragmented
vector genomes (47; 48). An AAV-FVIII vector minimally contains a promoter, FVIII cDNA,
polyadenylation signal (polyA), and flanking pairs of AAV inverted terminal repeats (ITRs). At
145 base pairs (bp) each, the ITRs in combination with the FVII1 cDNA minimally occupy 4.7kb,
leaving only 200bp for the promoter, polyA signal, and any intervening sequences. A common
feature of many AAV vector designs is the inclusion of unnecessary wild-type AAV genome
sequence, often occupying over 100bp of space. Through DNA synthesis technologies, these
genomic regions, which were initially utilized to facilitate molecular cloning into the wildtype
genome, can be eliminated. Another attractive approach is the design of minimally sized promoters.
There is a recently described minimally sized yet highly potent promoter called the “super core
promoter” (101). At just 81 base pairs in length, this promoter demonstrates that minimally sized
promoters are capable of driving robust gene activity. By incorporating a minimally sized promoter

and polyadenylation signal, in addition to removal of unnecessary viral DNA remnants, the creation
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of a sub 4.9kb AAV-FVIII vector becomes a possibility, which would be expected to improve
vector potency, in addition to reducing intraparticle heterogeneity and allowing for increased
efficiencies in vector manufacture. The theoretical loss in vector potency with increasing transgene
length is modeled in Figure 1.4.
D. Codon Optimization

Codon optimization is a frequently used a process wherein synonymous codon
substitutions are introduced to a cDNA to increase protein production. With the exception of
methionine and tryptophan, all other 18 standard amino acids are encoded by two or more
synonymous codon, however, it is well documented that organisms to not use these codons equally
(102). Rather, each organism has a particular bias toward usage of certain codons and avoidance of
others. Termed “codon usage bias”, this phenomenon is believed to result from coevolution of
accumulation of synonymous codon changes to reflect alterations in the physical pools of cognate
tRNAs with an organism. By maintaining parity of codon usage levels to the corresponding tRNA
levels, protein transcription occurs more efficiently, as a balanced pool of tRNA isoacceptors are
available during the translational process. It is routinely shown that by introducing synonymous
codon changes to cDNA to better match the codon usage preference of the organism, protein
expression levels are increased in a process termed “codon optimization” (103). This strategy is
now commonly used in the design of AAV gene therapy vectors to increase vector potency. Codon
optimization strategies utilize the entire genomic cDNA of a host species to derive the codon usage
bias of the organism as a whole, which is assumed to be reflective of the physical tRNA pools
within its cells, originally described as the “tRNA adaptation theory” (104-107). However, recent
work has shown that the physical tRNA pools within different tissues vary (108). Therefore, there
exists an opportunity to improve upon this paradigm by optimizing codon usage to the particular
tissue of gene expression, rather than to expression in the organism as a whole.

1.10 Concluding Remarks
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Figure 1.4

1.2

1.0 4 ®

0.8 1

0.6 -

0.4 1

Relative vector potency

0.2 1

0.0 T T Y T
4000 4500 5000 5500 6000

Transgene size

Figure 1.4 Model of loss of vector potency with increasing transgene length. Due to the limited
packaging capacity of AAV vectors of approximately 5.0kb, exceeding this length results in
fragmented transgene packaging and reduced vector potency. This graph and model were generated

from data originally reported by Dong et al (47).
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In the last two decades, there has been enormous effort, both from academia and industry,
in developing clinically viable vectors for human gene therapy. AAV has emerged as one of the
most promising vectors to achieve this goal. Due to its excellent safety profile and ease of
administration, AAV remains the vector of choice for the treatment of many diseases, including the
hemophilias. However, several challenges remain to be addressed before these vectors will be
sufficient for global distribution and routine clinical use. Vector related cytotoxicity limits the dose
of virus that may safely be administered. At these vector doses, low-level protein expression often
remains insufficient to offer a bone fide cure. Increasing vector potency will enable higher levels
of protein expression at safe vector doses. This will both increase the efficacy of treatment as well
as decrease the per patient cost of vector manufacture. There are multiple approaches to achieve
this goal. Protein engineering, vector shortening, and novel methods of codon optimization all
present novel yet viable means of increasing potency and achieving the long desired goal of curative
levels of gene expression at clinically safe vector doses.

1.10 Thesis Hypothesis

In this thesis, multiple modalities of AAV vector transgene bioengineering are investigated
for their potential to increase FVIII expression conferred by the vector. Since FVIII suffers from
intrinsically poor biosynthetic efficiency, it is hypothesized that substitution of porcine FVIII Al
and A3 domains will increase per particle FVIII activity conferred by an AAV-FVIII vectors. Since
AAV vectors of over 5.0kb are known to suffer from decreased vector potency, it is hypothesized
that utilizing smaller regulatory control elements will increase vector potency. Finally, since FVIII
is being expressed exogenously in the liver, it is hypothesized that altering the codon usage bias of
the FVIII cDNA to match the predicted tRNA milieu of the liver will increase vector potency. This
thesis supports that combination of these modifications results in a vector of sufficient potency to

provide high levels of FVIII expression at clinically safe vector doses.
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2.1 ABSTRACT

Clinical data support the feasibility and safety of adeno-associated viral (AAV) vectors in
gene therapy applications. Despite several clinical trials of AAV-based gene transfer for hemophilia
B, a unique set of obstacles impede the development of a similar approach for hemophilia A. These
include 1) size of the factor VIII (FVIII) transgene, 2) humoral immune responses to FVIII, 3)
inefficient biosynthesis of FVIII, and 4) AAV vector immunity. Through bioengineering
approaches, a novel FVIII molecule, designated ET3, was generated and shown to demonstrate 10-
100 fold improvement in biosynthetic efficiency. In the current study, the utility of ET3 was
assessed in the context of liver-directed, AAV-mediated gene transfer into hemophilia A mice. Due
to the large transgene size and use of proven, but not minimized regulatory elements, the AAV-
ET3 genomes packaged into viral particles as partial genome fragments. Despite this potential
limitation, a single peripheral vein administration of AAV-ET3 into immune-competent
hemophilia A mice resulted in correction of the FVIII deficiency at lower vector doses than
previously reported for similarly oversized AAV-FVIII vectors. Therefore, ET3 appears to improve
vector potency and mitigate several of the critical barriers to AAV-based clinical gene therapy for

hemophilia A.

2.2 INTRODUCTION

Hemophilia A is an X-linked congenital bleeding disorder characterized by a deficiency in
functional coagulation factor VIII (FVIII) in the blood compartment. Recently, clinical
advancements have been made using recombinant adeno-associated virus (rAAV) -based gene
transfer for hemophilia B. However, a unique set of obstacles impede the development of a similar
approach for the related and more common bleeding disorder hemopbhilia A (109). These obstacles
include 1) inefficient biosynthesis of human fVIII (hFVIII) (98), 2) limited packaging capacity of
rAAV (4.7 kb) (47; 110) which is exceeded by FVIII expression cassettes as B domain deleted

(BDD) FVIII cDNAs alone are approximately 4.4 kb, 3) humoral immune responses to the
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transgene product (i.e. FVIII) (111), and 4) capsid-mediated cytotoxicity of the virus itself, which
has been proposed to be as low as 2e12 vector particles (vp)/kg (112).

FVII1 is a large glycoprotein containing a domain structure (Al-A2-B-ap-A3-C1-C2) that
is secreted at levels up to 3 orders of magnitude lower than other similarly sized secreted
glycoproteins in vivo and in vitro. This low secretory rate has been spatially and temporally linked
to inefficient posttranslational trafficking from the endoplasmic reticulum (ER) to the Golgi (98;
113-117). The primary determinants of this biosynthetic limitation are specific amino acid
sequences within the A1 and A3 domains of the molecule itself that cannot be overcome by standard
transgene expression technologies such as more efficient DNA regulatory elements (e.g.
promoters/enhancers), transgene copy number, targeted integration at genomic “hotspots” for
transcription, and codon optimization. Instead, bioengineering of the FVIII molecule itself appears
to be required to overcome inefficient secretion. We have developed such a bioengineered FVIII
molecule (herein designated ET3 and previously referred to as HP47) using knowledge gained from
the characterization of B-domain deleted (BDD) recombinant porcine FVIII (rpFVIII) (118; 119).
Both rpFVII1 and ET3 are secreted 10-100 fold more efficiently than other FVII1 constructs through
diminished interactions with ER resident chaperones and attenuated induction of the unfolded
protein response (117-120). The enhanced secretory capacity of ET3 is enabled through the
substitution of “high expression” rpFVII1 sequences in the Al and ap-A3 domains into recombinant
human FVIII (rhFVIII), which, despite retaining 91 percent overall amino acid identity, have been
shown to be necessary and sufficient to confer 10 — 100-fold improved biosynthesis (119). In
addition to the Al and ap-A3 domain substitutions, the BDD hfVIII protein, designated HSQ,
substitutes the 14 amino acid human-derived SQ linker sequence for the B-domain, whereas ET3
utilizes the 24 amino acid porcine-derived OL linker sequence, which have been previously
described and shown to produce similar levels of FVIII expression when substituted into porcine

FVIII (118).



33

In the present study, proof of concept of a liver-directed rAAV vector encoding ET3 to
confer long-term expression of therapeutic levels of FVIII in immune-competent hemophilia A
mice was investigated. The vector design was based on an rAAV vector previously shown to
effectively deliver and express the human coagulation factor IX (FIX) transgene (121). This current
vector, designated rAAV-HCR-ET3, has a total genome size of 5.9 kb, which is 125% of the 4.7
kb endogenous rAAYV genome and therefore is oversized. Recently published data from Samulski
and colleagues suggest that oversized AAV genomes are packaged into preformed viral capsids as
incomplete single stranded (ss) DNA fragments with either strand polarity likely containing
overlapping portions of the transgene, which are heterogeneously truncated during the packaging
process. Intracellular reassembly of these transgene fragments was suggested to confer transgene
product expression levels 25-37 fold lower than that attained from smaller, non-fragmented
transgenes (47; 110; 122; 123). The standard mechanism of AAV reassembly and second strand
synthesis has been previously reviewed (124). Given the limitations of generating complete rAAV
vectors for large transgenes such as FVIII, understanding the mechanisms and efficiencies of
oversized rAAV genome packaging and transgene cassette reassembly are critical to the

development of the next generation of rAAV vectors.

2.3 MATERIALS AND METHODS

Vector Cloning - The previously described HP47/ET3 transgene (119) was released from
the ReNeo vector backbone by digesting with Notl followed by Klenow fragment fill-in and
subsequent Spel digestion. The previously described AAV2 vector backbone AAV-HCR-hAAT-
FIX (121) was digested with Bglll followed by Klenow fragment fill in and subsequent Nhel digest.
The AAV-HCR-hAAT vector backbone was ligated to the ET3 transgene, generating the rAAV-
HCR-ET3 viral vector expression plasmid. An equivalent AAV expression vector encoding a
previously described non-bioengineered BDD hFVIII construct (designated HSQ) (125) was

generated by releasing HSQ with Notl followed by Klenow fragment fill in and subsequent Xhol
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digestion. AAV-HCR-hAAT-FIX was digested with Bglll followed by Klenow fragment fill in and
subsequent Sall digestion. AAV-HCR-hAAT was ligated to the HSQ transgene, generating the
rAAV-HCR-HSQ viral vector expression plasmid.

Transient Transfection - Naive human hepatocellular liver carcinoma (HepG2) cells were
grown to 75% confluency in 6 well plates. Cells were transfected with 2jug of rAAV-HCR-ET3 or
rAAV-HCR-HSQ viral expression plasmid using 6 pL Lipofectamine 2000 (Life Technologies,
Carlsbad, CA) in DMEM supplemented with 10% fetal bovine serum. Twenty-four and 48 hours
post transfection, media was replaced with 1 mL AIM-V serum free medium (Life Technologies).
Seventy-two hours after transfection, conditioned media was collected and analyzed for FVIII
activity by one stage clot assay as previously described (125).

Vector Production - The recombinant AAV8 vector encoding ET3 was produced as
described previously (126). Briefly, human embryonic kidney (HEK) 293 cells were transfected by
calcium phosphate using the following plasmids: 1) the adenovirus helper plasmid AdHP encoding
adenovirus helper proteins E2 and E4, 2) the AAV8 packaging plasmid AAV8PK encoding AAV2
Rep and AAV8 Cap, and 3) the vector plasmid encoding the transgene expression cassette. The
transfected cells were harvested 72 hours after transfection, lysed by homogenization, clarified by
centrifugation, and vectors purified by precipitation with 8% polyethylene glycol and two rounds
of cesium chloride gradient ultracentrifugation. Purified vectors were dialyzed into phosphate
buffered saline (PBS) and supplemented with Pluronic F68 (0.001% final concentration). The
empty capsid free vector preparations were quantified by SDS-polyacrylamide gel electrophoresis
(PAGE) with silver staining by comparing VVP1, 2 and 3 staining intensity by scanning densitometry
with an established AAV reference vector.

Molecular Studies - Viral ssSDNA was isolated from virus stocks using the QIAmp
MinElute Virus Spin Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
Preparations for size analysis were prepared free of carrier RNA. Size analysis was performed by

alkaline gel electrophoresis and subsequent Southern blot. DNA was probed using a cocktail of
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biotinylated probes directed against the A2, C2, and bovine polyadenylation sequences (Table S1)
and detected using the North2South Chemiluminescent Detection kit (Thermo Fisher, Waltham,
MA\) according to the manufacturer’s instructions. Sizing analysis was performed by interpolating
from the distances migrated by a DNA standard run in the alkaline gel to that of a single-stranded
DNA ladder. Cellular DNA was extracted from liver tissue following perfusion for 10 minutes with
0.9% saline solution using the DNeasy Blood and Tissue Kit (Qiagen) according to the
manufacturer’s instructions. All g°PCR was performed using a StepOne real-time PCR platform
(Life Technologies) and analyzed on the device’s software. QPCR quantitation was performed
using a standard curve generated from dilutions of rAAV-HCR-ET3 viral expression plasmid. For
determination of FVIII mRNA quantity in HepG2 cells transfected with AAV-FVIII expression
plasmids, mMRNA was extracted from cells using the Qiagen RNEasy kit, and quantitative reverse-
transcription PCR was performed as previously described (118). Quantitation of regions of the viral
genome was performed in separate experiments using sets of primers directed against regions that
spanned the length of the rAAV-HCR-ET3 transgene (Table 1.S2). To control for any differences
in primer efficiency, each reaction was quantitated separately against plasmid standard curves
generated using each region-specific primer pair (Figure 1.S1). Isolated viral sSSDNA was added to
2x Power SYBR green PCR master mix (Life Technologies) with final concentrations of 0.3125
M each of forward and reverse primers to a final volume of 20 pL. The data shown is the mean
of two gPCR reactions. As all virus used in this study was generated in a single production run,
error bars are not shown to avoid confusion between the inter-assay variability and variability due
to independent virus preparations. For determination of liver transgene copy numbers, 40 ng of
cellular DNA was used as template in 2x Power SYBR Green PCR master mix with final primer
concentrations of 0.3125 uM each. The primer set directed against the A2 domain (Table 1.S2)
was used for determination of transgene copy number in transduced livers. Quantitation was
performed using a standard curve generated from rAAV-HCR-ET3 viral expression plasmid. Forty

ng of naive liver genomic DNA was added to each standard curve reaction to mimic the cellular
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DNA environment of the experimental samples. To determine the presence of full-length mRNA
in the livers of treated mice, RNA was extracted from liver tissue using the RNeasy kit (Qiagen)
according the manufacturer’s instructions. One pug of RNA was subject to DNA removal and
reverse transcribed using the Quantitect reverse transcription kit (Qiagen) according to the
manufacturer’s instructions. PCR was performed using the primer set directed against the C2 region
of ET3 (Table S2).

Animal Studies - All animal studies were performed under the guidelines set by the Emory
University Institutional Animal Care and Use Committee. Immune competent, exon 16 disrupted
C57BL/6 backcrossed mice were used as a murine model of hemophilia A (127) and C57BL6
background mice used as healthy control. Hydrodynamic plasmid injections were performed in
unanesthetized four to six week old hemophilia A mice. For these studies, 10ug of plasmid was
diluted into 2.1mL Transit-EE hydrodynamic delivery solution (Mirus) and delivered by tail vein
injection over the course of seven to ten seconds. Blood plasma was collected 24 hours after
injection. AAV administration studies were performed in eight to twelve week old mice, which
were administered a single tail vein injection of AAV viral vector diluted to a volume of 200 pL in
sterile filtered DPBS containing Pluronic F68 (0.001%). For both in vivo studies, citrated plasma
was collected by retro-orbital bleed into one-tenth volume 3.8% trisodium citrate. FVIII activity
was measured using the commercially available COATEST SP fVIII assay (Coatest SP,
Diapharma, West Chester, OH, USA) according to the manufacturer’s instructions using a standard
curve generated from pooled citrated human plasma (George King, Overland Park, KS). Using this
standard curve, the limit of detection for the assay was empirically determined to be 0.015 units
(U) of fVIII/mL. Baseline determinations of fVIII activity in untreated hemophilia A mice were
determined to be below the limit of detection of the assay. Circulating antibodies against fVII1 were
detected by enzyme-linked immunosorbent assay (ELISA) (128). Antibodies to fVIII were
captured using immobilized recombinant hf\VVII1 (Kogenate, Bayer, Leverkusen, Germany) bound

to microtiter plates and detected using alkaline phosphatase conjugate of goat anti-mouse 1gG as
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previously described (125; 129). Absorbance at 405 nm was measured from dilutions of test plasma
and plotted against the logarithm of the plasma dilution. The resulting sigmoidal curves were fit to
the 4-parameter logistic equation by non-linear regression using the Levenberg-Marquardt
algorithm. ELISA titer was defined empirically as a dimensionless value calculated from the
reciprocal plasma dilution resulting in an optical density of 0.3 from the fitted curves (129).The
presence of inhibitory antibodies was confirmed by Bethesda assay, performed as previously
described (130; 131). Bethesda titer was calculated as the average of dilutions of inhibitor found to
produce between 25% and 75% residual activity.

In vivo specific activity of rAAV-derived FVIII - Antigen concentrations were determined
using a capture ELISA designed to detect the heavy chain of FVIII. Monoclonal antibody (421C)
directed towards a porcine Al domain epitope was immobilized on 96 well high binding
polystyrene plates (Corning, Corning, NY) and used to capture FVIII antigen from plasma samples
diluted in HBS Tween-80. Samples were then incubated with a biotinylated secondary monoclonal
antibody (4C7) directed towards a human A2 domain epitope for one hour in blocking buffer
containing 1% BSA. Full length FVIII was measured using goat anti-mouse IgG antibody
conjugated to alkaline phosphatase and p-nitrophenylphosphate. Absorbance at 405nm was read 30
minutes after the addition of the chromogenic substrate. Antigen concentrations were extrapolated
from a standard curve derived from purified FVIII protein serially diluted in E-16 disrupted
hemophilia A mouse plasma. Specific activity of mouse plasma samples were determined by
plotting antigen concentration against FVIII activity measured by COATEST SP FVIII assay Kkit.
Linear regression analysis was performed, comparing AAV treated mouse plasma samples to the
standard curve.

Tail Transection Assay - Tail transection bleeding assay was performed as previously
described (130). Briefly, mice were anesthetized under isoflorane and their tails were warmed for
10 minutes in a 37 °C water bath. Tails then were transected 4 mm from the tip using a scalpel and

immediately placed into 14 mL vials containing 0.9% saline solution held at 37 °C. Tails were
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allowed to bleed freely for 45 minutes, at which time they were removed from the vials. Blood loss
during 45 minutes was measured by mass of blood accumulated in the tube and normalized to body

weight while controlling for evaporative loss.

2.4 RESULTS

Viral vector construction and in vitro comparison of BDD hFVIII and ET3 expression. The
rAAV vector design was based on constructs previously used to express the human coagulation
factor IX transgene from liver tissue (121). The ET3 transgene, which consists of human FVIII
sequences in the A2, C1, and C2 domains and porcine FVIII sequences in the Al and ap-A3
domains, or alternatively, a BDD hFVIII transgene with a 14 amino acid linker (SQ), designated
HSQ, were cloned into an AAV expression cassette controlled by a liver-specific ApoE hepatic
control region (HCR)/human alpha-1 antitrypsin (hAAT) enhancer/promoter and flanked by AAV2
inverted terminal repeats (ITRs) (Figure 2.1a). Alignment of HSQ and ET3 amino acid sequences
reveals 91 percent identity (Figure 2.S2). We have previously shown that the increased expression
of ET3 is conferred through enhanced post-translational processing of the nascent FVIII peptide
(119). To determine if the post-translational biosynthetic efficiency of ET3 expression compared
to HSQ is recapitulated by the two AAV expression plasmid constructs in the context of the liver-
directed transcriptional control elements in the rAAV-HCR-hAAT vector backbone, an in vitro
transfection experiment utilizing the human hepatocellular carcinoma HepG2 cell line was
performed. rAAV-HCR-ET3 and rAAV-HCR-HSQ expression plasmids were transiently
transfected into HepG2 cells, and FVIII activity in the conditioned medium and quantity of FVIII
mRNA transcripts were determined. Interestingly, a greater number of ET3 mRNA transcripts per
cell (850, +/- 39), were determined compared to HSQ transcripts per cell (284, +/- 69). However,
this 3-fold increase in mMRNA resulted in over a 20-fold increase in FVII1 secretion into the medium
(0.70 units/mL +/- 0.24 ET3, and 0.034 units/mL +/- 0.010 HSQ). Together, these findings show

that the rAAV-HCR-ET3 transfected HepG2 cells demonstrated 7-fold higher levels of FVIII
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Figure 2.1
a
HCR hAAT ET-3 bGHPA
= Al A2 L A3 Cl1 | C2 ]
0.32kb 0.40kb 4.40kb 0.26kb
< 5.86kb >
b

10

Relative activity per transcript (arbitrary units)

AAV-HCR-ET3 AAV-HCR-HSQ

(2]

FVIIl activity (U/mL)

AAV-HCR-ET3 AAV-HCR-HSQ

Figure 2.1: Viral Vector Design The 5.86 kb rAAV-HCR-ET3 genome encodes the high
expression bioengineered FVIII molecule ET3, which consists of porcine FVIII sequences in the
Al and ap-A3 domains and human sequence in the A2, C1, and C2 domains. The ET3 transgene

is under the control of a liver-specific hAAT promoter/ApoE HCR enhancer sequence, and
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termination is governed by a bovine growth hormone poly adenylation signal (0bGHPA). The
genome is flanked by AAV2 ITRs on both the 5’ and 3’ ends (A). FVIII activity was measured in
conditioned medium of HepG2 cells that were transiently transfected with rAAV-HCR viral
expression vectors encoding ET3 or the non-bioengineered BDD hFVIII construct HSQ, and
activity normalized to quantity of FVIII mRNA transcripts per cell (B). Plasma FVIII activity was
measured in hemophilia A mice that were hydrodynamically injected with rAAV-HCR viral
expression plasmid encoding ET3 or HSQ (C). Baseline FVII1 levels were determined to be below
the limit of detection for all mice (data not shown). All error bars show one sample standard

deviation, N=3 for in vitro studies and 3-4 for in vivo studies. (* = p < 0.05 by 2-way t-test)
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activity per mRNA transcript into the conditioned medium than the rAAV-HCR-HSQ transfected
cells (Figure 2.1b), suggesting that the post-translational biosynthetic efficiency of ET3 expression
is the primary determinant of its enhanced secretion in the context of liver-directed expression. We
cannot rule out, however, that increased transcriptional efficiency or mRNA stability may further
contribute to the enhanced expression of ET3 compared to HSQ. To further examine the finding of
enhanced expression of ET3, an in vivo comparison of the two vector-transgene designs by
hydrodynamic injection of the expression plasmids was performed. In this experimental system,
rAAV-HCR-ET3 expression plasmid conferred 20-fold higher plasma levels of FVIII activity than
rAAV-HCR-HSQ expression plasmid again supporting the claim of enhanced expression of ET3
compared to HSQ (Figure. 2.1c, Table 2.S3).

rAAV vector production and characterization - AAV particles encoding the rAAV-HCR-
ET3 transgene were generated by transient transfection of HEK293 cells and subsequent
purification of the vector particles from supernatants and cell lysates as previously described (126).
rAAV-HCR-ET3 was designed with a vector genome of 5.9 kb from ITR to ITR, which exceeds
the endogenous rAAV genome size by 25%. Despite its oversized design, production of
approximately 1.2e13 total rAAV-HCR-ET3 vp at concentrations of 5.3e12 vp per mL was
achieved.

To assess the effect of the oversized genome on rAAV packaging, viral SSDNA obtained
from cesium chloride gradient purified rAAV-HCR-ET3 was subjected to alkaline gel
electrophoresis followed by Southern blot analysis using probes directed to the A2 and C2 domain
sequences of FVIII and the bovine polyadenylation signal sequence (Figure 2.2a). The rAAV-
HCR-ET3 vector preparation did not contain detectable genetic material at the position expected
for full-length genomes (5.9 kb). Rather, a heterogeneous smear of viral sSDNA approaching 5.0kb
was observed suggesting that the majority of viral genomic DNA was packaged as truncated
fragments. It has been suggested previously that oversized transgenes, such as that encoded by

rAAV-HCR-ET3, may extend beyond the capsid, exposing free 5’ ends of ssDNA on the outside
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Figure 2.2: Molecular assembly of rAAV-HCR-ET3 vector particles. ssDNA from rAAV-
HCR-ET3 viral particles were purified, subjected to alkaline gel electrophoresis, and detected by
Southern blot (a). The molecular composition of the packaged viral genomes was determined by
guantitative PCR directed against specific regions of the vector genome and normalized to the

quantity of the A2 region (b).
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of the viral particles. A comparison of Southern blot analysis of viral particles treated with DNAse
prior to disruption of the viral capsid to those that were not DNAse treated failed to detect a
difference in genome size, suggesting that vector genomic ssDNA does not extend beyond the viral
capsid (data not shown).

The composition of the truncated rAAV-HCR-ET3 genome fragments was assessed by
gPCR using primer sets directed against different genome regions spanning from ITR to ITR
(Figure 2.2b). Although this analysis could not distinguish strand polarity, it did show that
sequences corresponding to the A2 domain of FVIII, which are located near the center of the
designed viral genome, were the most prevalent. Comparatively, the terminal sequences, both
encompassing either the promoter or poly A signal sequence, were up to 7.3-fold less prevalent
than the central A2 sequences. This result is consistent with the current theory that oversized AAV
viral genomes are packaged from one of the 3’ ITRs of either polarity and truncated prematurely
before reaching the other ITR.

In vivo expression of FVIII rAAV-HCR-ET3 - A dose finding study was performed to
determine the ability of rAAV-HCR-ET3 to provide therapeutic levels of circulating fVIII activity
in vivo. Immune-competent 8-12 week old male mice were administered a single peripheral vein
injection of the vector at doses ranging from 6.2e10 to 2.0e13 vp/kg. A long term (50 week) study
was performed on a first cohort of mice receiving high vector doses (4e12 — 2e13 vp/kg), while
follow-up on the second cohort that received lower doses (1e12 — 8el2 vp/kg) was shorter (24
weeks). Lastly, as the lower dose limit was not attained in the second cohort, a third cohort of mice
was dosed with rAAV-HCR-ET3 at even lower levels (6.2e10 — 5e11 vp/kg) and was followed out
to 11 weeks post-AAYV injection. Starting two weeks after vector administration, circulating plasma
was assayed for FVIII activity at scheduled time points. Male mice receiving rAAV-HCR-ET3
showed dose responsive increases in circulating FVIII activity (Figures 2.3a-c). Supraphysiologic
FVIII levels, at over >3 units (U)/mL, were achieved at the dose of 1e13 vp/kg. For reference, the

FVIII activity level observed in pooled normal human plasma is defined as 1 U/mL, while clinical
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Figure 2.3: Dose finding of rAAV-HCR-ET3 in a murine model of hemophilia A. Dose finding
studies were performed in male and female immune-competent hemophilia A mice. FVIII activity
is presented from mice that did not form neutralizing antibodies. In male mice, a long term, high
dose study (a), a medium duration, mid-dose extension study (b) and a short term, minimum
effective dose study (c) were performed. In female mice, a shorter duration dose finding study was
performed (d). A comparison between male and female mice receiving 4e12 vg/kg (e) shows the
intersex difference in FVIII levels. Baseline determination of FVIII activity in all mice tested was
below the limit of detection of the assay (data not shown). N=2-4 for all doses, error bars show one
sample standard deviation. To determine the specific activity of in vivo rAAV derived FVIII, the
specific activity of a panel of plasmas from rAAV-HCR-ET3 treated mice (open circles) was
compared to a standard curve generated from purified ET3 protein serially diluted in hemophilia A
mouse plasma (closed circles) (f). Antigen concentrations were determined using a capture ELISA

and FVI1II activity was determined using a chromogenic substrate activity assay.
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hemophilia A disease classifications are severe — <1%, moderate 1 — 5%, and mild 5 — 40% normal
FVIII activity. Correction to curative levels (>0.4 U/mL or 40% normal human fVI1I activity level)
was achieved at doses as low as 1.0e12 vp/kg, and partial correction (>0.05 U/mL) was seen at
doses as low as 5ell vp/kg. FVIII expression was maintained throughout the duration of the
experiment in all but the lowest doses of vector administered. However, there was a trend toward
activity loss over the duration of the experiment, which is consistent with gradual liver tissue
turnover and loss of the episomal AAV genomes.

Formation of anti-FVIII inhibitors - Two mice that received high doses of rAAV-HCR-
ET3 (2e13 and 1e13 vp/kg) displayed sudden and sustained losses of circulating FVI1II activity at
weeks 8 and 12, respectively (Figure 2.4). Prior to the losses in plasma FVI1II activity, both mice
were expressing ET3 at supraphysiologic levels (>250% of normal). As repeated intravenous
administration of recombinant rFVIIl (rFVIII) to naive hemophilia A mice is known to be
immunogenic, all mice were tested for inhibitory antibodies to FVIII by ELISA. In the two mice
that lost FVIII activity, positive anti-FVII1 ELISA titers of 512 and 668 were observed at week 12
post rAAV-HCR-ET3 infusion, suggesting that that these animals had mounted neutralizing
humoral immune responses against the transgene product, which persisted for the duration of the
study. The antibodies were confirmed to be inhibitory by Bethesda assay at week 16, which showed
inhibitor titer of 320 and 118 Bethesda units (BU) per mL. Development of inhibitors, as detected
either by loss of FVIII activity or ELISA titer, was not detected in any of the other experimental
mice throughout the course of the long term follow-up (data not shown).

Expression of FVIII rAAV-HCR-ET3 in female mice - Previously, it has been reported that
rAAV has reduced ability to mediate liver gene transfer in female mice (132). Therefore, a limited
dose finding study for rAAV-HCR-ET3 was performed in 8 — 12 week old immune-competent
female mice. At doses ranging from 8el0 to 4el2 vp/kg, female mice showed an attenuated
response to rAAV-HCR-ET3 gene transfer, with doses as low as 2e12 vp/kg resulting in partial

correction of FVIII activity, which was maintained for the duration of the study (Figure 2.3d). No
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Figure 2.4: Formation of FVIII inhibitors following rAAV-HCR-ET3 administration. Two

mice that received one of the high doses of rAAV-HCR-ET3 (2e13 vp/kg and 1el3 vp/kg)

experienced sudden and persistent loss of FVIII activity at between 8 and 12 weeks after vector

administration. Anti-ET3 ELISA assay confirmed these mice had developed 1gG antibodies to

FVIII, which persisted for the duration of the study. A Bethesda assay was performed at week 16

to confirm the presence of neutralizing antibodies against FVIII.
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female mice developed neutralizing antibodies to fVIII at the vector doses tested. With respect to
the results obtained in male hemophilia A mice, circulating fVIII activity levels in female mice
were approximately 8-fold lower at all doses tested, which is consistent with previous reports
(Figure 2.3e).

Molecular composition of rAAV-derived FVIII - Our molecular studies of the rAAV viral
vectors suggests that the majority of viral transgenes package as sub-5.0kb fragments, which lack
either the necessary 5’ transcriptional control region or 3 FVIII coding sequence and poly(A)
signal necessary to confer expression of full-length FVIII protein. To confirm the expression of
complete ET3 mRNA sequences in mice treated with viral vector, RNA extracted from the livers
of treated and untreated mice were subjected to reverse transcription PCR analysis for the presence
of ET3 C2 domain RNA sequence, a region spanning position 5036 to 5205 at the 3’ end of the
transgene predicted to be truncated during the packaging process (Figure 2.S3). Truncation at the
5’ end, which includes the promoter region, would preclude transcription of ET3 mRNA, whereas
truncation as the 3’ end would result in loss of template for the PCR reaction. The detection of this
mRNA region therefore supports the presence of full-length mMRNA from the truncated viral SSDNA
genomes.

While this analysis supports the presence of full length FVIII mRNA transcripts, it does
not exclude the possibility that only a small proportion of mMRNA transcripts in treated animals
contain the complete FVI111 coding sequence. The presence of mRNA transcripts coding a truncated
FVII1 sequence could lead to the production of a heterogeneous population of dysfunctional FVIII
molecules. To interrogate the presence of dysfunctional FVIII protein in rAAV-treated mice, we
determined the in vivo specific activity of rAAV-derived FVIII in vector-treated hemophilia A
mice. Antigen concentrations, measured using a capture ELISA designed to detect the heavy chain
of FVIII, a region not predicted to be truncated from the promoter region of the antisense-coding
vector genomes, were plotted against the FVI111 activity of each sample and compared to a standard

curve of purified FVIII protein serially diluted in hemophilia A mouse plasma. The specific activity



49

of the AAV treated mouse samples was found to be similar to that of the standard curve, indicating
that the majority of mRNA transcripts encode a fully functional FVIII molecule.

Viral genome copy number in transduced livers - QPCR analysis of viral genome target
sequences within the centrally-located A2 domain of FVIII was performed using DNA extracted
from livers of all transduced male mice (Figure 2.5). rAAV-HCR-ET3 proviral genomes
containing the A2 domain sequence persisted as long as 1 year after treatment. There were
approximately 2 viral transgenes per cell in mice receiving 2e13 vp/kg, and a dose responsive
decrease in transgene number at the lower doses, with mice receiving the lowest doses (6.4e10
vp/kg) approaching the limit of detection.

Correction of bleeding phenotype - Correction of the hemophilia A bleeding phenotype
was assessed by tail transection bleeding assay on animals that received varying doses of rAAV-
HCR-ET3 (Figure 2.6). Overall, mice that received rAAV-HCR-ET3 treatment demonstrated less
blood loss than saline-treated control mice. Specifically, all mice that received one of the high
vector doses (8e12— 2e13 vp/kg) showed no detectable blood loss while mice that received medium
(1e12 — 4e12 vp/kg) or low (6.2e10 — 5.0e11 vp/kg) doses demonstrated dose responsive decreases
in
blood loss that, both as individuals groups and as a whole, were significantly less than saline

treated controls (p<0.005, Mann-Whitney U test).

2.5 DISCUSSION

The favorable safety profile, ease of delivery, durable expression and lack of innate
immune stimulation position rAAV as a promising vector for clinical gene therapy of hemopbhilia
A. However, large transgene size, potential humoral immunogenicity and poor biosynthetic
efficiency of human FVIII present as significant obstacles hindering clinical translation. This point

is supported by the observation that five clinical trials of AAV-factor 1X vectors for the treatment
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Figure 2.5: In vivo viral genome copy number. Quantitative PCR was used to determine the

number of viral genomes in transduced livers. Primers directed against the FVIII A2 domain were

used to determine the number of viral genome copies of this domain per cell for all mice receiving

rAAV-HCR-ET3.
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Figure 2.6: Phenotypic correction of the bleeding diathesis. Hemophilia A mice treated with
rAAV-HCR-ET3 were subjected to a tail transection bleeding assay to test for phenotypic
correction. For clarity, mice are grouped by vector dose: High (8e12 — 2e13 vp/kg), medium (2e12

—8e12 vp/kg) low (6.3e10 — 1e12 vp/kg) and no treatment control.



52

of hemophilia B have been conducted or currently are in progress, while none have been initiated
for rAAV-FVIII vectors for testing in persons with hemophilia A.

To overcome these obstacles, several advancements in AAV-FVIII vector design have
been reported. For example, Lu et al described an rAAV-FVIII construct incorporating a p-actin
promoter with a cytomegalovirus enhancer and a bovine growth hormone poly(A) sequence that
expressed FVIII at levels 3-5 fold higher than a comparable AAV construct utilizing a mini-
transthyretin promoter with a synthetic poly(A) sequence (133). The use of these large regulatory
control elements resulted in a final transgene size of 5.8kb, which, similar to rAAV-HCR-ET3, was
substantially oversized. Despite having no detectable vector genomes larger than 5.0kb, the
optimized vector developed by Lu et al provided correction of FVIII levels in hemophilia A mice
at a dose of 2e11 vector genomes (vg)/mouse, or approximately 8e12 vg/kg. Additionally, Arruda
and colleagues recently described a minimally bioengineered hFVIII transgene delivered via an
oversized (5.5 kb) rAAV vector achieving circulating FVIII expression up to 60% of normal at a
dose of 8el2 vg/kg (134). This bioengineering approach incorporates a single amino acid
substitution which eliminates a furin cleavage site within human FVIII to mimic what occurs
naturally in the B domain of canine FVIII. This substitution conferred a 2.5-fold increase in secreted
single chain FVIII form, greater specific activity and improved hemostatic potency. Lastly,
Nathwani and colleagues have developed a novel rAAV-FVIII vector that is reduced in size to 5.2
kb through promoter and polyadenylation sequence engineering and encodes a codon-optimized
BDD hFVIII transgene that also incorporates a bioengineered linker containing additional N-glycan
sequence motifs (135). The combination of these engineered elements resulted in a vector that
mediated 10 to 20 fold higher expression of FVIII compared to the non-engineered vector.
However, the exact mechanism(s) responsible for the improved expression were not determined.

In the present study, we sought to enhance the potency of rAAV-FVIII vectors through the
integration of a fVIII molecule that has been bioengineered for more efficient cellular secretion,

which is the known rate-limiting step in recombinant FVI11 biosynthesis and presumably also exists
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in gene therapy settings. This novel approach may be complimentary to the advancements
described above by others in the field and combinations of the technologies, such as 1) reduction
in AAV genome size through the use of smaller gene regulation elements like the ones described
by Nathwani and colleagues or 2) the incorporation of the canine B-domain substitution described
by Arruda and colleagues or 3) the insertion of N-glycan motifs into the FVIII B-domain linker
sequence, which could potentially result in additive or synergistic improvements in vector
performance. Regardless of these speculations, the present study demonstrates that rAAV-HCR-
ET3 can achieve curative levels of FVIII activity in vivo using a minimal dose of 1e12 vp/kg, which
represents an 8-fold reduction in vector dose needed to achieve curative levels of circulating FVIII
compared to the results obtained by the groups of Lu and Arruda discussed above, and doses
comparable to that achieved with the vector developed by Nathwani and colleagues despite the
substantially oversized nature of rAAV-HCR-ET3. As production of sustained therapeutic levels
of FVIII remains a critical barrier to clinical gene therapy of hemophilia A and no recent
transformational advances have been made in vector manufacturing or potency, transgene
engineering approaches, such as that demonstrated by ET3, may provide the key innovation
necessary to achieve clinical success. Furthermore, the reduced viral vector dose needed to achieve
curative levels of FVIII represents a significant improvement in safety over other AAV-FVIII
constructs through reduction in the viral antigen load delivered to the recipient, which previous and
ongoing clinical trials have shown to initiate a cytotoxic immune response against transduced cells
at vector doses as low as 2e12 vp/kg (112).

Our laboratory has spent considerable effort studying the differential efficiency of FVIII
biosynthesis, as well as other biochemical properties, of orthologous FVIII molecules. The
knowledge gained has been applied to the bioengineering of enhanced FVIII molecules such as
ET3/HP47 with markedly improved biosynthetic efficiency and increased stability following
thrombin activation (119). Previously, we have described the improved performance of ET3 and

other similar high expression FVIII sequence element containing constructs over standard human
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BBD FVIII constructs in heterologous recombinant protein production systems as well as gene
therapy applications involving y-retroviral and lentiviral vector gene transfer into hematopoietic
stem cells (118-120; 136-138). However, the current study is the first report utilizing the high
expression sequence elements of porcine FVIII to boost FVIII levels in a liver-directed AAV-
mediated gene therapy application. Consistent with data we have reported previously, the ET3
transgene enabled 20-fold higher expression compared to that achieved using the BDD human
FVIII transgene in transiently transfected HepG2 cells. Furthermore, the enhanced expression
conferred by the ET3 transgene compared to the BDD human FVIII transgene was recapitulated in
vivo via hydrodynamic plasmid injection, where ET3 achieved 20-fold higher levels of circulating
FVIII activity.

The bioengineered design of ET3 can be compared in some regards to a strategy currently
being pursued in AAV clinical gene therapy of hemophilia B where constructs encoding a naturally
occurring human coagulation factor 1X molecule termed factor 1X-Padua exhibit greater specific
procoagulant activity than normal human FIX (139), and thus also increased vector potency. In the
current study, the construct modifications implemented were designed to enhance
expression/secretion efficiency, a bioengineering strategy which similarly increases vector
potency. However, unlike the factor IX-Padua mutation, which is a naturally occurring mutation,
ET3 is a non-naturally occurring FVIII chimera that substitutes the high-expression sequence
identified in rpFVIII into BDD hFVIII (119).

When inserted into the rAAV-HCR-hAAT vector backbone, the expected genome size was
5.9 kb, which substantially exceeds the 4.7 kb size of endogenous AAV genomes. It seems likely
that further improvement in both titer and potency could be garnered by reducing the vector genome
size similar to what was described previously by Nathwani and colleagues (135). Unlike other,
smaller, bioengineered vectors, such as that reported by the Nathwani group, molecular analysis of
rAAV-HCR-ET3 revealed that there was no detectable full length transgene packaged into the

vector (135). Rather, consistent with previous reports of oversized vectors, molecular analysis of
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the rAAV-HCR-ET3 vector revealed that it packaged primarily as truncated transgene fragments,
with no detectable viral transgenes larger than 5.0kb (47; 110) PCR analysis of the purified viral
genomes revealed a packaging bias favoring the central portion of the transgene. This result is
consistent with the current model of the AAV ssDNA transgene packaging from the 3’ end of both
sense and antisense strands, and, in the case of oversized transgenes, being truncated before
packaging completely through a presently unknown mechanism. This model predicts that most
viral particles will carry either a sense or antisense template both of which will contain A2-A3
domain transgene sequences, while the HCR-A1 transgene regions will only be carried by antisense
coding viral particles, and the C1-C2-bGHPA transgene regions carried only by the sense coding
viral particles. This differential prevalence of transgene region frequency, combined with the sub-
5.0kb smear of viral ssDNA detected by Southern blot analysis, suggests a heterogeneous
population of partially encoding viral transgenes. It is possible, therefore, that intracellular
reassembly of the anti-sense viral transgenes containing the complete HCR promoter region and
truncated FVIII template may lead to the production of dysfunctional FVIII protein products,
presenting a potential safety concern by exposing treated individuals to novel immunological
epitopes.

Previous work by the Nathwani lab with a similarly sized AAV-FVIII vector failed to
detect either persistent truncated FVIII transgene or truncated FVIII protein in mice treated with
the oversized vector (135). To alternatively investigate the presence of full-length FVIII mRNA in
AAV treated mice, we performed RT-PCR analysis of mRNA transcripts (Figure 2.3S) in the livers
of treated mice. This analysis showed the presence of the C2 domain of FVIII, an area found to be
preferentially truncated in the packaged viral transgenes, which is only possible if the complete 5
sequence upstream of the interrogated 3’ sequence region is present. These findings, coupled with
the high specific activity of circulating FVIII in AAV-treated mice (Figure 2.3f), supports a model
wherein, despite the truncated nature of the vector transgene, the majority of translated protein

product contains the complete FVI1I peptide sequence.
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The differential prevalence of viral ssSDNA transgene sequences in the product preparations
necessitates considerations that must be taken into account when titering oversized rAAV vectors
using PCR-based methods. The heterogeneous nature of the viral particles suggests that the quantity
of a single region of sSDNA within the transgene may not be representative of entire viral genome.
This brings to light an important safety consideration, as it has been shown in clinical trials that
rAAV vector doses greater than 2e12 vg/kg can induce acute liver toxicity due to capsid-targeted
cytotoxic T cell-mediated destruction of transduced cells (51; 112; 140). In the present study,
rAAV-HCR-ET3 was titered by quantitative protein analysis of DNA-containing viral particles.
This approach provides an accurate estimation of the number of viral particles that contain DNA in
the preparation, but does not account for the regions of transgene DNA that has been packaged. As
there were no detectable full-length transgenes packaged within the rAAV capsids, titering
oversized rAAV vectors by either determination of viral particle number by mass or optical density,
or by use of g°PCR amplicons directed to a single viral genome segment, does not describe the
heterogeneous nature of the vector genomes in the preparation. This presents a significant challenge
to vector product manufacturing, characterization, and quality metrics for clinical product
development comprising oversized AAV vector genomes.

Proviral rAAV-HCR-ET3 genomes persisted in the livers of treated mice for the duration
of the study, between 11 and 50 weeks, as determined directly by qPCR and indirectly by the
continuous detection of circulating FVIII activity. While the vector copy numbers obtained in the
present study are substantially lower than those seen in studies using similar vectors (134; 135), in
the previous studies, cellular DNA was collected soon after AAV administration, between 6 and
17 weeks. In the present study, vector doses that were comparable to those used in the previous
studies were collected as long as 48 to 50 weeks after vector administration. The low vector copy
numbers in the present study may be explained by loss of episomal AAV DNA over this extensive

time period.
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Despite its fragmented packaging, rAAV-HCR-ET3 provided complete (= 100% normal)
correction of the FVII1 deficiency at doses as low as 2e12 vp/kg. Additionally, doses as low as 1e12
vp/kg provided lower, but still curative FVIII activity levels. Finally, a minimally effective dose of
5el1 vg/kg was identified based on the criteria of achieving a sustained therapeutic levels of FVIII
between 0.02 — 0.12 units/ml for more than 10 weeks post-vector administration. In addition to
measurement of plasma FVIII activity, phenotypic correction was demonstrated by hemostatic
challenge using the tail clip bleeding assay, which demonstrated dose responsive correction of
bleeding diathesis. Although an overall reduction in bleeding was observed that trended toward
significance in terms of a quantitative correlation between blood loss and vector dose or plasma
FVIII activity level, previous experience with this assay in our laboratory has shown that blood loss
does not directly correlate to FVIII activity levels in plasma. Furthermore, as others have shown, it
frequently is observed that mice with levels of FVII1 activity below the threshold of detection (1.6%
of normal) fail to lose detectable amounts of blood. It is possible, therefore, that sub-detectable
levels of FVIII activity may be sufficient for the correction of bleeding diathesis in this murine
model.

Initial exposure to FVIII by persons with hemophilia A represents an immunologic
challenge that can lead to the development of neutralizing humoral immunity in approximately
25% of persons with severe hemophilia A (111; 141). Since rAAV gene therapies are designed to
provide a continuous source of the exogenous protein in treated individuals, this response presents
a considerable safety and efficacy concern as these vectors are translated into human trials. Indeed,
when administered to immune-competent macaques, rAAV encoding a codon optimized BDD
human FVIII molecule resulted in the formation of neutralizing antibodies to FVIII (135).
Furthermore, the incidence of anti-FVIII inhibitor formation in persons with hemophilia A is
significantly greater than that of anti-FIX inhibitors in persons with hemophilia B (111). Thus,
immunogenicity remains among the most significant safety concerns for all new hemophilia A

therapeutics including gene therapies (142; 143). Despite the demonstrated safety in the ongoing
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clinical trial of sScAAV2/8-LP1-hFIXco for the treatment of hemophilia B, these results may not be
predictive of safety in a similarly designed clinical trial for AAV-FVIII vectors for the treatment
of hemophilia A (144). As there has not been a clinical trial of AAV gene therapy for hemophilia
A completed to date, this issue can only be discussed at this time using preclinical data. In the
present study, we utilized the C57BL/6 background exon-16 disrupted murine model of hemophilia
A, a genetic background previously shown to produce higher anti-FVIII inhibitory antibodies than
the Balb/c model of hemophilia A (145). Using this model, 2 animals developed inhibitory
inhibitors to ET3, as evidenced by loss of FVIII activity and confirmed by ELISA and Bethesda
assays. The two mice that developed anti-FVIII immune responses received the highest doses of
virus (2e13 and 1e13 vp/mouse) and exhibited supraphysiological levels of circulating FVIII prior
to inhibitor development. This finding suggests that in immune-competent individuals, there may
be an upper vector dose limit imposed by both the viral capsid antigen load and the plasma FVIII
load (potency). The possibility remains that the unique porcine sequences known to be necessary
for high-level expression in ET3 also conferred increased immunogenic risk and were the target of
the anti-FVIII immune response observed. However, Lollar and colleagues recently performed a
rigorous comparison of BDD rhFVIII and rpFVIII in the murine hemophilia A model, which
revealed that the overall immunogenicities were similar with anti-A2 and anti-C2 constituting the
majority of the inhibitors detected against each molecule (146). An important safety consideration
in light of the high expression porcine sequences present in ET3 is that both plasma-derived and
now rpFVIII products have been used clinically, the former for more than two decades, to treat
acute bleeding following the development of anti-hFVI111 inhibitors in the settings of congenital and
acquired hemophilia A (147; 148). Therefore, there may be sufficient data available to support the
risk/benefit case for transition to clinical safety (including immunogenicity) testing of ET3
delivered by AAV vector, lentiviral vector or intravenous infusion of the recombinant molecule.
As predicted by all previous gene transfer and recombinant protein expression studies, the

ET3 transgene demonstrates high-level transgene product biosynthesis following liver-directed
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rAAV delivery. The current data directly support the benefit of incorporating the high expression
FVIII sequence elements encoded within ET3 into AAV gene transfer systems for treatment of
hemophilia A. The rAAV-HCR-ET3 vector provided a long-term source circulating FVIII activity
and correction of bleeding diathesis at vector doses lower than those of other bioengineered FVIII
variants despite its larger size, making ET3 an ideal candidate transgene for incorporation into
smaller AAV vector systems. However, due to the immune response exhibited by some mice
against FVIII, additional immune modulation may be necessary to prevent the development of
humoral immune response to FVIII. Previous data from our lab has shown that ex vivo genetic
modification of hematopoietic stem cells (HSC) using a lentivector gene transfer platform promotes
immune non-responsiveness to FVIII (149). While the immune nonresponsive profile induced by
ex vivo HSC gene modification is desirable and this approach is predicted to be curative, the overall
approach is clinically more complex than a single peripheral vein infusion of rAAV. Furthermore,
the pre-conditioning regimens needed to attain therapeutic levels of cellular engraftment and
protein expression pose additional risks. Therefore, it seems logical that different gene therapy
strategies may be more amenable than others to application in distinct geographical, economically

developed and clinically-advanced populations.
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2.7 Supplemental Information

Supplemental Table 2.1

A2 GAAGATGGGCCAACTAAATCAGATCCGCGGTGCCTGACCCGCTATTACT
CTAGTTTC

C2 CACCTCCAAGGGAGGAGTAATGCCTGGAGACCTCAGGTGAATAATCCA
AAAGAGTG

bGHPA | GTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATA

AAATG

Supplemental Table 2.1: Biotinylated probes used for detection of AAV-HCR-ET3 viral

genomes A cocktail of biotinylated probes was used for detection of AAV-HCR-ET3 viral

genomes during Southern blot analysis.
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Name Sequence Amplicon Length (bases)
HCR + TTCGGTAAGTGCAGTGGAAG

HCR - GTCCTCGTCCGTATTTAAGC 191
Porcine Al + CCTGAAGAACATGGCTTCTC

Porcine Al - TACCGGGAAGGACTTTATCG 133
Human A2 + CTCACGGAATCACTGATGTC

Human A2 - TTGGCCCATCTTCTACAGTC 136
Porcine A3 + TGGAGCAGCTCTGGGATTAC

Porcine A3 - GCAAATTCCCGGAAGACCAC 109
Human C1 + TCAATGCCTGGAGCACCAAG

Human C1 - AGATGTAGAGGCTGGAGAAC 119
Human C2 + CCTCCAAGGGAGGAGTAATG

Human C2 - CATCTTGACTGCTGGAGATG 169
bGHPA + CCTTCTAGTTGCCAGCCATC

bGHPA - CCAGCATGCCTGCTATTGTC 199

Supplemental Table 2.2: Primers used for regional transgene analysis Primer sets spanning the

length of the AAV-HCR-ET3 viral transgene were used for quantitative PCR analysis of the

packaged ssDNA content of AAV-HCR-ET3 viral particles.
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Mouse ID Plasmid Injection Time VI activity
(seconds) (U/mL)

355N AAV-HCR-ET3 8 3.74

356R AAV-HCR-ET3 10 7.80

357R AAV-HCR-ET3 10 3.46

356L AAV-HCR-HSQ 8 0.333

357N AAV-HCR-HSQ 10 0.146

358L AAV-HCR-HSQ 7 0.202

Supplemental Table 2.3: Hydrodynamic injection of FVI11 encoding AAV expression

plasmids Mice were hydrodynamically injected with either AAV-HCR-ET3 or AAV-HCR-HSQ

encoding expression plasmids. Individual injection times and resulting FVIII activity at 24 hours

are shown.
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Supplemental Figure 2.1
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Supplemental Figure 2.1: Standard curves for quantitative PCR analysis To control for
variation in primer efficiency during quantitative PCR analysis, standard curves of AAV-HCR-

ET3 viral expression plasmid were generated for each primer set spanning the length of the AAV-

HCR-ET3 transgene.
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Supplemental Figure 2.2
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Supplemental Figure 2.2: Sequence alignment of porcine-substituted domains of ET3 and
HSQ

Amino acid sequence alignments for the signal peptide (black bar), A1 domain, heavy chain acidic
domain (green bar), activation peptide (red bar) and A3 domain of human (top) and ET3 (bottom)
fVIII are shown. Identical residues are distinguished by red type with gray background, similar

residues are shown black type with gray background and all other residues are displayed in black
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type with transparent background. Disulfide linkages are noted by the black lines connecting
cysteine residues. Places where either human, ET3 or both sequences encode a N-linked
glycosylation attachment site (N-X-S/T) are outlined with a black box. Additional amino acid

differences in the synthetic linker sequence in ET3 and HSQ are not shown.



Supplemental figure 2.3

Supplemental figure 2.3: ET3 C2 domain sequence RNA is present in liver of treated mice
Reverse transcription PCR analysis of RNA isolated from livers of treated and untreated mice
shows ET3 C2 domain sequence in a mouse treated with AAV-HCR-ET3 (lane 1) and no

detectable ET3 C2 domain sequence in untreated control (lane 2).
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3.1 Abstract

Low-level protein biosynthesis frequently encumbers AAV gene therapies. This obstacle
has particularly impacted AAV gene therapy for hemophilia A, where the intrinsically poor
biosynthetic efficiency and large size of the coagulation factor VIII (FVIII) cDNA substantially
impairs AAV vector potency. Codon optimization and synthetic promoter design are routinely
utilized to increase the biosynthetic efficiency and decrease the transgene size of AAV-FVIII
expression cassettes, however, these approaches have yet to realize an AAV vector of sufficient
potency to provide curative levels of FVIII expression at clinically safe vector doses. To alleviate
these constraints on AAV vectors for hemophilia A, we have generated a highly potent yet
minimally sized promoter, which permits an AAV-FVIII expression cassette design of just 4883
base pairs, which is well within the optimal transgene length for AAV vector designs. Second, we
have employed a novel tissue-directed modality of codon optimization. This strategy confers up to
7-fold greater increases in FVIII expression in vivo than traditional organism-level codon
optimization strategies. Together these technologies, which are generalizable to all liver-directed
AAYV designs, have created an AAV-FVIII vector which provides curative levels of expression at

1ell vector particles per kilogram in a murine model of hemophilia A.

3.2 Introduction

Hemophilia A is an X-linked bleeding disorder caused by a deficiency in coagulation factor
VI (FVII). A growing body of clinical experience has supported the use of liver-directed adeno-
associated virus (AAV) as a gene therapy vector for the treatment of hemophilia B, however,
several obstacles have hindered the development of an AAV vector for hemophilia A (78; 82; 84;
150). These obstacles include the limited DNA packaging capacity of AAV for the large FVIII
transgene (47; 48; 151; 152), and inefficient biosynthesis of human coagulation factor FVIII (98).
Clinical experience with liver-directed AAV has shown a vector-dose limiting toxicity of 2e12

vector genomes (vg) per kilogram due to capsid-mediated cellular immunity directed toward AAV-
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modified hepatocytes, resulting in loss of gene expression and transient hepatotoxicity (82; 84;
150). Due to this dose-limiting toxicity, it is critical that AAV-FVIII vectors confer efficacious
levels of FVIII activity at doses below the 2e12 vg/kg threshold.

While the precise packaging capacity of AAV is debated, it is accepted that vector genome
sizes of 4.7-4.9 kilobases (kb) result in the most efficient transgene packaging and expression (47;
48; 151; 152). Due to the large size of the B-domain deleted (BDD) human FVIII (hFVII1I) of 4.4kb
and the necessary non-coding viral and regulatory control elements, AAV-FVIII vectors routinely
exceed this ideal transgene length, resulting in suboptimal transgene packaging and delivery (152-
154). An AAV-FVIII transgene minimally contains a promoter, the FVI11 cDNA, a polyadenylation
(polyA) signal, and AAV inverted terminal repeats (ITRs) flanking both sides of the cassette.
Combined, these immutable elements, the ITRs and FVIII cDNA, occupy 4664bp of the 4900 bps
available for optimal gene expression, leaving only 246bp for the promoter, polyA signal, and any
intervening sequences. Currently utilized liver-specific promoters such as the hybrid liver promoter
(HLP) and HCR-hAAT range in size from 250 to over 700 bases, which alone exceed the remaining
capacity of the virus (154; 155). To alleviate this limitation, we utilized a combinatorial process of
assembling and testing promoter and enhancer fragments to generate a novel 146bp promoter,
designated the hepatic combinatorial bundle (HCB), which drives strong gene expression in
hepatocytes despite its minimal size.

An additional factor the limits the efficacy of AAV-FVIII vectors is the low biosynthetic
efficiency of the FVIII protein itself. FVIII is a large glycoprotein that is secreted at levels 2-3
orders of magnitude less efficiently than similarly sized glycoproteins (98). We have previously
described a human/porcine chimeric FVIII molecule designated ET3 (previously HP47) which
demonstrates 10-100 fold increased secretion compared to BDD hFVIII (HSQ) (99; 156). We
sought to further improve the expression of both ET3 and HSQ by using a novel codon optimization
strategy. Traditional codon optimization strategies utilize the entire genomic cDNA of a host

species to derive the codon usage bias (CUB) of the organism as a whole, which is assumed to be



70

reflective of the physical tRNA pools within its cells, originally described as the “tRNA adaptation
theory” (104-107). However, recent work has shown that the tRNA pools within different tissues
vary, and suggests that the assumed prevalence of individual tRNA species derived from the host
organism’s genomic cDNA may not be reflective of the tRNA pools within a particular tissue (108).
We found that a previously-described CUB table generated from genes highly expressed within the
liver exhibited greater deviation from the standard human CUB table than the standard murine CUB
table, suggesting that codon optimization directed toward the specific tissue in which a gene is
expressed may provide greater benefit than optimization to the CUB of the organism as a whole.
By combining these approaches, we have developed a 4.88kb AAV8-HSQ vector which
provided 0.4 units (U)/mL of FVIII activity in a murine model of hemophilia A at a vector dose of
1e11 vector genomes vg/kg, as well as a 4.91kb AAV8-ET3 vector which provided over 1.5 U/mL
at the same dose. These vectors represent two of the most powerful AAV-FVIII vectors described
to date, providing curative levels of FVIII expression at a vector dose 20-fold lower than the

maximum clinically tolerated dose of 2e12 vg/kg.

3.3 Materials and Methods

Codon usage indexes: The liver codon optimization table was previously described,
utilizing sequences of highly and specifically expressed within hepatocytes (108). The myeloid
optimization table was generated by examining previously published Affymetrix mRNA array data
using the GSE16836 dataset (157). The myeloid CUB was determined from cDNA sequences from
highly and specifically expressed utilizing the publically available Sequence Manipulation Suite
(158). Individual codon usage bias of all human genes were determined using gene sequences
retrieved from the Consensus CDS Sequence Project annotation of the GRCh38 reference genome
(159).

DNA synthesis: The synthetic AAV2 expression cassette was constructed by Gensrcipt

Biotech Corporation and inserted into the pUC57 backbone. Promoter DNA sequences were
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generated as linear dsDNA fragment gBlocks© by Integrated DNA Technologies, Inc. gBlocks©
were cloned into the AAV vector using Agel/Sall sites included in the gBlock design using the
Sall-compatible Xhol site within the AAV vector. Complete FVIII DNA sequences were
synthesized by Genscript. Codon optimization was performed using the Genscript Optimum
Gene™ algorithm using the standard human CUB index as the human codon optimization table or
custom liver and myeloid CUB indexes. FVIII sequences were cloned into the AAV backbone
using Xhol/Notl restriction sites. The sequence of ancestral FVIII node 53 (An53) was determined
by ancestral sequence reconstruction as previously described and optimized to human and liver
CUB tables using the OptimumGene ™ algorithm (160). The AAV-HLP-V3 was transgene
sequence was generated from previously published sequence (154).

tRNA expression plasmid: The 6x tRNA expression sequence was synthesized by Genscript
and inserted into the pUC57 backbone. tRNA sequences and chromosomal location were retrieved
from the genomic tRNA databse (161). Genomic sequences 200bp both upstream and downstream
of the tRNA sequence itself were included to preserve the local genomic context as well as to
capture local transcriptional regulators and proximal sequence elements.

Transfection studies: Low-passage HepG2 cells were plated at a density of 200,000 cells
per well in 500uL DMEM/F12 supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin in 6 well plates. 24 hours after seeding, cells were transfected using 1.5uL
X2 transfection reagent (Mirus Bio) and 500ng plasmid. For tRNA cotransfection, 250ng of FVIII
expressing plasmid was co-transfected with either 250ng of 6x tRNA or GFP control plasmid. The
media was changed the following day, and supernatants were assayed for FVIII activity after 24
hours.

FVIII activity measurements: FVIII activity in conditioned supernatant was determined by
activated partial thromboplastin reagent-based one-stage coagulation assay previously described
(162). Briefly, 5uL of conditioned supernatant was diluted in 50uL FVIII-deficient plasma. 50uL

of activated partial thromboplastin was then added and samples were incubated at 37 degrees for 4
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minutes. Following incubation, 50uL of 20mM calcium was added. Time to clot formation was
determined by automated viscometric measurement. FVIII activity was determined by linear
regression analysis of the clotting time versus the logarithm of the reciprocal plasma dilution. FVIII
activity in plasma samples was measured using the Diapharma Coatest SP4 FVIII kit according to
the manufacturer’s instructions.

Hydrodynamic Injections: 250ng (ET3 and An53) or 500ng (HSQ) expression plasmid
were diluted into Transit EE hydrodynamic injection solution (Mirus Bio) in a volume equivalent
to 0.1mL/gram of the recipient mouse’s weight. Plasmid was delivered as a single bolus into the
tail vein over 5-10 seconds using 3mL syringes and 26 and 5/8 gauge needles. Mice were allowed
to recover on heating pads for 30 minutes. Blood was drawn by the retroorbital method into citrated
tubes 24 hours after injections.

AAV production and titration: AAV8 production was performed by Vigene Biosciences,
Inc. Vector titers were determined in-house by a PCR method. Vector particles were DNAse treated
for 30 minutes, then DNAse was inactivated by adding EGTA and heat inactivating at 65 degrees
for 10 minutes. Packaged DNA was liberated by addition of Proteinase K and heated for 1 hour at
65 degrees. Proteinase K was then inactivated by heating at 95 degrees for 20 minutes. DNA
concentration was determined by quantitative PCR using a standard curve generated from the
appropriate AAV expression plasmid using primers directed toward the center of the viral
transgene.

Animal studies: All animal studies were performed under the guidelines set by the Emory
University Institutional Animal Care and Use Committee. Exon 16-disrupted mice back-crossed
onto a C57BL/6 background were used as a model of hemophilia A (163). Hydrodynamic injections
were performed in 8-12 week old mice of mixed sex. AAV studies were performed in 8-12 week
old male mice. Bleeding was performed under anesthesia by retro-orbital method into citrated

capillary tubes.
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3.4 Results

Synthetic Promoter construction: Ryffel et at previously reported that a 41bp fragment
from the Xenopus laevis albumin 5” untranslated region (UTR) is by itself sufficient to drive gene
transcription in vitro (164). This 41bp region, designated SynO, contains the hepatocyte-specific
transcription factor (TF) binding site HP1 as well as a TATA box. Similarly, Godbout et al reported
a 61bp fragment immediately 5° of the murine a-fetoprotein gene (AFP) as also sufficient to drive
gene expression (165). When inserted into a plasmid cassette driving GFP, these elements alone
failed to drive detectable expression when transfected in HepG2 cells (data not show), however,
this assay may have lacked sensitivity to detect low-level gene transcription. To increase the
transcriptional power of these minimal promoters, we utilized an iterative process of modification,
wherein fragments of the human 5 a-microglobulin/Bikuni UTR enriched with liver-specific TF
binding sites, designated ABP, were fused to the 5’ ends of both SynO and AFP promoters, and the
AFP promoter was additionally augmented with an HP1 TF binding site. We designed two ABP
fragment variants, one of which included 94bp of native genomic sequence (ABPnat), and a second
61bp variant wherein non-TF binding regions were deleted (ABPshort), as identified by Rouet et
al (166). These promoters were further modified with the inclusion of non-native transcription
factor binding sites and transcription start site (TSS) motif. (Figure 3.1a)

These hybrid promoters were inserted into a cassette driving the expression of the high-
expression FVIII variant ET3. The relative strength of these promoters was compared to the
previously described 252bp hybrid liver promoter (HLP) which represents one of the shortest yet
strongest liver-directed promoters described to date. When transfected into HepG2 cells, the
ABPnat element fused to either SynO or AFP promoters drove detectable levels of FVIII
expression, while the reduction of ABPnat to ABPshort did not impair gene expression. Inclusion
of the TSS dramatically increased FVIII expression, while addition of the non-native TF binding
sites HNF1la and SP1 in the context of the ABPnat enhancer diminished FVIII expression to

undetectable levels.
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Figure 3.1 Promoter design and testing. (a) Novel, liver-directed promoters were constructed
by assembly of discrete units designed for high transcriptional activity in the context of the liver.
(b) To determine the relative strength of promoter designs, promoters driving the expression of
ET3 were transfected into HepG2 cells, and FVIII activity was measured 48 hours post
transfection. Activity is displayed relative to HLP. (c) To determine the strength of the promoters
in vivo, plasmid was delivered by hydrodynamic injection to hemophilia A mice and plasma

FVIII activity was measured by FVIII chromogenic assay. Activity is displayed relative to HLP.
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Interestingly however, the HNF1 permitted robust gene expression when coupled with the
ABPshort enhancer in the context of either SynO or AFP promoters. (Figure 3.1b)

From these data, five of these promoters were chosen for in vivo testing by hydrodynamic
injection into the livers of hemophilia A mice. (Figure 3.1c) Both the ABPnat-AFP and ABPnat-
SynO designs drove detectable FVIII expression, yet did not achieve the strength of the HLP
promoter. In agreement with the in vitro data, inclusion of the TSS motif to ABPnat-AFP
dramatically increased FVIII expression, achieving FVIII activity 4 fold higher than HLP.
ABPshort coupled with either AFP-TSS or SynO-TSS permitted the highest in vivo FVIII
expression of all plasmids tested. Due to its small size of only 146bp and strong in vivo activity of
14-fold that of HLP, ABPshort-SynO-TSS chosen as the final promoter design for our AAV vector
design. For convenience, this promoter was renamed the hepatic combinatorial bundle (HCB).

Tissue Specific Codon Optimization Index: Previous work has revealed that the codon
usage bias of genes highly and specifically expressed in the human liver differ from the codon
usage bias of the entire human genome coding DNA sequence (CDS) (108). Furthermore, the codon
usage bias of the liver is uniquely predictive of the physical tRNA content within liver tissue.
Building on these observations, we utilized this liver directed CUB table to synthesize liver codon
optimized (LCO) variants of HSQ, ET3, and the recently described ancestral FVIII protein An53
(160). As a control, we utilized a similar strategy as the Dittmar group to construct a codon usage
bias table based on genes highly expressed in myeloid cells. This myeloid codon optimization
(MCO) strategy was applied to both HSQ and ET3, while standard human codon optimization
(HCO) was also applied to An53.

We first sought to quantify the deviation of the LCO and MCO CUB tables from the
standard human CUB table. The CUB of an individual codon species within a coding sequence is

given by formula 1, and the CUB deviation from human is given by formula 2.
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. Ci
Formulal: CUBI = —
Caa

Where the codon usage bias of an individual codon species (CUBI) is given by ratio of the number
of times a single codon (Ci) is utilized in a cDNA to the total number of synonymous codons (Caa)

coding for the corresponding amino acid are used within a coding sequence.

CUBI,
CUBI;

Formula2: FD =

Where FD is the fold difference of a single codon species with respect to human, CUBIy is the

codon usage bias of a single codon within the reference CUB table, and CUBIH is the codon usage

bias of the respective individual codon in the human CUB table.

For comparison, we also quantified the deviation of the murine CUB table against the
human CUB table. With respect to the human CUB table, the average FD of the liver and myeloid
CUB tables were substantially greater than that of the murine CUB table. (Figure 3.2a). On
average, murine FDs deviated from the human bias by just 1.04 fold per codon, whereas the liver
and myeloid FDs significantly (p<1e8) showed over 3 times more deviation, with an average of
1.15 and 1.14 fold difference per codon, respectively.

While this analysis demonstrates the robust deviation of the tissue-directed CUB tables
compared to human in relative terms, the absolute difference in magnitude of CUB must also be

considered, which is given in formula 3.

Formula3: ADy = |CUBI,-CUBIj |
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Figure 3.2: Liver directed codon optimization. (a) The fold difference in CUB of each codon

in the liver, myeloid, and murine CUB tables over the same codon in the human CUB table. (b)

The absolute difference codon usage bias of each codon in the liver CUB table versus the

respective codon in the human CUB table. (* p < 0.05 by 2-way t-test, n =43 for liver CUB,

15453 for human CDS) (c) The correlation of the ratio of codon usage biases of the set of liver
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genes to that of the entire human genomic coding sequence against the ratios of codon usage bias
of ET3-LCO to that of ET3 non-codon optimized (NoCo). Open circles mark the six codon
species with the lowest ET3 LCO to ET3-NoCo ratio. (d) Plasmids encoding ET3-LCO, ET3-
MCO, and ET3-NoCo were contransfected into HepG2 cells with either GFP expression plasmid
or a plasmid encoding the six tRNAs predicted to be most limiting in to the expression of ET3-

NoCo (n=3, * = p<0.05, error bars show standard deviation of the mean).
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where ADp, is the absolute difference in magnitude of the CUBI of a single codon species from an
individual protein (CUBIp), from that of the respective codon in the human CUB table (CUBIp).

The ADp of each codon species was calculated for the list of 43 liver-specific genes, as well as for
each individual gene in the human CDS.

The mean ADp of CUBIp from each of the 43 proteins from which the LCO CUB table was
derived deviated by as much as .14 (ATC: liver .61, human .47) (Figure 3.2b). The mean of the

ADp of each codon species of the proteins from which the LCO CUB was generated was

significantly greater than the mean ADy, of the human CDS in 22 codons (* = p<0.05 by 2 way t-

test). Together, these data strongly support that the codon usage of genes highly and uniquely
expressed within a single tissue differ from that of the human CDS as a whole, and that a higher
degree of variation may exist between tissues of a single organism than between orthologous
species.

We next analyzed how closely the process of liver codon optimization of ET3 mimicked
the naturally occurring biasing of the genes endogenously overexpressed within the liver. (Figure
3.2¢) Mapping the correlation of the ratio of codon usage biases of the set of highly expressed liver
genes to that of the entire human CDS against the ratios of codon usage bias of ET3 LCO to that
of ET3 NoCo reveals a close correlation across all codons (r? = 0.65). Effectively, this shows that
the codons over-represented in the naturally liver optimized genes are similarly over-represented
in our synthetically optimized ET3, and likewise, that the codons under-represented natively are
also under-represented in ET3-LCO.

It has previously been shown that the codon usage bias of this set of 43 genes highly
expressed in the liver is predictive of the physical tRNA pools within the tissue, where codons that

are under-represented in the coding sequences have lower levels of tRNA isoacceptors within the
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tissue, and codons used preferentially predict high levels of tRNA issoacceptor (108). The central
assumption of codon optimization is that these tRNA levels are the rate limiting factor of protein
translation, wherein cDNAs that frequently utilize codons with low-level cognate tRNAs suffer
from inefficient translation. To test this hypothesis, we constructed a plasmid to over-express the 6
tRNAs that the ET3-LCO sequence predicts to be most limiting to the expression of ET3-NoCo,
which are marked in open circles in Figure 3.2d. Plasmids encoding ET3-LCO, ET3-MCO, and
ET3-NoCo were cotransfected into HepG2 cells with either the 6x tRNA plasmid or a GFP control.
When cotransfected with GFP, ET3-LCO demonstrated 2-fold higher levels of FVIII expression
than that of ET3-MCO or ET3-NoCo. When cotransfected with the 6x tRNA, ET3-LCO showed a
slight but insignificant increase in FVII1 expression (p = 0.41 by 2-way t-test), while the expression
of ET3-MCO and ET3-NoCo were elevated to that of non-tRNA supplemented ET3-LCO. (Figure
3.2d)

In vitro testing of liver codon optimization: To test if liver codon optimization provided
benefit in the context of liver-directed expression over that of standard human codon optimization,
An53-LCO and An53-HCO were transfected into HepG2 cells. As the sequence of An53 was
predicted at the amino acid level, the native (NoCo) sequence was not available. In this system,
An53-LCO expressed at levels nearly 2-fold greater than that of An53-HCO. (Figure 3.3a) To test
if this effect was specific to liver derived cells, the same plasmids were then transfected into baby
hamster kidney (BHK) cells. (Figure 3.3b) In this setting, ET3-LCO expressed at levels 2-fold
lower than ET3-HCO, supporting that liver codon optimization provides benefit specifically in the
context of liver-directed expression.

To further validate these findings, the same transfection studies were then preformed using
ET3-LCO,MCO, and NoCo as well as HSQ-LCO,MCO, and NoCo. When transfected into HepG2
cells, ET3-LCO and HSQ-LCO both showed significantly higher expression than either the MCO

or NoCo cognates. (Figures 3.4a,c) When transfected into the BHK cells, both MCO and LCO
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optimization decreased FVIII expression relative to the non-optimized variants. (Figures 3.4b,d).
Together, these data show that the liver codon optimization specifically provides benefit in the
matched tissue, and through the MCO control that this optimization is not an artifact of optimization
against a small subset of highly expressed genes. Further, they supports that removal of deleterious
cis-acting RNA motifs, a process that was applied equally to the HCO, MCO and LCO designs,
were not a significant source of increased expression.

In vivo impact of tissue-specific codon optimization: The benefit of liver codon
optimization over other strategies was next compared in vivo. Expression plasmids carrying An53-
HCO and An53-LCO were delivered by hydrodynamic injection to hemophilia A mice. In this
system, An53-LCO provided a 7-fold increase in FVIII expression compared to An53-HCO.
(Figure 3.5a) Next, ET3 and HSQ-LCO, MCO, and NoCo were delivered utilizing the same
system. (Figure 3.5b) The benefit of LCO over MCO and NoCo was again observed by both ET3
and HSQ, with ET3-LCO providing 4-fold increase in expression over both MCO and NoCo
(Figure 3.5b). HSQ-LCO raised FVIII to detectable levels compared to NoCo, representing a
minimum of 6-fold improvement, and strongly but insignificantly trended toward 4-fold increase
in expression over MCO. (Figure 3.5c). To ensure that these benefits were not due to altered
expression kinetics, a time course experiment was performed using ET3 and HSQ LCO and NoCo.
Our previous experience has shown that delivery linearized plasmid DNA provides prolonged gene
expression compared to that of circular plasmid, however, maximum expression is not achieved for
several days (data not shown). Linearized transgene DNA was delivered to by hydrodynamic
injection to hemophilia A mice, and expression was monitored over the next two weeks. (Figure
3.5d) Over the course of the experiment, the benefit of LCO over NoCo was replicated, with ET3-
LCO providing sustained 7-fold increase in FVIII expression, while HSQ-LCO again increased

expression to detectable levels.
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AAV mediated delivery of optimized constructs: AAV expression cassettes containing
FVIII cDNAs and the synthetic promoters were constructed and packaged into AAV8 capsids.
(Figure 3.6a) First, the benefit of HCO versus LCO strategies were compared in the context of
liver directed gene therapy. To evaluate this, AAV8 Anc53-LCO and Anc53-HCO driven by the
HLP promoter were synthesized. 1ell vector genomes vg/kg of AAV8-HLP-An53k-LCO and
AAV8-HLP-ANn53k-HCO were delivered intravenously to hemophilia A mice. In this system, the
benefit of LCO over HCO was again recapitulated, with An53 LCO demonstrating persistent 4-5
fold greater FVI1II activity over An53 HCO (Figure 3.6b).

Optimized HSQ and ET3 constructs were also packaged into AAV8 capsids. These
transgenes consisted of LCO FVIII designs driven by the HCB promoter and terminated by a
minimal synthetic beta globin polyadenylation signal, flanked by AAV2 ITRs (Figure 3.6a). At a
size of 4882bp (HSQ) and 4912bp (ET3), to our knowledge these vectors are the shortest FVIII
vectors described to date encoding full length BDD FVIII. As a control, these vectors were
compared against AAV8-HLP-V3co also packed in AAVS8 capsid. FVIII-V3co is a previously
described high-expression, codon optimized human FVIII variant that contains a novel 17-aa
peptide (V/3) in which 6 glycosylation sites from the FVIII B domain were juxtaposed and then
fused to the linker sequence joining the FVI1I A3 and C1 domains, the addition of which was shown
to increase FVIII expression 2-fold (154). AAV-HLP-V3co represents one of the most potent
AAV-FVIII vectors described to date. When delivered to hemophilia A mice at a vector dose of
1e11 vg/kg, AAV-HCB-HSQ-LCO achieved persistent FVIII activity of approximately 0.4U/mL,
which provided sustained expression greater than that of AAV-HLP-V3. At the same dose, AAV-
HCB-ET3-LCO achieved persistent FVIII activity of over 1.5U/mL. (Figure 3.6c).

To test the long term durability of FVII1 expression conferred by the HCB promoter, a dose
finding experiment was performed with high (1e12vg/k), medium (1ell vg/kg) and low (6.2e9
vg/kg) was performed, with the notable addition of the minute virus of mice (MVM) intron added

to the design (Figure 3.6d). In vivo studies have suggested that the addition of the MVM intro to
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this design does not impact FVIII expression conferred by this cassette design (data not shown).
Data out to 40 weeks post AAV injection show no decline in FVIII expression. While the FVIII
conferred by this vector was lower than that seen in MVVM-free variant, we attribute this to the
additional size conferred by the MVVM while itself providing no benefit in expression. From the
optimization described herein, these vectors provide curative levels of FVIII expression at doses
that are 20-fold lower than the maximum tolerated dose of 2e12 vp/kg in a murine model of

hemophilia.

3.5 Discussion

Efforts to develop a clinical AAV vector product for hemophilia A have been hampered by
the large size of the BDD FVIII cDNA (4374bp), the poor biosynthetic efficiency of FVIII, and
vector dose limiting toxicity. Ideally, a clinical AAV-FVIII vector would be of sufficient potency
to confer clinically beneficial (>1% of normal) or preferably curative (>40% of normal) circulating
FVIII activity at a vector dose no higher than 2e12 vp/kg, a dose which repeated clinical experience
has revealed to be a dose limiting toxicity threshold caused by cytotoxic immunity directed against
the gene modified hepatocytes. While pharmacological immune suppression has been utilized
clinically to mitigate vector cytotoxicity, both responsive and prophylactic immune suppression
has only partially mitigated vector mediated hepatotoxicity (78; 84; 150). Furthermore, this cellular
immunity is directed specifically against the population of gene modified cells, causing a
concurrent loss of protein expression associated with the cellular destruction.

Most recently, BioMarin Pharmaceutical has initiated a Phase 1/2 clinical trial of BMN
270, an AAV gene therapy vector for hemophilia A. This vector utilizes the HLP promoter driving
human FVIII packaged in AAV5 capsid. Under their protocol, patients were dosed with low (6e12
vg/kg), medium (2e13 vg/kg), and high (6e13 vg/kg) vector doses. At the lowest vector dose, the
single recipient in this cohort showed no detectable FVIII expression. However, at medium and

high doses, patients showed dose-dependent benefit ranging from partial to complete phenotypic
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correction. However, at these doses 6/8 patients predictably suffered from transaminitis that has
been partially controlled through corticosteroid administration (167). While this trial represents a
promising development in AAV therapy for hemophilia A, there remains a cogent need to develop
AAV-FVIII vectors with improved pharmacodynamic properties. The goal of this study was to
develop a state of the art vector with pharmacodynamics compatible with sufficient potency to
confer curative levels of FVIII expression at clinically safe vector doses. Furthermore, reducing the
viral vector dose required per patient would help reduce the per-patient cost of vector manufacture,
which remains a bottleneck to clinical AAV therapy (168).

We previously described pre-clinical testing of a 5.86kb AAV8 vector encoding the
bioengineered FVIII transgene ET3 that confers enhanced FVI1I1 secretion efficiency (152). While
this vector was of sufficient potency to partially or completely correct the hemophilia A phenotype
at vector doses of 5ell to 2el3 vp/kg, due to the large size of the transgene this vector suffered
from substantial intraparticle heterogeneity and low yield vector manufacture. To reduce the size
of this vector, we began by generating a completely synthetic AAV cassette, wherein unnecessary
viral DNA remnants that have been present in early stage AAV vector designs was removed,
leaving only the minimal AAV elements and enzyme restriction sites to allow simple substitution
of discrete elements. This alone removed 210bp from our first generation vector design. We further
substituted a 49bp synthetic polyadenylation (polyA) signal for our original 260bp bovine growth
hormone polyA, removing an additional 211bp. While these modifications reduced the size of the
vector transgene to 5.45kb, it remained substantially oversized. (Supplemental Figure 3.1)

To further reduce the size of the vector, we utilized an iterative “design, build, test” process
to generate a minimally sized yet highly active promoter. In a process similar to that used to
generate the previously described “super core promoter” (101), we utilized combinatorial assembly
of previously-described elements to iteratively and empirically generate a promoter with the
necessary size and strength required for a clinically oriented AAV-FVIII vector. Beginning with

the SynO and AFP core elements, the impact of additional transcriptionally oriented modules
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proved to not to be independently additive, but rather highly dependent on the interaction between
specific modules present in a single design. As seen in the design where the ABP element was
used in conjunction with SynO, when the ABPnat element was fused to the HNF1 TF binding
motif, the resulting promoter lost detectable activity. However, when the ABPshort element was
utilized in combination with the HNF1 element, activity of the SynO-based promoter restored. We
attribute this to the exquisite complexity of the interaction and contextually dependent function of
TFs, a process which remains difficult to define and methods for detecting these interactions in real
time are only recently being realized (169; 170).

Through this iterative process, we arrived at an enhancer consisting of the HNF1 TF
binding site proximal to the shortened ABP sequence. This enhancer is fused to the SynO core
promoter which is modified with a defined transcription start site, a combination we designated the
hepatic combinatorial bundle (HCB). At a total size of 146bp, this minimal promoter was shown to
drive FVIII transcription at levels 2-fold higher than the 252bp HLP in vitro and 14-fold higher
than HLP in vivo by hydrodynamic plasmid delivery. At this size, when substituted into our
synthetic AAV transgene cassette, the HCB promoter results in an HSQ vector transgene of only
4883bb in length, which is expected to be compatible with complete transgene packaging and
improved homogeneity and yield of vector product.

The second significant barrier to AAV gene therapy for hemophilia A is the poor
biosynthetic efficiency of the mature FVIII protein itself, which is secreted at levels 2-3 orders of
magnitude lower than similarly sized glycoproteins (98). This poor secretory efficiency has been
spatially and temporally linked between inefficient trafficking from the ER to the Golgi due to
induction of the unfolded protein response (99; 156). Our group and others have made efforts to
improve the efficiency of secretion by bioengineering the protein itself. These approaches have
included substitution of the FVIII A1/A3 domains with porcine FVIII sequences (ET3), inclusion
of additional glycosylation sites within the truncated B-domain linker (\V3), and reconstruction of

ancestral FVIII protein sequences (An53). In the case of ET3, bioengineering the FVIIT1 molecule
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results in 10-100 fold more efficient protein expression. However, in all of these approaches,
modification of the primary amino acid sequence and glycosylation patterns result in the possibility
of the introduction of immunogenic neoepitopes. While the exogenous protein expression within
liver has previously demonstrated a pro-tolerogenic environment, recent work casts doubt that this
will translate to FVIII (170; 171). Therefore, development of both native FVIII and modified FVII1I
designs is warranted in the pursuit of a clinically viable transgene design.

With this in mind, we sought to create a platform that would benefit FVIII expression
regardless of the precise primary amino acid sequence. Codon optimization has been routinely
utilized in AAV vector designs, both in pre-clinical and now clinical studies. While this approach
has been shown to confer benefit in some expression systems, recent studies quantifying the
physical pools of tRNA within different tissues have shown that the primary assumption made by
codon optimization, that the codon usage bias of an organism reflects the physical pool of available
cognate tRNA, may not be reflective of an optimal strategy in certain tissues, including the liver.
A commonly accepted causative factor for drift of codon usage bias across evolution is the tolerance
of the protein product of particular cDNA for missense mutations (172-175), a mechanism which
would allow for coadaption of synonymous codon mutations and the tRNA milieu within a
particular tissue to allow for optimal gene expression. When we investigated tissue-specific bias of
genes highly expressed in human liver and myeloid lineage cells, we found that the drift in codon
usage bias of these genes compared to the entire human CDS is in fact greater than the drift between
the human and murine CDS codon usage biases. We therefore reasoned that codon optimizing to
the target tissue of expression may offer benefit greater than that offered by optimization to the
entire genome. Building on the work of Dittmar et al, we synthesized variants of HSQ, ET3, and
An53 codon optimized for expression in the liver based on the codon usage bias of genes highly
expressed within the liver, as well as controls optimized using the standard human codon index as

well as a myeloid index.
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In vitro studies showed the liver optimization specifically increased FV111 expression of all
FVIII variants within HepG2 cells while decreasing FVII1 expression in the non-hepatic BHK cell
line relative to either human codon optimized or myeloid optimized variants. Importantly, these
optimized constructs were all generated by the same algorithm but utilizing different codon usage
indexes. While adjustment of the codon usage index and optimal codon distribution are central
aspects of codon optimization, modern codon optimization algorithms also attempt to remove
deleterious non-coding RNA motifs, such as destabilizing and structural features. By utilizing the
same algorithm which was only adjusted by the codon usage index, these reciprocal experiments
strongly suggests that the benefit of liver codon optimization is in fact due to the unique tRNA pool
within the liver, and not simply the alteration of RNA motifs or artifact of optimizing to a small
subset of genes.

When these codon optimized variants were delivered to the livers of hemophilia A mice by
hydrodynamic injection, the benefit of liver codon optimization became more pronounced. When
compared to the HCO variant, An53-LCO showed a 7-fold increase in FVIII expression. This
benefit of liver optimization was again recapitulated by AAV-mediated delivery of An53, where
LCO exhibited 4-5 fold benefit over HCO for the duration of the experiment. Likewise, when
compared to the MCO or NoCo variants, HSQ and ET3-LCO both showed 4-fold improvement.

From this, the HepG2 model appears to have underestimated the benefit of liver
optimization. tRNA dysregulation is emerging as an important factor driving the increased protein
translation and proliferation in both primary cancer tissues as well as cancer derived cell lines (176;
177). In cancer derived cell lines, global tRNA levels have been shown to be elevated 3-5 fold over
non-cancer derived cell lines, while in primary breast cancer tissue, tRNA levels were found to be
elevated 10-fold over normal breast tissue (176). This expected difference in tRNA levels between
the human liver carcinoma derived HepG2 cell line compared to those in the normal hepatocytes
of hemophilia A mice may explain the attenuated benefit of LCO in vitro compared to the benefits

observed in vivo, although this postulation will require further investigations.



94

Finally, our lead clinical candidate vectors, AAV-HCB-HSQ-LCO and AAV-HCB-ET3-
LCO, were packaged into AAV8 capsid and delivered to hemophilia A mice at a dose of 1ell
vg/kg. At this low vector dose, the HSQ vector infused mice expressed FVIII at 0.3-0.4 units/mL,
which remained higher than that of HLP-V3co for the duration of the experiment. Much of the
benefit of the AAV-HLP-V3co design was attributed to the substitution of the V3 linker, a novel
17aa linker that contains 6 glycosylation sites. When included in human FVIII designs, the V3
element increased FVIII expression 2-3 fold. We have now achieved greater levels of FVIII
expression from the fully-human AAV-HCB-HSQ-LCO design, representing a significant step
forward toward a clinically viable AAV-FVIII vector.
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Supplemental Figure 3.1: Schematics of size reduction of AAV-FVIII transgenes Vector

schematics show (A) the initial vector design (AAV-HCR-ET3), (B) the size reduction conferred

by removal of unnecessary DNA, (C) size reduction from the utilization of a more compact

polyadenylation signal, (D) size reduction from the minimally sized HCB promoter, and (E) the

shorter HSQ cDNA, which utilizes a shorter synthetic linker (L) than ET3.
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4.1 Collective Results

Despite nearly 15 years of experience with clinical applications of AAV for the treatment
of the hemophilias, to date no vector has progressed beyond phase I/Il clinical trials. While
substantial progress has been made in the field of AAV-FIX vectors, AAV-FVIII vectors lag behind
substantially. Development of AAV-FVIII vectors have been hampered by a unique set of obstacles
unique to the FVIII protein itself. The large size of the FVIII ¢cDNA and intrinsically poor
biosynthetic efficiency of the FVIII protein itself have presented a substantial challenge in creating
an AAV vector of sufficient potency to provide curative levels of FVIII expression at vector doses
below the 2e12 vp/kg limit imposed by cellular immunity directed against the capsid protein. While
the ongoing BioMarin clinical trial of BMN 270, the first AAV-FVIII vector to reach human trials,
represents a significant milestone in the field, the extremely high vector doses of 6e13 vp/kg
resulted in transaminitis which required extended steroid support to control. Due to these vector
toxicities, the trial was suspended until a modified protocol was approved and the trial re-opened
in October, 2016.

In chapter 1 we proposed several potential strategies for increasing vector potency to allow
for successful application of clinically safe vector doses. It is well established that transgene
cassettes that fit within the <5.0kb packaging capacity of AAV are of higher potency than oversized
vectors. As all pre-clinical and now clinical AAV-FVIII vectors exceed this length, making
reduction of the transgene size to fit within the optimal size of the AAV vector an attractive
opportunity for not only increasing vector potency, but also improving vector manufacture and
homogeneity. We also proposed that protein bioengineering and novel strategies of codon
optimization may increase the biosynthetic efficiency of nascent FVIII proteins. By combining
these strategies, we hypothesized that the potency of AAV-FVIII vectors may be increased to allow
for efficacious expression of FVIII at clinically safe vector doses.

In Chapter 2, we investigated the integration of the bioengineered FVIII variant ET3 into

an oversized AAV vector. The ET3 protein, which incorporates porcine FVII Al and A3 domains,
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has been previously shown in both recombinant protein and lentiviral gene therapies to increase
FVIII expression by 10-100 fold, however, this was the first time this protein has been tested in the
context of either AAV-mediated or liver-directed gene therapy. We demonstrated through
hydrodynamic injection that the AAV-ET3 cassette recapitulated the increased FVIII expression
over human FVII that has been observed in alternative expression systems. When packaged into
AAV capsid, this vector was shown to confer high levels of FVIII expression at low vector doses,
and provided complete correction of FVIII deficiency at doses as low as 2e12 vp/kg. However, at
5.9kb in length, this vector was substantially oversized. Through molecular analysis of the AAV-
FVIII genome of viral particles, we showed that this vector suffered from fragmented transgene
packaging and vector particle heterogeneity.

In Chapter 3, we built on the knowledge gained from our first generation AAV-FVIII
vector to generate a substantially improved transgene design. To decrease the size of the transgene,
we utilized DNA synthesis technology to produce a vector cassette free from unnecessary DNA
that persists in most off the shelf AAV designs. We additionally generated a novel 146bp promoter
that retained higher gene expression activity than that of larger promoters frequently utilized in
liver-directed AAV therapies. This design allowed for the construction of 4.88kb and 4.91kb AAV-
HSQ and AAV-ET3 cassettes, respectively, which themselves represent a substantial step forward
in AAV-FVIII technologies. We additionally employed a novel modality of codon optimization,
were the codon usage bias was altered to reflect that of genes highly expressed within the liver. We
showed that this codon optimization strategy increased FVIII expression 7-fold in vivo over
traditional codon optimization strategies. When the liver codon optimized HSQ was inserted into
our minimally sized AAV cassette and delivered to hemophilia A mice, it was found to be of greater
potency that AAV-HLP-V3co, a vector design comparable to BMN 270 with the addition of the
V3 linker peptide, which has been shown to increase vector potency by over 2-fold. The ET3 variant
of this design was of even greater potency. Both our HSQ and ET3 vector designs represent a

significant improvement over the state of the art BMN 270 vector.
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4.2 Implications of Findings

The work presented herein confirm our initial hypothesis: that the oversized nature and
poor biosynthetic efficiency of FVIII limit vector potency, and that these limits may be surmounted
by novel bioengineering strategies. Previous studies have shown that murine models of AAV-FVIII
expression in hemophilia A mice overestimate the levels of FVIII expression conferred by the
identical vector administered at the same dose in non-human primates by approximately 20-fold
(154). Therefore, we may estimate that a vector capable of conferring complete correction of FVII
deficiency in non-human primates, including humans, must confer >0.4 units/mL of FVIII
expression in mice at vector doses at or below 1ell vp/kg. Our optimized HSQ and ET3 vectors
both achieved this stringent goal of curative level of FVIII expression at predictably safe vector
doses.

If these results translate into non-human primates as predicted, clinical application of this
vector will enable a new era of clinical management of hemophilia A. In 1916, Minot and Lee
showed for the first time that infusion of whole blood from healthy donors could reduce bleeding
times in hemophilic patients, for the first time enabling efficacious treatment options for this lethal
disease. Since then, treatment options for the hemophilias have essentially used the same
mechanism of action: protein replacement. While cryoprecipitates and recombinant protein
expression technologies have enabled delivery of higher concentrations of clotting factors of
greater purity and safety, the modality has remained the same. By infusing concentrates of the
missing protein, patients experience temporary relief from FVIII/FIX deficiency. However, these
proteins have a relatively short half-life, and even with tri-weekly prohylaxis, there is an intrinsic
peak and valley nature to the levels of circulating clotting factor activity. While protein levels are
high immediately after protein infusion, in the subsequent days following infusion activity may
decline to only a few percent above normal. While this is sufficient to provide benefit, the risks
associated with even the transiently low levels of clotting factor activity occurring between doses

remain a cause for concern. What level of FVIII/FIX activity constitutes “protective” is likely
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determined by individual needs, and area under the curve of coagulation factor levels are becoming
recognized as a better predictor of prevention of hemarthrosis than the peak or trough levels of
protein availability.

Now, 100 years after the work of Minot and Lee, AAV gene therapy approaches offer the
first substantially different modality of correction of FVIII deficiency than that offered by protein
replacement therapy. Under this paradigm, since the production of FVIII from the liver is
continuous, this treatment no longer suffers from the same peak and valley levels of FVIII that
protein replacement carries. This allows for continuously high and protective levels of FVIII
expression, which provides constant protection against hemostatic challenge, which is not given by
prophylactic protein replacement. This in itself represents a substantially improved therapy over
the current standard of care.

Not only does AAV gene therapy offer constant levels of protein expression, it further
offers solutions to many of the other problems that prevent 2/3 of hemophilia patients worldwide
from receiving any care at all. The primary factor contributing to this is the high cost of treatment,
which is as much as $150,000 per patient year for prophylactic therapy. As a one-time treatment,
AAYV gene therapy has the potential to substantially reduce the cost of treatment. While there is
currently minimal data to predict the cost of commercial gene therapy, it is reasonable to assume
that initially the cost of AAV treatment for hemophilia will offer minimal cost savings over
traditional prophylactic therapy. However, as the gene therapy market enters maturity and vector
production costs are driven down, the cost of AAV-FVIII vectors may approach trivial on a per-
patient basis. At this point in product lifecycle, there will likely emerge pricing solutions tailored
to the means intended market, where developed nations will shoulder much of the burden of vector
development and investment costs, whereas developing markets, where the need for improved
therapy access is greatest, will benefit from low-cost treatment options with the potential to offer

long-term correction of the disease with minimal further intervention. AAV vectors have been



101

shown to exhibit robust thermostability and resistance to degradation, which support the feasibility
of global distribution to markets lacking advanced supply chain infrastructure.

Not only do AAV gene therapies offer the potential of a more efficacious yet less expensive
durable treatment for hemophilia than protein replacement therapy, they additionally address the
complications of poor patient compliance and potentially protein immunogenicity. As a single-dose
treatment, the need for tri-weekly intravenous infusions are avoided, sparing the painful and
intrusive nature of at-home prophylaxis. Furthermore, exogenous protein expression in the liver is
well documented to encourage a pro-tolerogenic immune profile against the protein itself. This is
well documented with FIX expression, however, the extension of these finds to FVIII remains
uncertain.

For these reasons, AAV gene therapy for the hemophilias has remained an attractive yet
elusive goal for the last 20 years. There has been substantial effort, both commercial and academic,
to achieve this goal. The technologies presented herein offer solutions to many of the challenges
that have constrained development of a clinically viable vector, and have enabled development of
a vector that meets the long-standing goal of curative levels of FVIII expression at clinically safe
vector doses.

4.3 Limitations and future directions

While this work has addressed many of the obstacles challenging the development of a
suitable AAV-FVIII DNA cassette, this element represents only half of an AAV vector. The vector
capsid, the protein shell that protects and directs the transgene cassette during its transport to the
target cell, presents several challenges of its own. A primary concern in vector capsid design is pre-
existing immunity to the vector capsid. As natural hosts to AAV, most humans have been exposed
to the wildtype virus by adulthood. As such, 22-56% of humans are estimated to have pre-existing,
inhibitory antibodies against AAV serotype 2, with antibodies frequently cross-reacting to other

serotypes (49; 50). Developing either novel capsids, administration protocols, or methods of
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subverting immune detection remain attractive and necessary goals in making a globally accessible
AAV-FVIII vector.

Steroid administration during vector dose administration is a frequently utilized method of
mitigating an immune response against the vector modified cells, however, this is a reactive rather
than adaptive approach. Steroid administration exposes the patient to weeks or months of immune
suppression and host of steroid-related side effects, while still only partially managing the
associated transaminitis. Capsid protein engineering offers the potential to alter or remove the
immunogenic epitopes present on AAV capsids. However, modification of these epitopes may alter
the binding affinity of the virus for their natural receptors, either decreasing their binding strength
or specificity. It is hoped that the development of novel capsids, or discovery of novel, naturally
occurring serotypes, will produce a low immunogenicity capsid. An ultimate goal of this will be to
develop a capsid or panel of capsids that will allow repeated administration of the vector. At
present, the single dose administration of currently utilized AAV vectors results in immunogenic
memory against the capsid, preventing subsequent vector administration. If multiple
administrations were possible, FVIII expression could be increased by simply administering the
vector multiple times. It is this limitation which necessitates vectors of high potency, a vector which
could be administered an arbitrary number of times would not need to be of the same potency that
is required of single-dose designs, however the cost saving and global accessibility of single-dose
AAYV vector would be compromised by this approach, leaving single-dose administration a more
attractive goal.

However, the ability to administer vector multiple times would address an ongoing concern
of non-integrating AAV vectors: the durability of expression. As a non-integrating vector, per-cell
vector genome copy number conferred by AAV would be anticipated to decrease over time, as the
liver is not terminally differentiated and hepatocytes undergo replacement throughout life. Current
data involving the durability of liver-directed AAV gene therapy is limited to animal models, but

data in dogs supports the durability of expression for at least 8 years, with the duration of the data
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limited by the lifespan of the model (178). With the first human trials now underway, the durability
of these vectors will need to be closely observed, and will be informative both of the needs for
repeated vector administration as well as the marketability and pricing models of a durable, but not
curative, vector.

It is easy to envision an integrating AAV-FVIII vector, wherein dual vector administration
of AAV-FVIII and AAV-Rep would restore the integrating potential of the virus. AAV is known
to integrate into a specific locus on human chromosome 19, providing it exquisite predictability
and safety in terms of the potential for toxicities associated with insertional mutagenesis. By
providing the AAV rep proteins in trans with the therapeutic vector, integration into this site could
be achieved, allowing for duplication of the transgene with cellular division, sparing the dilution
associated with non-integrated episomes. Alternatively, gene editing technologies, such as
CRISPR/CAS9 offer an alternative method for permanent gene correction which would be
inherited by daughter cells of the propagating hepatocyte. However, this approach would require
tailoring to the mutation of the individual, with each mutation requiring a unique transgene design,
each of which would require rigorous investigation of both its capability to correct the underlying
mutation but also its off-target profile, which would substantially complicate the generalization of
such a vector.

Importantly, much of the work presented herein is not limited to applications in AAV gene
therapy for the hemophilias. AAV vectors are under development for inborn metabolic deficiencies
such as ornithine transcarbamylase deficiency and alpha 1 antitrypsin deficiency, cystic fibrosis,
Duchenne muscular dystrophy, macular degeneration, and many others. Our minimally sized yet
highly potent expression liver-directed cassette stands to significantly improve options for vectors
directed the inborn metabolic diseases of the liver, while our tissue-directed codon optimization
strategy may benefit the expression of hard to express proteins in many tissues. However, the
impact of tissue-specific codon optimization outside of the context of the liver needs to be

addressed.
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Our tissue specific codon optimization strategy may be substantially improved by direct
measurements of the physical pools of tRNA within the target tissue. At present, we are forced to
use the codon usage bias of genes highly expressed within a tissue as a predictor of the physical
tRNA pools, however, these may not prove predictive in all tissues, and certainly at best only
approximate the levels of tRNA. Due to the similarity and complex secondary structure of tRNA,
robust and accurate quantification of their levels has only recently become possible, but remains a
cumbersome and expensive task. As these technologies improve, we are hopeful that the content
of the tRNA pool of many tissues and cell types will become available.

Finally, our findings have applications outside of gene therapy. As seen in our in vitro test
of tissue-specific codon optimization, exogenous expression of FVII1 is significantly impacted by
the codon optimization strategy. Liver-directed optimization significantly increased FVIII
expression in the tissue-matched HepG2 cells, but substantially decreased expression in the mis-
matched BHK cell line. Exogenous expression of FVIII in BHK and Chinese hamster ovary (CHO)
cells is currently used in production of recombinant FVIII. Low-level FVIII expression in these
systems is a significant contributor to the high cost of the protein products. By developing a BHK
or CHO directed codon optimization strategy, preferably generated through direct measurement of
tRNA levels, it may be possible to improve expression of FVIII or any protein exogenously
expressed in these cells, potentially reducing the cost of production and increasing the availability
of these therapeutics throughout the global market.

4.4 Conclusions

This thesis investigated the ability of targeted bioengineering efforts to increase the
potency of liver-directed AAV-FVIII vector designs. By incorporating a high-expression
bioengineered FVIII variant, a minimally sized expression cassette, and novel modality of codon
optimization, we have substantially improved the potency of AAV-FVIII vectors. From data
collected from a murine model of hemophilia treated with our vectors, we have generated two

vectors, one HSQ and one ET3, which are predicted to be of suitable potency to offer complete
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correction of hemophilia A at clinically safe vector doses. These developments may offer improved
access to care for hemopbhilia throughout the world, and may be generalized to AAV gene therapy

vectors for diseases beyond the hemophilias.
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