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ABSTRACT

Genetic disorders are a major health issue that includes any disease caused by a genetic mutation
or deletion. Disorders range from Hemophilia, Cystic fibrosis, and Duchenne muscular dystrophy
to diseases like Cancer and Huntington’s Disease. While these diseases may seem vastly
different, they all are due to issues in the genetic makeup of the patient. Gene therapy treats or
cures genetic disorders by any number of different mechanisms. Gene therapy can be used to
augment the genome, inhibit detrimental genes, or kill off malignant cells. While the concept of
gene therapy seems straight forward the application is not. Many hurdles need to be overcome
from the host’s response to the therapy to the understanding of the disease in general. One of the
biggest hurdles to overcome is the delivery of the genetic material to the host.

Viruses represent a potential solution to the problem of delivery. While viruses tend to be thought
of as pathogenic and deadly, they can be co-opted for use in gene therapy. Viruses have evolved
to target and deliver genetic material, which makes them a strong candidate for this application.
Among the viruses currently being studied for use in gene therapy is AAV. AAV is a small virus,
which is relatively easily augmented to produce replication deficient therapeutic agents. While
AAYV looks to be a potential solution to the delivery aspect of gene therapy, there are still many
issues with AAV use. AAV is a very small virus that cannot hold more than 4.7kb of DNA.
Production of AAV is time and labor intensive. AAV tropism has not been documented to all
tissue types and some tissues like the Iungs and heart are underserved in that respect.
Contamination of viral preparations is also an issue as the production of AAV creates many
virions that do not contain the therapeutic cassette of interest. Some of these issues like size
cannot be addressed. However, by expanding studies and looking into the life cycle and
production of AAV, this delivery system can be refined. By using technology more recently
developed, new viral tropisms can be identified.

In the experiments conducted we utilized cloning to generate plasmids containing only one ITR.



Our work shows that plasmids containing only a single ITR can be packaged into virions during
normal rAAV production. This is an issue as single ITR containing plasmids are found in plasmid
preparations used for AAV production. These single ITR containing plasmids have detrimental
effects on the overall yield of recombinant AAV. This results in lower overall yields of AAV.
Another focus of the research presented is on the tropisms of AAV. It is known that viruses target
different tissues and cell types. By identifying viruses that have not yet been studied we can find
viruses with specific tropisms possibly reducing the need for high viral loads. We identify AAV-
Go.1 as a virus with promise targeting specifically the mouse lungs. AAV-Go.1 could be useful
for the treatment of cystic fibrosis or alpha-1 trypsin deficiency. We see that viral tropism differs
between humanized and wild type mouse livers. This may mean that we will need to examine
different viruses for studies on different organisms. All of these findings help us to push forward

in refining AAV for use in clinical applications.
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1. INTRODUCTION

1.1 Genetic Disorders

Genetic disorders encompass a wide variety of afflictions. A genetic disorder is an
inherited medical condition caused by abnormal DNA. The diseases resulting from
abnormal DNA range from Down Syndrome to Hemophilia to Huntington’s Disease. The
term can be further broadened out to encompass diseases brought on by uninherited
genetic mutations such as cancer and neurofibromatosis. The diseases included trace their
sources to single gene mutations or a cacophony of mutations. Gene therapy is the best
potential treatment for many of these fatal and debilitating diseases.
Hemophilia A, a genetic disease of the Factor VIII gene, affects roughly 1 in 5,000 to
10,000 male births.! Hemophilia B, a genetic disease of the Factor IX gene, affects
roughly 1 in 25,000 male births.! Both of these genetically caused diseases are commonly
treated using exogenous replacement therapy. These replacement therapies are monetarily
costly. Patients must also make routine hospital visits to receive injections, requiring a
substantial time commitment. More advanced treatments could help to overcome both of
these issues.

1.1.1 Hemophilia A
Hemophilia A is an X linked recessive bleeding disorder seen in roughly 1 in 5000 male
births.? Recent data indicates that the rate may be higher than previously thought.?
Hemophilia A is caused by a genetic mutation to the Factor VIII (FVIII) gene. FVIIl is a
large glycoprotein involved with the intrinsic coagulation pathway.*> Liver sinusoidal

endothelial cells are the primary producer of FVIII in both mice and humans.®® The



mature protein carries a heavy chain containing the domains: Al-al-A2-a2-B and a light
chain containing the domains: a3-A3-C1-C2.° This constitutes 6 domains (Al, A2, B, A3,
C1, C2) and 3 linker regions (al, a2, a3).

In circulation FVIII is non-covalently bound to Von Willebrand Factor (VWF).!® VWF is
a multimeric glycoprotein produced by endothelial cells and megakaryocytes.'"'>? VWF
helps to double the relatively short half-life of FVIIL.!* The protection of FVIII from
activated protein C is one way in which FVIII’s half-life is extended.!* VWF also helps
with the localization of FVIII to the injury site.!®> Loss of VWF results in von Willebrand
disease (VWD) type 2N, which clinically resembles hemophilia A.'® These glycoproteins
are bound at the light chain of FVIIL'”'® VWF binds to FVIII primarily through
interactions with the FVIII C1 domain along with secondary interactions occurring
through the C2 and A3 domains as well as the a3 linker region.!” The a3 linker region
contains a sulfated tyrosine (Tyr1680), which greatly increases the affinity of the
FVIII/VWEF interaction.!®? FVIII and VWF disassociate following the activation of
FVIII and the loss of its a3 and B domains.?!

FVIII is activated by thrombin or activated Factor X through cleavage sites at Arginine
372, Arginine 740, and Arginine 1689.22 Following FVIII activation, VWF disassociates.
Activated FVIII (FVIIIa) forms a rate limiting complex with activated Factor IX referred
to as the Tenase complex.?* The Tenase complex allows for fibrin formation following
the platelet plug formation.?* Fibrin formation is important to end the coagulation cascade
and firm up injury site resolution.

FVIII production is a major difficulty. The first endogenous protein discovered to

activate the unfolded protein response was actually FVIIL.?>?® FVIII is a complex



glycoprotein. The protein is synthesized as a 2332 residue single chain protein with a
mass of about 300 kDa.?” The protein has a domain structure of A1-A2-B-A3-C1-C2.
The A domains have homology to Factor V, (FV) while the C domains have homology to
a cellular agglutinin from Dictystelium discoideum.®*’ The B domain of FVIII is a unique
structure covered with N-linked and O-linked glycosylation.*3

FVIII is a peculiar protein. Factor V is structurally and functionally homologous to
FVIIL% They respectively form the prothrombinase and intrinsic Tenase complexes in
the presence of calcium ions on a negative surface.>* FVIII does not share the general
activation strategy with other serine protease zymogens of coagulation found in
circulation.>! The process in other serine protease zymogens of coagulation involves a
cleavage to expose lle, creating a new N terminus in the catalytic domain of these
proteins. Activation of both FV and FVIII is wildly different.>** One single event does
not dictate the activation of FV, rather a series of proteolytic processing events are
needed to activate FV.** FVIII activation has similar attributes to FV activation. FVIII is
released into circulation as a large heterodimer following proteolytic processing between
the A3 domain and the B domain.*> Another way in which FV and FVIII differ is in the
need for the B domain to remain an active profactor, as FV cannot function as a profactor
without the B domain, while FVIII can.*® The B domain is commonly removed from
FVIII to allow for packaging into AAV.*’

Hemophilia A is broken down into patients with severe, moderate, or mild bleeding
severity. The severity is directly linked to the number of international units per milliliter
(IU/mL) found in a patient’s blood. An international unit is the amount of a substance

that produces a certain biological effect. Patients with .4 to more than .05 IU are
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considered to have mild hemophilia, .05 to .01 are considered moderate hemophiliac, and
less than .01 IU corresponds to severe hemophilia.*® These units can be translated to
percentages of normal bleeding, with mild having 40-5% of normal bleeding, moderate
being 5-1%, and severe being less than 1%.® These severities manifest into clinical
presentations. Those with severe hemophilia A are at a high potential for spontaneous
bleeds without injury. Hemarthrosis, a bleeding event seen in the joints is a common
issue with patients suffering from hemophilia. The likelihood of hemarthrosis is based on
the severity of the hemophilia. Prolonged bleeding events are fatal. Patients, especially
with moderate to severe hemophilia A need regular transfusions of FVIII to ensure
survival and maintain quality of life.

1.1.2 Hemophilia A Treatment

Hemophilia A treatments are generally broken down into non-factor and factor-based
therapies. The difference is whether or not they include FVIII as part of the therapy
(factor-based) or they use a downstream component (non-factor based).

There are a number of non-factor-based therapies that can be used to treat hemophilia A.
These treatments remain largely unchanged since the 1980s. They are broken into two
groups activated prothrombin complex concentrates (aPCCs), and the recombinant FVIIa.
Both function by by-passing the need for FVIII hence they are commonly referred to as
bypassing agents. The biggest issue with bypassing agents is they are not used
prophylactically, meaning that issues with small undetected bleeds will persist. This is
due to the high price of prophylactic bypassing agents coming to $613,000 a year per

t39

patient.”” These treatments should go by the wayside as gene therapy is further

developed.
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Emicizumab (Hemlibra®) is a non-FVIII replacement therapy. Emicizumab is a bispecific
monoclonal antibody used to mimic activated FVIII’s cofactor abilities. It is injected
subcutaneously once weekly for 4 weeks and then once every 2 to 4 weeks thereafter.*0-+?
Emicizumab binds to FX, FIX, and activated FIX and does not require an activation
step.*® The lack of activation step for Emicizumab means that the level of active FIX is
the controlling mechanism for the reaction. The use of aPCCs with Emicizumab results in
thrombotic microangiopathy.** The lack of activation results in issues with many of the
FVIII activity assays typically used to monitor hemostasis in hemophilia A patients.
More research will be needed to determine how best to monitor hemostasis in patients
receiving Emicizumab. Emicizumab treatment is promising, and the long-term effects are
yet to be understood. Gene therapy does however provide for the possibility of a one-time
treatment not enjoyed by those on Emicizumab.

Replacement therapy is the gold standard for hemophilia treatment. The use of
replacement therapy means that those afflicted with hemophilia A achieve life spans
similar to normal adults.*> The use of FVIII as treatment has many hurdles. Typical target
therapeutic FVIII activity levels are 1-2%, but research shows that higher levels around
12% are preferable.*® Prophylactic treatment of hemophilia A both increases life span and
improves quality of life.*” These benefits are a major reason for the high cost of treatment

and the need for a gene therapy-based treatment.

1.1.2.1 Issues with Treatment

Major problems stick out with current replacement therapy. The first is production of
FVIII, which is extremely difficult for a variety of reasons. The FVIII protein activates

the unfolded protein response, and due to its large size is difficult to produce at high
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titers. A second reason for replacement therapy difficulties is administration and the time
commitment related to administration. FVIII replacement therapy requires intravenous
injection. This requires a medical professional to administer the treatment. Furthermore
between 2 and 4 injections are needed each week to maintain FVIII activity levels at
therapeutic levels.***° Cost is another issue with FVIII replacement therapy. The use of
plasma derived FVIII/VWF can cost $834,621 a year while treatment with recombinant
FVIII can cost $1,237.163 over 5 years.>

1.1.3 Inhibitors
While replacement therapy works well in close to 70% of patients, there is a subset of
patients that develop antibodies to FVIIL>! These antibodies are commonly referred to as
inhibitors. Inhibitors are polyclonal antibodies that attack and neutralize FVIIL>? In
neutralizing FVIII patients with inhibitors no longer have protection provided by
transfused FVIIL. The question remains to what contributes to the formation of
antibodies in patients. The formation is likely due to the effects of many factors. There
are several different factors that are currently known to contribute to the development of
inhibitors.
The progression of the immune response to FVIII is not totally understood at present
causing issues with how best to design therapeutics to combat the disease. The process
presumably begins with dendritic cells. Mannose specific receptors are known to bind
FVIII leading to endocytic uptake.’*>* Mannose is not the only receptor involved in FVIII
uptake as mannan does not prevent the uptake of FVIII by dendritic cells.” Interactions
between FVIII and the antigen present cells are thought to occur on the C1 domain as the

KM33 antibody, which targets FVIII C1, inhibits FVIII uptake.>> Plasma derived FVIII
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has a dosage dependent inhibitory effect on CD40/CD40L upregulation.’® This may
explain in part why plasma derived FVIII is less immunogenic than recombinant FVIIL.>’
The FVIII mutation that causes hemophilia A is also the leading risk factor for the
development of inhibitors. Inhibitors form more commonly in patients with severely
mutated FVIIL Patients with siblings that have developed inhibitors are at an increased
likelihood of developing inhibitors themselves.”® 30% of hemophilia A patients develop
inhibitors. Of the patients that develop inhibitors to exogenous FVIII, large deletions and
mutations that fail to produce FVIII protein account for 21-88% of inhibitor incidences.”!
While large mutational effects due produce a higher likelihood of inhibitor formation,
that does not preclude patients with smaller mutational footprints from developing
inhibitors. Patients with only single point mutations resulting in missense mutations can
also develop inhibitors.> Genetics certainly play a major role in inhibitor formation, but
yet unidentified and unstudied mechanisms and factors also play a major role in inhibitor
formation. Recent studies into the effects of glycosylation on FVIII inhibitor formation
have revealed that carbohydrate attachments to FVIII may play a role in inhibitor
formation.

1.2 Glycosylation
Glycosylation is the attachment of a carbohydrate to a protein or a lipid. Glycosylation
occurs in all three domains of life.%* The focus here will be on eukaryotic glycosylation,
specifically mammalian. The effects of glycosylation are so profound that many defects
to glycosylation machinery are embryonically lethal.®! At least 50% of human proteins
are glycosylated, with some estimates bringing this number up to 70%.%? 70% of protein

based drugs are glycosylated owing to these proteins being primarily secreted proteins.5
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This number will surely climb as our ability to detect and investigate glycosylation
advances. With evolving tools enabling the identification of glycans from smaller and
smaller sample sizes, even FVIII, which is the coagulation factor with the least
abundance, can be studied.®

Glycosylation has a near ubiquitous effect on organisms. There is a wide array of effects
that glycosylation exerts on life. Glycosylation is one of the most complex and abundant
forms of post translational modification. The use of these modifications allows for further
regulation and changes to be made to proteins. One of the first ways in which
glycosylation effects proteins is through protein folding.%**® Numerous studies have
shown that the addition of carbohydrates to the amino acid structure helps to dictate the
folding of the protein both directly and indirectly.®” Another way in which glycosylation
has a major effect on proteins is that it changes the solubility of proteins®®. Aggregation
also is affected by glycosylation.®” Both solubility and aggregation have major effects
moving forward as they suppress the retainment of proteins within the endoplasmic
reticulum.’®"! The trafficking of proteins is heavily influenced by glycosylation.”>74
Glycosylation plays such a large part in protein dynamics, that even a change of a single
saccharide can result in a misfolded protein.%®

Glycosylation continues to exhibit effects after the protein has been secreted by the cell.
Protein interactions are one major influence that glycosylation helps to govern.
Glycosylation plays a part in identification of molecules by the immune system. Toll-like
receptors (TLRs) and C-type lectins are two parts of the phyloglycomic recognition
system, which can work to detect glycans from non-self as well as determine what is

self.”” TLRs are themselves glycoproteins and require glycosylation to interact and

15



function properly.’® Typically, glycosylation is thought of as either O-linked or N-linked,
being based on the attachment of the glycan to the structure.

1.2.1 N-Linked Glycosylation

Glycosylation is generally thought of as either O-linked or N-linked, based on the
attachment of the glycan to the structure. N-linked glycosylation occurs on proteins
traveling on the secretory pathway.”’ N-glycans begin assembly on the cytosolic side of
the ER. Assembly of the oligosaccharide is then completed on the lumen side of the ER.
N-linked glycosylation utilizes a consensus sequence linkage of Asparagine to any amino
acid to Serine or Threonine (NXS/T).”® A preference for an NXT sequence does exist.”**
Any amino acid can be X, except proline. The process is catalyzed by an
oligosaccharyltransferase which facilitates the en bloc transfer of an oligosaccharide onto
the asparagine of the consensus sequence at the endoplasmic reticulum on the cytosolic
side of the ER. The installed N-glycan when then be augmented by glycotransferases and
glycosidases as it passes through secretory pathway.

Solubility and thermodynamics are two of the major contributions that N-linked
glycosylation makes to proteins.?!*? The glycosylation of a protein in the 50 amino acids
around the N-terminal facilitates the direct binding of chaperone proteins like calnexin
and calreticulin.®?

The pattern dictating specific glycan structure on proteins is still unknown. There is a
thought that calcium levels impact the glycosylation of proteins. This is in large part due
to the ER playing a role in calcium storage and the use of calcium by many of the
proteins involved with N-linked glycosylation and folding. Ca?" blockers used to combat

lysosomal storage disease promote the trafficking and folding of many of the problematic
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enzymes.®* Exogenous signals also appear to have an effect on glycosylation. The
glycosylation on Follicle Stimulating Hormone is regulated by ovarian steroids.®
Inflammatory cytokines also influence glycosylation.®® More research is needed to
determine all the factors influencing glycosylation.

Once outside of the cell, N-linked glycosylation continues to have an effect on the cell.
N-linked glycosylation has an effect on the way that drugs interact with proteins for
example. Fucosylation of al-acid glycoprotein lowered the association with warfarin, and
further elongation of these structures similarly decreased the interaction.?” Receptor
interactions are also heavily influenced by N-linked glycosylation. Interleukin 5 losses its
ability to stimulate the release of IgM from murine B-cells if the glycosylation is
augmented.®® The effects of N-linked glycosylation are vast and reflected in this post
translational modification being seen in all three domains of life.

1.2.2 O-Linked Glycosylation

O-linked glycosylation is a post translational addition of a GaINAc-residue to a serine or
threonine. This form of glycosylation is often called mucin type glycosylation and is
incorporated onto a wide variety of secreted and extracellular proteins.®*° O-linked
glycosylation in eukaryotes is dissimilar to bacterial O-linked glycosylation, which use a
system similar to N-linked glycosylation.”! O-linked glycosylation is dependent on the
overall structure of the protein. It does not follow a general template like the genome or
proteome. There are two linkage types for O-linked glycosylation. O-GalNAc attaches to
a serine or threonine by an a-linkage, while O-GlcNAc attaches by B-linkage to the serine
or threonine. The addition of O-GalNAc is catalyzed by a polypeptide GalNAc

transferase (GaINAcT) in the Golgi apparatus. O-linked GIcNAc (O-GlcNAc)
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transferases (OGTs) and O-GlcNAcases (OGAs) work to add and augment O-GIcNAc in
sub compartments outside the Golgi apparatus.”

O linked glycosylation can have a number of effects on proteins. O-linked glycosylation
on proteins is associated with a higher resistance against proteolysis.”*>** O-linked
glycosylation effects the frequency of HLA binding as seen in differences in Brazil nut
allergens produced by P. pastoris with different O-linked glycosylation patterns.”
O-linked glycosylation is generally less studied than N-linked glycosylation.

1.2.3 Glycosylation’s Effects On Inhibitor Formation

The increased sensitivity to detect glycosylation and its positioning on proteins is leading
to new studies looking at the effects of glycosylation on immunogenicity. As previously
mentioned, mannose has been a known molecule involved with FVIII uptake by dendritic
cells. Mutational analysis of FVIII at the N2118 site shows that the lack of mannose at
this site results in the abrogation of FVIII uptake by human monocyte derived dendritic
cells.”® Interestingly this result does not hold for mouse monocyte derived dendritic cells,
indicating the possible differences between species in the endocytic pathways and
receptors involved.”® Glycosylation of various FVIII products differs in a number of ways
including abundancy and glycoform.?® This is not a complete shock as it is well
documented that cell type and species produce vastly different glyco-signatures on
proteins.’”? Interestingly studies on the use of different recombinant FVIII products
show that second generation FVIII products induce inhibitor significantly more than
newer third generation recombinant FVIII products, which induce inhibitors at levels

close to plasma derived FVIIL!'®
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A study conducted in 2018 demonstrated that removing N-linked glycosylation on FVIII
improved IgM binding indicating that N-linked glycosylation masks epitopes on FVIII
effecting immunogenicity.!?! This work further demonstrated that there were increased
levels of inhibitor formation against FVIII produced by Chinese hamster ovary (CHO)
cells compared to baby hamster kidney cells (BHK). BHK and CHO cells are commonly
used to produce recombinant FVIII commercially. This data suggests that glycosylation
plays a role in inhibitor formation although the mechanisms are still unknown. The role
that O-linked glycosylation plays is unknown. There are currently no papers regarding
the effects of O-linked glycosylation on FVIII inhibitor formation.

Experiments presented here were to look at the effects that glycosylation had on FVIII
inhibitor formation. FVIII was modified in various ways to change the glyco-signature.
By using the vacated B domain, we were able to add in additional glycosylation sites with
both N and O linked glycosylation. We also mutated identified O-linked glycosylation
sites in the FVIII BDD protein. The results show that FVIII with additional O-linked
glycosylation in the B domain region does have a lower immune response than FVIII-
BDD when tested using hydrodynamic injections. We did not see any inhibitors formed
when using AAVS8 based gene therapy. Further study will be needed to determine how
exactly this effect comes to be.

1.3 Utilization Of Gene Therapy

Gene Therapy seeks to make a therapeutic change to any number of different
abnormalities caused by a genetic condition. Three current ways gene therapy is being
used include: the introduction of genetic material to target cells, to increase the overall

expression of a down regulated cell, and the use of RNA interference (RNA1) to down
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regulate detrimental genes. The use of gene therapy using CRISPR/Cas9 or
meganucleases to combat chronic viral infections like HSV and HIV has been explored
and shows promise.!%>!% All these treatments rely on effective delivery of the therapeutic
genetic components to the patient. Delivery represents a major hurdle to the development
of gene therapy and generates a plethora of additional issues.

1.3.1 Gene Therapy Of The Eves

There are several organs that have been targeted often for the use of gene therapy. The
eyes are one common target of gene therapy.!® This is due to a number of factors that
make them better candidates for gene therapy. There are a number of genetic diseases of
the eye including Leber's Congenital Amaurosis (LCA), Usher’s syndrome,
Choroideremia, and Stargardt disease. The immune privileged status of the eye is a major
factor influencing the use of the eye as a target. The eye’s barrier also prevents the spread
of contamination through the patient. The position of the eye also means that it is
accessible for direct injection. The first commercially available gene therapy treatment in
the US was developed targeting the eye because of its unique characteristics. Luxturna®
was approved by the FDA in 2017.!% This AAV2 based gene therapy utilizes an injection
into the eye to deliver RPE65. This treatment benefits the 1,000 to 2,000 patients in the
US suffering from Biallelic RPE65 mutation associated retinal dystrophy. These results
show the benefit that gene therapy can have. The eye’s special characteristics make it a
great candidate. Research into other organs has been more challenging due to the lack of
many of these characteristics.

1.3.2 Gene Therapy Of The Liver
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In addition to the eye, the liver is a common target for gene therapy. The liver plays a
central role in metabolism. As with the eye, a primary reason for research into the liver is
the plethora of genetic diseases involving the liver. Hemophilia A and B, Wilson’s
disease, Tyrosinemia type 1, and Alpha-1-antitrypsin deficiency make up just a few of
the many monogenetic diseases that manifest through the liver.!° In addition to the
diseases, there are a number of other aspects to the liver that make it a good candidate for
gene therapy. Intravenous injection of gene therapy vectors shows rapid uptake by the
107-109

liver.

1.4 Liver Anatomy And Cells

Understanding liver anatomy is important for the design of gene therapy vectors. A
general understanding of liver anatomy helps with targeting the liver and understanding
its properties. The liver is a complex organ vital to the body for a variety of reasons, but
primarily for metabolism. At 2% to 3% of the human body weight it is the largest solid
internal organ. Roughly 25% of cardiac output is received by the liver making it a
vascular organ. The blood flow breaks down to about 25% from the hepatic artery and
75% from the portal vein.'!® The portal vein is the main vessel of the portal venous
system. It connects the gastrointestinal tract, gallbladder, pancreas, and spleen to the
liver. This means that the liver is the first organ to encounter many molecules entering the
bloodstream.

The liver breaks down to roughly 70% to 80% parenchymal cells (Hepatocytes), 14-17%
components of the extracellular space, and 5% to 6% the -non-parenchymal cells.!!!"!12

The non-parenchymal cells break down to 45% liver sinusoidal endothelial cells

(LSECs), 33% Kupffer cells (KCs), and 22% hepatic stellate cells (HSCs).!!* The
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fenestrae is a 107nm (in humans) pore that links the sinusoidal lumen (space of Disse) to
the hepatocytes.!'* These pores are actually much larger in mice and rats, at about 141nm
and 161nm respectively.'!* The size of the fenestrae allows for the exclusion of large
molecules from reaching the parenchymal cells.!'>!'® Viruses may utilize these fenestrae
to access the hepatocytes.'!’

The liver’s interaction with molecules entering from the gastrointestinal tract is a major
reason why the liver is such a complex organ in terms of the immune system. With a
quarter of the blood passing through the liver every minute, roughly 10® peripheral blood
lymphocytes pass through the liver every 24 hours.'!® The liver is well serviced by the
lymphatic system, maintaining both superficial and deep lymphatic networks.!!” Roughly
50% of the body’s lymph comes from the liver.'?°

Understanding the immune response of the liver is vital to developing viral based gene
therapies, specifically AAV. The aforementioned fenestrations of the liver allow
lymphocytes great access throughout the liver, allowing for contact with cells deep within
the liver.!?! Resident Kupffer cells are a form of macrophage derived from bone marrow
progenitors that accounts for almost 20% of the cells in the liver.!?? These cells work like
typical macrophages. Kupffer cells are unique in that they maintain close contact with the
endothelium in the liver sinusoids, reaching into the space of Disse.'** MHC class-II
molecules, ICAM-1, CD80, and CD86 are all expressed on Kupffer cells.!?* As such,
Kupffer cells are heavily involved in pathogenic responses in the liver. Once viruses have
been engulfed, Kupffer cells release cytokines inducing an inflammatory state and

recruiting neutrophils to the scene.!?
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Hepatocytes are the real factory of the body. They produce large quantities of proteins
needed throughout the body. Serum albumin is produced by the hepatocytes at a rate of
110mg per day, exemplifying the power hepatocytes have to secrete proteins.'?® Albumin
aside, the hepatocytes also produce a-fetoprotein, transferrin, plasminogen, fibrinogen,
and clotting factors like factors V, VII, IX, X, X1, XIL.'?" It should be noted that FVIII
and VWF are produced in the LSECs. The production of so many different proteins along
with the tolerance created by the liver are two of the major reasons that the liver is seen
as such an appetizing target for gene therapy.

1.4.1 Liver Tolerance

The liver has tolerogenic abilities, which make it a good candidate for gene therapy.'?8
This unbelievable attribute was first noticed in 1969, when pigs received successful liver
allografts without immunosuppressants.'?’ Crazier still, liver allografts allow for the
tolerance of other tissues also being allografted. Kupffer cells also play a role in
tolerance, blocking the expansion of Th1 cells through the use of nitrous oxide.!** The
production of Factor IX (FIX) by the liver using gene therapy has been shown to produce
a tolerogenic effect, shielding FIX from the immune response.'*! Further research is
needed to determine what characteristics of the liver allow for tolerance and whether this
can benefit gene therapy.

1.5 Liver Sinusoidal Endothelial Cells

One contributing factor to the liver’s unique tolerant abilities are the liver sinusoidal
endothelial cells (LSECs). LSECs are very efficient at picking things up out of the blood
and are considered to be the fastest endocytic cell of the body.'**!3* Work has shown that

they will uptake viruses faster than the other cells of the liver.!** A number of unique
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features likely contribute to LSECs generating tolerance. LSECs will uptake molecules
from the bloodstream and present them to CD8" T cells along with B7-H1 (also known as
PD-L1) inducing T cell tolerance.!*> The same authors showed that this effect could be
overridden by an abundance of I1-2. Interestingly despite sharing some characteristics of
other antigen presenting cells, LSECs do not secrete Il-2, but need the involvement of
CD4" T cells to produce the necessary I1-2 to prime CD8" T cells.!*

1.6 Viruses
Viruses are a diverse group of infective agents that carry genetic material from host to
host. Though not technically defined as “living” these submicroscopic entities have a
profound effect on the living world. Their primary objective is to deliver their genetic
material into a host environment, replicate, and spread. Through their evolution a wide
array of viruses has evolved. These viruses can infect all different types of cells and
organisms. Viruses can infect anything from archaea and bacteria to animals and plants.
Viral pathogenesis is the first thought that comes to mind when thinking about viruses,
but they can be utilized to be much more. Viruses have evolved to become efficient
traffickers of genetic material. The ability to transfer genetic material to a host cell makes
them ideal candidates for use as vectors in gene therapy. Their structure protects genetic

material, while also targeting specific cells and organisms. This ability makes them a

valuable tool for gene therapy.

The host range for each virus is generally narrow. Not only does viral tropism dictate
which cells the virus can get into, but specific host components are needed by each virus.
As host machinery is needed for the virus to complete its life cycle only certain hosts will

permit replication to occur. Bacteriophages infect bacteria and cannot replicate within
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human cells as the machinery and entry points for the virus to enter and successfully co-
opt eukaryotic replication machinery does not exist. Likewise, there are plant and animal
viruses that infect the specific host the virus has evolved to infect and replicate within
specific hosts. Interestingly the potato yellow dwarf virus breaks this general idea. The
potato yellow dwarf virus possesses the ability to infect both potatoes and the leathoppers

that consume them. This however is the exception to the rule.

Viruses are classified by the genome type and pathway to mRNA synthesis as first
described by David Baltimore in 1971. The Baltimore system uses genome type and
pathway to mRNA synthesis to divide viruses into six different classes. Viral genomes
can be constituted as either DNA or RNA. The first two classes of animal viruses are

both composed of DNA.

Class I viruses contain a double stranded DNA genome. The dsDNA genome is a
relatively stable structure. Adenoviruses, Human Papillomaviruses, and Herpesviruses
are just a few members of this class of virus. These viruses can further be divided into
Class Ia and Ib depending on whether they supply their own replication machinery. Class
Ia viruses work their way to the nucleus, where they use the host proteins to replicate
their genome. Class Ib viruses on the other hand use their own enzymes to replicate,

generally in the host cytoplasm.

Class II viruses have a linear single stranded DNA genome. They are known as
Parvoviruses, Latin for small. Parvoviruses are among the smallest of all viruses. The
diameter of these viruses can range from 23-28 nanometers. The genomes of
parvoviruses are enclosed in a rugged icosahedral structure. The genome is flanked on

either end by telomeric like ends. The ends tend to have hairpin structures that are
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important for the genetic replication of the virus. The structure of these ends can lead to
concatamerization in which numerous copies of the genome are connected. Viruses
belonging to this class of virus include the pathogenic B19 and the non-pathogenic
Adeno Associated Virus.

The other four classes of virus have an RNA genome. Class III viruses contain both plus
and minus strands of RNA. The genomes are segmented, as the dSRNA viruses all have
between 10 and 12 different segments. Each segment codes for a couple of polypeptides.
Peptides coded for in the segmented genome are capable of synthesizing mRNA in the
cytoplasm. Partitivirdae and Picobirnaviridae are two families of Class III viruses.
Viruses of Class IV have positive sense RNA genomes. These genomes can be translated
from directly. This group is subdivided into two groups. Class IVa includes poliovirus.
This subset is distinguished by the generation of a long polypeptide which is cleaved into
several proteins needed for the viral life cycle. The second subset, [Vb, synthesizes two
species of RNA upon entry. One species containing the entire viral genome and the other
containing about a third of the genome encompassing the 3’ end of the genome. Viruses
belonging to the IVb subset include Sindbis virus.

Viruses with a negative strand RNA genome are classified into Class V. These viruses
fitting this classification all require positive strand synthesis. These viruses are further
split based on whether their genomes are segmented or not. Viruses like Measles
morbillivirus and the Mumps virus contain a single negative sense RNA strand. They
make up Class Va. The RNA is used to synthesize numerous mRNAs all coding for
different proteins. The second subset includes the influenza viruses. Class Vb contains

segmented genomes which all provide a template for the generation of mRNAs for
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specific proteins. Both subsets code for a special viral polymerase that synthesizes the
mRNA from the negative strand genome.

The final class of viruses in the Baltimore classification system of viruses are the
retroviruses. Class VI viruses have not one, but two copies of the plus strand of RNA.
These viruses are particularly interesting in that instead of serving primarily as mRNA,
the plus strand RNA serves as a template for the generation of DNA. Reverse
transcriptase is an enzyme that can generate DNA from RNA. The generation of a
negative sense DNA strand then provides the template for formation of the positive
strand. These viruses then integrate their genomes into the host genome. The use of
certain members of this class has been investigated for use in gene therapy.

A number of different viruses have been considered for use in gene therapy. The issues
with viruses as vectors differ from virus to virus, but there are quite a few issues that
extend to the use of all viruses. One major issue is the production of viruses. Viral
production can be difficult and not all systems work for every virus. This once again is
due to each viruses’ specific requirements. Another major difficulty with using viruses is
their immunogenicity. Viruses tend to be pathogenic, and the immune system will
recognize them. High percentages of populations have developed immune responses to
certain viruses, which makes them more difficult to work with. What happens to the
genetic material once it is inside of the host is another question. Viral genomes can be
transient or establish themselves either inside the host’s genome or episomally. Viruses
co-opted for gene therapy need to be made replication deficient, so they do not replicate

and lyse the target cell.
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1.7 Adeno Associated Virus, AAV

Adeno Associated Virus is one of the most widely used vectors for Gene Therapy. AAV
is a small member of the parvovirdae family. The discovery of AAV was made in the
mid-1960s.13713 The virus was detected along with adeno virus, thus leading to the name
Adeno Associated Virus. The discovery of this new virus was followed by years of
research looking into the wildtype virus. In 1983, AAV2 was successfully cloned for the
first time into plasmid DNA making it more manageable to work with.!3* With the
cloning came better understanding of the genome and the sequence encoded.'*® AAV was
recognized as a candidate for use in gene therapy early on. In 1984 the first experiments
using AAV as a vector were published.!*!' AAV was manipulated to remove the capsid
gene and replaced with neomycin resistance, leading to the successful transduction of
mammalian cells.!*! An additional study published at the same time cloned
chloramphenicol acetyltransferase into the AAV2 plasmid (pAV2) and was used to create
AAV2 that was able to successfully transduce both HeLa and HEK 293 Cells.!** With
this realization of the use of AAV to introduce genetic material into mammalian cells, in
vivo experiments were conducted. In 1993, the first successful in vivo experiment using a
cystic fibrosis transmembrane conductance regulator containing vector was successfully
administered to rabbits.!** The following year the persistence of genetic material
delivered into the denervated striatum of rats was recorded at 4 months showing for the
first time that AAV could persist in the host for a prolonged period of time.!** AAV was
used for the first time in 1995 to treat a human patient with cystic fibrosis.!** Fast
forward to the 2010s and both the European Medicines Agency (Glybera) and the US

Food and Drug Administration (Luxturna) have approved AAV gene therapy products.
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Underpinning all these advances is our continually expanding understanding of AAV and
its life cycle.

Much of what has been learned about AAV has come through the study of AAV2. In fact,
there are currently 13 recognized AAV serotypes. Serotype refers to viruses that are
antigenically different, but still of the same species. In addition to the 13 serotypes there
are hundreds of different variants which are all AAVs that genetically differ from the
from the reference sequence. The number of variants and serotypes is undoubtedly due to
grow as time goes on. These serotypes have many differences. Among the differences is
the tropism of each virus. Tropism is generally influenced by receptor interactions.

1.7.1 AAV Tropisms

Glycan attachments initiate viral attachment to the cell. AAV1 for example needs alpha
2,3 and alpha 2,6 N-linked sialic acids to initiate attachment. 4 Heparan sulfate
proteoglycan removal significantly reduces the infectivity of AAV2, while heparan
competition assays also reduce AAV infectivity indicating the importance of heparan
sulfate proteoglycan to AAV2 binding.!*” AAV3 also binds preferentially to heparin
sulfate, exemplifying the similarity to AAV2.!* AAV4 on the other hand requires alpha
2--3 O-linked sialic acid for binding.!** AAVS5 also requires sialic acid, however in an N-
linked o 2,3 configuration.'® AAV6, which is similar to AAV1, utilizes the same alpha
2,3 and alpha 2,6 N-linked sialic acids that AAV1 uses to begin attachment.'*® Terminal
galactose exposure in mouse lungs has shown the ability to increase transduction of
AAV9.15L152 The identities of glycans that bind to AAV7 and AAVS remain a mystery.
As important as glycans are to the binding of AAV to the host cell, the removal of

terminal sialic acids from glycans has shown to increase AAV9 binding.!>!!>> The impact
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of glycan interactions is only the first part of the AAV life cycle that impacts efficient
transduction of the virus.

In addition to glycan interactions, there are also co-receptor interactions to be considered
regarding viral tropism. AAVs have many different receptors that work along with the
glycans that provide the initial binding. While the receptors for some AAVs like 1, 4, and
7 remain unknown, several receptors have been identified for AAV. AAV2 has been
identified to bind to a number of different co-receptors, including Fibroblast Growth
Receptor 1 (FGFR1), Hepatocyte Growth Factor Receptor (HGFR), LamR, and CD9
tetraspanin.'**1% Like the similarity of glycans that AAV2 and AAV3 bind, AAV3 also
binds several of the same co-receptors. AAV3 interacts with FGFR1, HGFR, and LamR,
like AAV2. 135157158 AAVS interestingly uses platelet-derived growth factor receptor as a
co-receptor.'> Epidermal growth factor receptor (EGFR) serves as a co-receptor for
AAV6.1° AAVS and AAVY like AAV2 and AAV3 are known to interact with LamR.'*>
Understanding all the factors that contribute to AAV tropism will help us to design and
identify viruses that can target specific cells to elicit the best therapeutic effect. By better
targeting specific cell types, less virus may be needed helping to overcome the intensive
requirements of production.

The receptor and glycan influence contributes to the different tropisms seen in various
AAYV vectors. The influence of receptors and glycans is also seen in other viruses.'®!
AAYV has many different tropisms for a variety of reasons. AAV2 for example has
tropism to the vascular smooth muscle cells, skeletal muscle (SM), the central nervous
system, liver, and the kidneys.!%2"1% The near global effect of AAV2 is likely due to

HSPG, a glycan receptor for AAV2, being a near ubiquitous feature on cell surfaces.

30



AAV3 however does not have the variety of tropisms that AAV2 has despite also using
HSPG as a glycan receptor. AAV3 has tropism to skeletal muscle and
hepatocarcinoma.'¢”:1®8 Many of the AAVs that use different sialic acid receptors also
have distinct tropisms. AAV1, which uses N-linked sialic acid to aid attachment, has
tropism to the SM, CNS, Retina, and Pancreas.!®® AAV4 also can transduce the CNS and
retina.!'® AAVS has tropism to the SM, CNS, Lung, and Retina.!®®!% AAV6 has tropism
to the SM, Heart, and Lungs.!”® AAV7 can target the SM, Retina, and CNS.!" AAVS
can target the Liver, SM, CNS, Retina, Pancreas, and Heart.!”%!7! AAVO can target the
Liver, Heart, Brain, SM, Lungs, Pancreas, and Kidneys.!”*!7>!73 While these wide
tropisms are nice to distribute gene therapy globally, often more targeted approaches are
the better choice. Better targeting can lead to a reduced dosage need. AAV vectors have
the ability to target tissues throughout the body, which can lead to off target
complications.

As no two batches of AAV are the same it is difficult to find an exact percentage of AAV
that makes it to the target tissue. As discussed, viruses can reach many tissues and the
uptake of virus by a non-target tissue represents the loss of a therapeutic agent. Work
presented here will try to identify viruses that can potentially alleviate this issue.

1.7.2 Effects Of Off Target AAV

Off target effects are an issue for AAV based gene therapy. Adding production of
proteins outside of the targeted tissue can have disastrous effects. Treatment of Rett
syndrome in RTT mice using high doses of AAVO to elevate methyl CpG binding protein

2 gene (MECP2) led to severe liver damage.!”™
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The off target effects of AAV can be limited by using tissue specific promoters.!”>!76

Tissue specific promoters improve the efficiency of AAV based gene therapy.!’® While
tissue specific promoters help to prevent the expression of the cassette of interest in off
target tissues, mounting evidence of ITR promoter activity indicates that this alone will
not correct all the safety concerns of off target infection.!”” Even utilizing a liver specific
promoter like, thyroxine binding globulin promoter, with AAV8 there has been detection
of off target DNA damage response following AAV administration.!”® Tissue specific
viruses could also help to improve efficiency and reduce off target effects. Off target
effects are of particular concern in genome editing applications using AAV. As these
affect the host genome directly, there is a great concern for safety. Lowering off target
AAV transduction will allow for lower dosages of AAV to be used. This will help to
alleviate many of the production issues seen with AAV.

1.7.3 Components Of AAV

The AAV genome is of importance for study for not only production needs, but also with
regards to potential impacts downstream in the host. The AAV genome is single stranded
DNA. At either end of the genome is an Inverted Terminal Repeat (ITR). Between these
two ITRs are two open reading frames, rep, and cap. The rep open reading frame is
transcribed and spliced to for 4 proteins. The 4 proteins are all named with regards to
their size in kilodaltons. They include Rep78, Rep68, Rep52, and Rep40. The cap open
reading frame encodes for 4 proteins Assembly-Activating Protein (AAP), VP1, VP2,
and VP3. Together the capsid proteins form an icosahedral capsid that encloses the DNA
forming the virus. With regards to the creation of rAAV for gene therapy applications,

the rep and cap open reading frames are removed. This leaves only the ITRs to flank a
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cassette of interest both 5’ and 3’. To understand the implications of how these effects the
production of rAAYV, it is important to understand the life cycle of wild type AAV.

As previously noted, AAV uses many different glycans and proteins to begin the initial
binding of the virus to the cell. While many experiments have identified factors that
contribute to binding, the process by which AAV enters the cell is not completely
understood. Most research has looked specifically at AAV2. AAV2 seems to enter the
host utilizing endocytosis. This understanding has been formed through several
experiments in which HeLa cells expressing a dominant negative form of dynamin were
significantly less likely to be infected by AAV2.17%18 A5 AAVs undergoes trafficking a
catalytic domain is exposed on the capsid caused by structural transformation.'8!-182 Once
in the cytosol, AAV2 moves into the nucleus through an importin f-dependent process.'*?
There is evidence to suggest that this is not the only way that AAV can get from the cell
surface to the nucleus. Knockdown of the clathrin heavy chain and chlorpromazine
treatment both failed to severely inhibit AAV2 uptake.'®* It is important to note once
again that these changes and the method of entry has been studied with regards to AAV2.
How other serotypes and variants traverse the intracellular trafficking will still need to be
elucidated.

AAV use as vectors for gene therapy has long been a goal. With the approval of Luxturna
in the United States, the fruits of our knowledge of AAV are beginning to pay dividends.
There are several issues regarding AAV gene therapy that need further consideration.
Problems have emerged in AAV gene therapy regarding immunogenicity, genotoxicity,

and manufacturing and production.
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1.7.4 AAV Immunogenicity

AAYV immunogenicity is a very curious case. Understanding AAV immune response can
help to design more refined treatments. AAV is not currently known to be pathogenic.
Around 30% to 60% of the population has neutralizing antibodies against AAV, 185188
Analysis of the presence of antibodies against AAV shows that most people in the US are
exposed to AAV between 1 to 3 years of age.'®® In fact, seropositivity against AAV is a
key determining factor as to which patients are included in clinical trials. Preexisting
antibodies reduce the efficacy of AAV based gene therapy.'®” IgG1 is the most common
type of antibody against AAV, but all four subclasses of IgG have been observed.!3%!%°
Patients with antibodies against one serotype tend to neutralize other AAV serotypes due
to the cross reactivity of the antibodies formed against AAV."”! AAVS5 has become a
mainstay of treatments to avoid neutralizing antibodies as it has the lowest prevalence of
neutralizing antibodies.!®® Recombinant AAV administration causes the formation of
neutralizing IgG1, IgG2, IgG3, and IgG4 against AAV, with IgG1 being the most
prevalent.!”?> The detection of neutralizing antibodies against AAV also presents a
problem. At the moment there is no standard for measuring their presence. A number of
different assays have been used to detect these antibodies including assays measuring the
inhibition of transduction and the antibody titer.'**!® These results complicate things as

they make studies difficult to compare. Certain AAV serotypes not transducing in vitro

cell lines further complicates this issue.'”’

In addition to humoral immunity, there is also a T cell response generated against AAV.
The cellular response is typically thought of as being lower than the humoral response.

This is likely due to the assays employed to detect the T cell response and that there are
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lower levels of T cells relative to antibodies. Of curious note is the observation that
multiple studies have made showing a lack of correlation between the humoral and
cellular responses to AAV.!82% The majority of T cells detected in patients present a
memory phenotype possibly owing to early childhood exposure.!*®*% Preclinical studies
have identified that a type 1 interferon response stimulates a CD8" response.?’! The T cell
response is however not taken into consideration quite as much as the humoral response
is.

In addition to the adaptive response against AAV, there is an innate response. Numerous
molecules of the innate response have been identified as interacting with AAV. Toll like
receptor 9 (TLR9), plays a major role in AAV detection through its detection of
unmethylated CpG motifs within the AAV genome.?*? TLR has also been identified as a
pattern recognition receptor alerting innate immune cells to the presence of AAV

including conventional and plasmacytoid dendritic cells.?*®

1.7.5 AAYV Contamination

AAV Vector contamination is coming into focus as a major impediment to AAV based
gene therapy. The typical process for rAAV production utilizes bacteria to amplify DNA
to be used in the production system. The issue is that there are many problems with using
this DNA. Process-related impurities (PRIs) are a major issue that will need to be
addressed. By learning more about the AAV life cycle we can refine production systems
to not only improve production levels, but also eliminate many of the potentially deadly
contaminating factors.

Advanced and complex therapeutic agents have less homogeneity than their small

molecule drug counter parts. The lack of homogeneity is often caused by PRIs. PRIs are
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defined by the International Council for Harmonization of Technical requirements for
Pharmaceuticals for Human Use as, “impurities that are derived from the manufacturing
process”.2* These impurities have the potential to be hazardous. This issue will only
magnify as personal medicine and specific treatments continue to become a mainstay of
modern medicine. The production of consistent homologous products will help to ensure
both the safety and reliability of these new medicines. Non-homogenous products are
seen in a wide variety of medicines being developed.

An example of issues seen in production of more complex therapeutics is in monoclonal
antibodies (mAB). A wide array of different mutations and factors can affect the purity of
mAB production. Purification of mABs can remove a lot of impurities that are included
in the mAB product. However, issues persist. Characterization of impurities in anti-
Clostridium difficile [gG1 mABs using middle down mass spectrometry revealed
mutations in up to 6.2%.2%° Truncation of the N-terminus of mAB is an issue seen with
production.?®® There is a clear need to produce the most homogenous products to ensure
safety and efficacy. Therefore, research into the factors that contribute to various
inconsistencies is required. By taking all these factors into account, production and
purification methods can be developed and refined to produce the best possible product.
Recombinant AAV vectors are made through a triple transfection system. AAV requires
“helper” viruses like Herpes virus or adenovirus to complete its life cycle and produce
virions. AAV is not able to produce the required cytopathogenic events for replication on
its own. The use of an additional virus to produce rAAV to be used as a gene therapy
vector is not desirable for a number of reasons. The additional virus requires another

intensive production. The use of an additional virus adds another source of
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contamination. As such the triple transfection method is the choice when generating
rAAV vectors.

The triple transfection method is also referred to as the helper free system as it does not
require an additional “helper” virus. Instead, the viral components needed from the
“helper” virus are supplemented. The supplementation comes in two forms. The first is
through a helper plasmid. The helper plasmid is a plasmid generated to contain many
adenoviral components like the E1b, E2a and E4 genes. The E2a gene codes for a protein
involved with the binding of single stranded DNA to stimulate viral replication and gene
transcription.?’” The E1b and E4 genes work to transport mRNA to the cytoplasm and
help with the conversion to vector DNA.2%82% Additionally, the cell used to produce the
vectors commonly has viral components that permit rAAV production. HEK293 cells are
commonly used to produce rAAYV vectors. This cell type carries the SV40 large T
antigen. Sf9 cells, an insect cell line, has also been used to produce AAV.2!° Research is
showing there are differences in the post translational modification of AAV produced in
the systems resulting in human cell produced virus working better in mammalian cells.?!!
The idea of using a stable cell line carrying all the necessary machinery has long been
considered. A myriad of different cell types and sequence introductions has been
attempted. Some groups have looked into inserting the rep and cap genes into the cell.
Many of these attempts have used HeLa cells.?!>!” The use of HeLa cells is without a
doubt problematic due to the presence of HPV sequences. Knowing that host DNA can
be packaged into rAAYV vectors, eliminates the potential use of HeLa cells derivatives for

the production system to make clinical grade rAAV.
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AAYV packaging refers to the encapsidation of the genome. Unfortunately, as will be
discussed the desired viral genome carrying the cassette of interest is not always the only
component packaged. Unlike many other viruses, AAV DNA inserts itself into a
preassembled capsid.?!® Some other viruses use the genome as a scaffold that the
capsomers form around.?'” This process may contribute to many of the impurity issues
that arise. It is documented that this process can lead to an increase in empty virions.**°
The authors from this study also documented that there were more empty virions in the
recombinant system than the wildtype system. This may indicate that certain areas of the
wild type AAV genome outside of the ITRs also contribute to packaging.

To understand how virions form containing impurities, it is important to understand the
life cycle of AAV. The capsids for an icosahedral structure made up of VP1, VP2, and
VP3 at a ratio of 1:1:10.7221?2> As with most AAV studies, the foundation of our
understanding of the AAV life cycle is based on studies looking at AAV2. AAP is
required for AAV2 capsid assembly.??> AAV4, 5, and 11 however does not require AAP
for assembly.??* It is thought that AAV2 AAP (AAP2) serves as a scaffold for assembly
and is involved with the trafficking of the capsid structure to the nucleus. Mutational
analysis of the N terminal hydrophobic regions of AAP2 led to abolished assembly and
reduced interactions with the C terminal of AAV2 VP3.22> AAP2 works in place of other
AAPs in other serotypes, but not as well with AAV5.22® New work suggest that the
assembly may not be as cut and dry as a\may be desired. As mass spectrometry develops,
our understanding of protein structures does too. Recent work has shown that AAV
assembles stochastically and produces a variety of different heterogenous structures

outside of just the 1:1:10 icosahedral canonical capsid.??’
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It is generally accepted that the Rep proteins are the main drivers of packaging.?*® A
complete understanding of the packaging process has not yet been fleshed out.
Interactions between the Rep proteins, Cap proteins, and the ITRs have a strong role. The
AAYV Rep proteins share many commonalities due to the amino acid overlaps they all
share. They are produced through the use of different promoters and splice sites. The Rep
proteins all share a core motor domain that is required for ATPase activity, helicase
activity, and to serve as a nuclear import signal.??*2*® Following the generation of the
new viral genome Rep68/78 stays attached via a covalent link of Rep78 to one of the 5’
terminal thymidines.?* The complex can then dock with the five-fold axis of the
assembled capsid.?*® Rep40 and Rep52 also play roles in the packaging of AAV. In the
AAV2 packaging system Rep40 and Rep52 are responsible to collect the genome
progeny not taken by Rep78 and package them.?*! Rep40 serves as a helicase that forms
an oligomer once bound to DNA.?*> AAV Rep40 is similar in structure to the SV40 large
T antigen, both belonging to the AAA" family of helicases and proteins.?**»** Rep40 is a
peculiar case as it may be the cause of some of the unwanted DNA species found in AAV
preparations. As previously noted, all Rep proteins are formed from the same ssDNA
genome and are different based on splicing and promoter used. A major differentiation is
the N terminal domain.

ITRs play a major role in AAV packaging and could play a role in impurity packaging. It
is important to understand how AAV ITRs function as well as understand their overall
structure. While the sequence has been known for over 40 years, questions still remain.
As with the AAV proteins, understanding of the ITRs is based off of studies looking

specifically at AAV2. The wild type ITR has a number of specific sequences. The
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terminal 125 nucleotides form a palindromic double stranded hairpin resembling a T.
This structure is made up of the small B-B’ and C-C’ palindromic regions that form cross
arms, and the A-A’ region which forms the stem. The D sequence makes up the other 20
nucleotides of the ITR. The D sequence is not double stranded. The exclusion of several
nucleotides from the D sequence is permitted in rAAV production lower the ITR size
down to 137 nucleotides as these nucleotides are fixed during replication.

1.7.6 Purification Of AAV

AAV purification is one way in which contamination of rAAV vectors for gene therapy is
being refined. The standard procedure for rAAV vector purification had long been the use
of density gradients. Ultracentrifugation was performed in two successive steps to pull
out only the desired rAAV.>* The system however leaves a good bit of desired virus
behind and retains contaminates especially ferritin.?*® Affinity based chromatography is
now the standard for vector purification.?*” This process can get rid of many of the
protein impurities that are present in the preparation, as well as, lowering the number of
empty capsids present in the preparation. One issue however is the packaging of non-
cassette of interest DNA species. These DNA species are packaged into virions which are
indistinguishable from the desired product to the purification systems.

The use of impurity regarding AAV defines the inclusion of any component found in the
product that is not the exact desired product. AAV production also does not produce a
homogenous vector product. Impurities or contamination arise from the production center
of the virus, the host cell. Impurities observed range from empty vectors, replication
competent AAV, chemicals, lipids, proteins, and nucleic acids. NGS sequencing of AAV

vectors carrying the commonly used cluster regularly interspaced short palindromic
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repeats (Crispr)-Cas gene editing tool produced various forms of truncated rAAV
genomes as well as carrying production cell DNA and plasmid backbone DNA 248

There are a variety of reasons for why maintaining homogeneity in rAAV therapeutics is
important. The purity of the vector is extremely important for maintaining reproducibility
of the experiment. Commonly quantitative PCR is used to titer and thus quality control
the system. This is performed by using primers which target common areas of the
cassette of interest and getting a general read on how much virus has been generated.
While this can give general levels of rAAV, it can overlook packaged fractions that do
not contain the gene of interest. There is also a possible safety concern with all the
potential effects that these various packaged DNA species pose. Contaminate DNA
species require further investigation to identify any issues caused.

There are two ways in which DNA impurities manifest within rAAV preparations. DNA
can be present in a nuclease-sensitive impurity. Meaning that DNA exists in the
preparation but can be removed easily using a nuclease such as benzonase. The other
more problematic impurity is a nuclease insensitive impurity. In this case a virion forms,
encapsidating a non- desired DNA (or RNA) form. This is particularly troublesome as
once these virions form, they are not able to be distinguished or removed from the proper
rAAV vectors.

These nuclease resistant virions come with all kinds of different contaminate nucleic
acids. Prokaryotic sequences carried on the plasmid for the purpose of plasmid
replication is one such contaminate found in rAAV vector preparations. The bacterial
ampicillin resistance used to select for the plasmid, has been seen in 0.5-7% of the virions

produced.?* Another interesting form of DNA found in vector preparations is chimeric.
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These forms of DNA tend to contain host DNA from promoter regions.>>* This result
makes sense in terms of these active regions are likely easy to access. This result is
worrying in the sense that the encapsidation of these sequences could have detrimental
downstream effects. Replication competent viruses can be formed during rAAV vector
production. Even the use of Good Manufacturing Processing (GMP) results in trace
levels of replication-competent AAV in final preparations.?>! Of note is that despite the
known impurities in these products, they were still used in human gene therapy trials.
Truncated AAV genomes are often seen in rAAV vector preparation. Constructs
containing short hairpin RNA sequences have been shown to produce truncated and
defective genomes while lowering rAAV yield.?**> This may be due to the inability of the
Rep proteins to work their way through the secondary structures formed in these
genomes.

1.7.7 Problems Caused By AAV Contamination

Contamination is a major impediment for AAV use in clinical and non-human primate
studies. The difference between results seen in mice and non-human primate studies is
particularly interesting. Spinocerebellar ataxia type 1 (Scal) is a type of genetic disease
that causes cerebellar dysfunction resulting in ataxia of the gait and stance, dysarthria,
and hypermetric saccades. These symptoms are generally seen at 30 to 40 years of age.
The disease results in death generally 10 to 30 years after symptom onset. Scal is caused
by a mutation to the ATXN1 gene which codes for the Ataxin 1 protein. Mutations
produce a mutant protein that results in degradation of neurons through its buildup.
Therapies utilizing RNA interference to knock down the over production of the protein

and slow the progression of the disease is being developed. AAV is being used as a
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vector for these therapies. Research using AAV delivering therapeutic miRNAs has
shown great promise in ATXN1 knock-in mice.?>* The therapeutic benefits of RNAi
delivered by rAAV were also seen in transgenic mice.?>*?> To further test the therapeutic
benefits of RNAI delivered through AAV vectors, NHP experiments commenced. The
study was performed to advance and develop the treatment into an investigational new
drug (IND). Unlike the previous mouse experiments, some NHPs in the study began to
develop subacute cerebellar syndrome manifesting as ataxia, dysmetria, head-tilt, and
tremor.?*° The study also looked at a variety of factors. RNA sequencing was performed
on all the samples taken from both vehicle control animals and miRNA treated animals.
As expected, the control animals did not show any vector genome reads, but while
mapping reads to the original plasmid sequence, the investigators noticed substantial
reads downstream of the 3’ ITR and a significant amount upstream of the 5°’ITR.?® This
is the commonly seen fragmentation packaged into AAV. Continued evaluation of the
results showed that mapping to the host reference sequence also indicated the presence of
DNA from the viral production host. These are both known impurities in rAAV vector
preparations. The authors believe that 3°’ITR transcriptional activity is the cause of the
toxicity seen. Further study has shown that not only does AAV?2 have transcriptional
activity, but all the other serotypes do as well.?>” While transcriptional activity may lead
to toxicity, it is of note that these impurities were seen. And with the idea that the ITRs
can cause transcriptional activity along with these contaminants seen may indicate the
hazardous effects of AAV impurities.

A worry for a long time has been the potential for integration of an oncogenic DNA

species into the patient. AAV will integrate into double stranded breaks in the host
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genome. CRISPR induced breaks have been shown to allow for AAV to efficiently
integrate into a targeted region of the host genome.?>® There is a hope that this can be
utilized to add genes into the host genome in a targeted manner. There is still the worry of
the addition of gene and more specifically promoters in unspecific ways. Work has
demonstrated that CBA promoter additions into the host genome can be oncogenic.>>
These self-complementary vectors were specifically designed to show the oncogenic
potential of AAV fragments. Worryingly, fragments resembling the oncogenic variants
were detected in preparations.?®® These could be a major issue as gene therapy continues
forward. Dogs at the University of Pennsylvania treated for hemophilia A have been
going strong for a decade now.?*! AAV integration has been detected in these dogs, as
has clonal expansion of vector infected cells.?®? The clonal expansion has increased
worries about the potential for oncogenic events relating to AAV. There are several
studies indicating that AAV integration could have an effect on the development of
hepatocellular carcinoma.?®* Integration of AAV is a worry as AAV2 3’ITRs have shown
promoter like abilities in liver cells.!”” The mechanisms and ways that these molecules
come to exist will help to design a production system that limits the amount of virus
containing only a fragment of the desired genome.

Contamination seems to be an emerging issue despite the scientific community’s
acknowledgment of the presence of the impurities for some time. Clinical trials have not
worked as well as expected. Roughly 21% of treatments result in a Severe Adverse Event
(SAE) within the 4 weeks post injection.?®* It does need to be noted that many clinical

trials using AAV as the vector for delivery have worked. The question really begins to
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be, why is this occurring? A potential component of these results is the presence of DNA
impurities in clinical grade vectors.

Plasmid production is also a system that can produce impurities. The AAV ITRs are
difficult to reproduce. ITRs have GC rich palindromic sequences that are often mutated
or completely lost.?%26¢ The use of bacteria is commonplace for amplification of
plasmids to be used in AAV production. This process though does introduce
complications. Bacteria amplifying a plasmid not containing both ITRs does have a
growth advantage over bacteria amplifying plasmids with both ITRs.?” The loss of ITRs
being advantageous requires that clones be screened for intact ITRs prior to use in AAV
production. The growth advantage seen also means that culture times must be minimized
as the longer they go the more selective pressure there is for ITR deficient and mutant
bacteria. The loss of an ITR as we will show can still be packaged. Not only can this
single ITR mutant be packaged, but it also has detrimental effects on overall viral yield.
This effect is dose and size dependent, making it a major problem that will need to be
remedied. If a purer final product can be produced, there will be much less vector needed
to produce therapeutic effects, thus lowering production burdens.

The sequencing of AAV has faced a major issue with regards to the presence of the ITRs.
The ITRs often prevent full sequencing of virions produced by AAV. Sequencing
reactions required the DNA to be fragmented so that the ITRs could be avoided. The
issue with the fragmentation mentioned is that it prevents the identification of AAV
fragments. As the non-unit length AAV fragments have existed and been known about
for a long time. Technology has fortunately reached the point where this can be overcome

to an extent.
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AAV is typically measured in viral genomes per milliliter (vg/ml). This number can be
ascertained through a number of different methods. Issues with sequencing through or
from the ITR mean that qPCR is often avoided. Dot blot hybridization is one assay used
to quantitate AAV, as it avoids issues encountered with using polymerases?*®2%. Dot Blot
hybridization first involves the use of a nuclease to remove any DNA from the
preparation not included within the capsid. It is then followed by the use of a protease to
extract the viral genome from the capsid. The viral genome is then denatured and
hybridized to a viral genome specific probe for quantification. Southern Blot is another
method used for quantification.?’® It uses many of the same principals as dot blot
hybridization, including the use of nuclease and protease. Southern blot however runs the
genome on a gel to get a number of viral genomes. Extra fragments, from impurities, are
a common site seen on southern blots.

Upon examination of AAV sequencing results non-unit length viruses, also known as
defective interfering particles, were characterized. Typically, the genomes seen in these
non-unit length virions were double stranded DNA. These double stranded genomes were
even more peculiar as they seemed to be created by folding back upon themselves. It is
postulated that these fragments could have some type of regulatory role in the wild type
AAV life cycle. Further work is needed to determine their mechanism of origin and exact
function, but it is to be assumed that these particles exist in all rAAV preparations. This
could have any number of different effects on rAAV production as well as transgene

expression.
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1.7.8 Cost Of AAV Production

Cost is a major issue facing AAV gene therapy. It is estimated that the production costs
alone for a single batch of AAV for treatment can cost upwards of $100,000.2”" This cost
does not account for R&D costs which push the costs even higher. The issues with these
production costs are seen in the exorbitant price charged for AAV based gene therapy
treatments. Perhaps even more frightening is that even with these massive costs for
treatment, gene therapy can still be cheaper than the standard treatments employed today.
An estimate from a group working at St. Jude shows that even a price tag of $2 million
for a single patient treated with AAV based gene therapy for Hemophilia B (covering 5
years) is still cost effective over current treatment.>’? This analysis underscores the fact
that current treatments are already astronomically high. By cutting down on AAV
production costs and impurities, these costs can be reduced drastically. Cutting
production costs will also make this treatment more accessible.

Glybera, the first approved AAV based gene therapy treatment for lipoprotein lipase
deficiency (LPLD), was pulled due to economic costs.?’”* The issues stemmed from the
low rates of LPLD in the population, the high cost of keeping a manufacturing facility,
and the cost limiting its purchase to one single person. Of the 31 people treated with
Glybera, only one paid with the rest being included in the trials.

Production of AAV also is time consuming. A typical AAV production timeline takes
roughly one week to complete.?’* This however does not include time for scaling up cells
in preparation for transfection. This can add several days on top of the week. This is an
issue as this process takes manpower and time away from the lab. The resulting AAV is

not always the same as previous batches.
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1.7.9 Issues With AAV Based Gene Therapy For Hemophilia A

As previously discussed, the liver has long been an ideal candidate for gene therapy.
Treatment of both forms of hemophilia has long been on the agenda. It seems that
treatment of hemophilia B is close to realizing the potential of AAV based gene therapy.
The study of this method has been ongoing since 2011 and has produced promising
results.'®® The three year follow up to this study showed efficient FIX expression and no
major issues were cited.?’> The data at 8 years post injection was also very promising,
showing the real potential that gene therapy has.?’”® The use of AAV based gene therapy
has not been as kind to the treatment of hemophilia A. Patients in the original BioMarin
study showed a loss of FVIII to undetectable levels as the study progressed.2”” Other
patients saw declines that were stopped by the use of prednisone.

Issues with treatment of hemophilia A largely come down to the protein needed to be
produced. FVIII is six times the size of FIX. This issue has been overcome to an extent
with the use of FVIII B domain deleted constructs. Another issue encountered by the use
of AAV to treat hemophilia A is the cell type that produces the clotting factor. AAV has a
preference for hepatocytes in the liver.?’® FVIII as previously stated is produced by the
endothelial cells of the liver, not the hepatocytes.?’>*** The use of a different cell type
may account for some of the issues seen with FVIII gene therapy, not seen in FIX gene
therapy.

As far back as the 1970s, contaminant virions have been described?!. The importance of
the non-unit length impurities was not grasped at the time. Issues have emerged as small
animal studies have moved to large animal studies.?>® By further understanding the

production system, we can gain the knowledge to refine the system. Along with finding
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new capsids to better target specific tissues, the need for high doses of AAV will be
lessened. An enhanced understanding of the effects of glycosylation on FVIII will also
help to alleviate some of the issues seen with inhibitor formation. Pieced all together, this

knowledge will help to develop better treatment for hemophilia A utilizing AAV.
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2. METHODS

2.1 Plasmid Construction For Single ITR Experiments

pCI-ITR-F or pCI-ITR-R was constructed by inserting a 164-bp fragment containing ITR
which was cut from pssAAV-CB-EGFP with Sbfl and Bglll, and then filled in with
Klenow DNA polymerase (New England Biolabs, Ipswich, Ma), into backbone pCI
plasmid, which was cleavage by Smal (New England Biolabs, Ipswich, Ma), and
dephosphorylated by CIP Alkaline Phosphatase (AP) (New England Biolabs, Ipswich,
Ma). After ligation using T4 ligase (New England Biolabs, Ipswich, Ma), transformation
was performed, finally pCI-ITR-F or pCI-ITR-R colonies were identified by Ncol and
Smal restriction enzymes (New England Biolabs, Ipswich, Ma).

pCI-ITR-CDD was constructed by cutting out a 753-bp fragment from pCI-ITR plasmid
using HindIIl and Bglll, and then the larger 3417-bp fragment end was blunted by T4
Klenow DNA polymerase and ligated by T4 ligase.

pRB21-ITR was constructed by inserting a 164-bp fragment containing ITR which was
cut from pssAAV-CB-EGFP with Sbfl and Bglll, and then full in with T4 Klenow DNA
polymerase, into backbone pRB21 plasmid, which was cleavage by Smal, and
dephosphorylated by AP. After ligation using T4 ligase, transformation was performed,
finally pRB21ITR colonies were identified by Avrll and Smal restriction enzymes.

For pCI-ITR-EGFP construct, pCI-ITR plasmid was cut with BglII and Kpnl, and then the
3086-bp fragment was collected, blunted and dephosphated as backbone. pssAAV-CB-
EGFP was digested with Bglll and Mfel, the 1709-bp fragment was harvest and blunted.
After two fragments were ligated and transformed into Ecoli.5a competent cells, the

colonies containing the 4784-bp length plasmid were identified by Smal and BsrGI. To get
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a 3836-bp plasmid, the 4784-bp length plasmid was cut with BsrGI and Bsal to collect the
3636-bp fragment, subsequently this fragment was ligated with a 200-bp fragment digested
with BsrGI and Bsal, finally acquire a 3836-bp construct.

2.2 Cell Lines For Single ITR Experiments

HEK293 cell line was purchased from ATCC. GM16095 cell line was purchased from the
Coriell Institute, Camden, NJ. The cells were cultured in DMEM supplemented with 10%
fetal bovine serum, 100 pg/mL penicillin, and 100 units/mL streptomycin (Invitrogen,
Carlsbad, CA), and maintained in a humidified 37°C incubator with 5% CO?2.

2.3 Cell Transfection

PolyJet™ DNA In Vitro Transfection Reagent (SignaGen Laboratories) was used to
deliver DNA into HEK 293 cells. Cells were plated into 6-well plates, at the density of
1x10° each well. 18 to 24 hours later when the cells have reached 80% confluency, 1ml of
freshly made complete culture medium with serum and antibiotics was added to each well,
30~60 minutes prior to transfection. PolyJet™-DNA complexes for transfection were
prepared following the PolyJet™ DNA In Vitro Transfection Reagent protocol for rAAV
production. Each well received 700ng of rAAV cis plasmid, 700ng capsid DNA and 700ng
Ad- helper DNA (total 2.1 g DNA) in 50 pl serum-free DMEM with high glucose. Then
6 ul of PolyJet™ reagent in 50ul of serum-free DMEM with high glucose, vortexed gently
to mix, was immediately added to the DNA solution all at once. An immediate vortex to
mix followed by incubation for ~10 minutes at room temperature allowed DNA-PolyJet™
transfection complex to form. The 106l PolyJet™/DNA complex was added dropwise in

each well and homogenized by gently swirling the plate. 5 hours post transfection the
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DNA/PolyJet™ complex-containing medium was replaced with fresh complete
serum/antibiotics containing medium.

2.4 Large Scale RAAV Production And Purification

The vectors of rAAV-pCI-ITR-CBD and rAAV-pCI-ITR-EGFP were produced by the
triple plasmid transfection system in HEK 293 cells. The three plasmids of pH28, pFA6
and pCI-ITR-CBD or pCI-ITR-EGFP were delivered at the mole ratio of 1:1:1 into 293
cells using PolyJet™ DNA In Vitro Transfection Reagent. The cells were seeded in 2-L
roller bottles, at 72 hours after transfection, the medium was collected and precipitated with
40% of PEG (finial concentration 8%) overnight at 4°C. Next, it was centrifugated at
3800rpm, 40min at 4°C, resuspended in HBS buffer (pH 8.0) and treated with DNase I and
RNase I at 37°C for one hour. rAAV vectors were purified by by iodixanol gradient
ultracentrifugation. rAAV vectors were extracted and exchanged in 0.2M NaCl-Phosphate
Buffered Saline (PBS, NaCl 137 mM, KCI 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM,
pH 7.2). Vector genome titers were determined by quantitative real-time PCR (qPCR), with
vector titers expressed as vg/ml.

2.5 OQRT-PCR Assay For RAAV Vector Titer

To detect rAAV vector titer, 10ul of rAAV vector was added to 90 ul of 1U/ml DNase I
(Thermo Fisher Scientific, Waltham, Ma) and incubated for 30 min at 370[]. To stop the
DNase reaction, 1ul of 0.5 M EDTA (to a final concentration of 5 mM) was added and
the mixture was subsequently heated for 10 min at 75[1. To lyse the virions, 50ul of lysis
buffer containing 40mg/mL Proteinase K (Thermo Fisher Scientific, Waltham, Ma) was
added and incubated at 56[1. After 1 hour the temperature was raised to 9571 for 10

minutes. The copy numbers of vector genomes released were quantified by real-time
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PCR and expressed in vector genomes/milliliter. The primers used targeted the GFP gene,
forward 5’-TGACCCTGAAGTTCATCTGC,; reverse 5’-GA
AGTCGTGCTGCTTCATGT.

2.6 RAAV Genome Extraction

The rAAV genomes were extracted and purified by first treating 50ul (1*10'3 vg/ml) of
viral vectors with 1 U/mL DNase I (Thermo Fisher Scientific, Waltham, Ma) for 30 min at
37°C. Then 1 pl of 0.5 M EDTA was added (to a final concentration of 5 mM) and
subsequently heated for 10 min at 75°C to end DNase I activity. 1/2 volume of Direct PCR
lysis reagent (Viagen Biotech, Los Angeles, Ca) containing 40 pg/mL proteinase K
(Thermo Fisher Scientific, Waltham, Ma) was added and incubated for 1 hour at 56°C and
then heated for 10 min at 95°C. One volume of phenol: chloroform: isoamyl alcohol
(25:24:1) was added to each sample, and vortexed thoroughly for approximately 20
seconds. Samples were then centrifuged at 4°C for 30 minutes at 16,000 x g. The upper
aqueous phase was carefully removed and transferred to a fresh tube. 200uL of 70%
ethanol was added, and the tubes centrifuged at 4°C for 10 minutes at 16,000 x g. The
supernatant was carefully removed, and the pellet was allowed to air dry at room
temperature. 20ul of TE buffer was added to dissolve DNA. DNA concentration was
measured using Nanodrop.

2.7 Virus Generation For AAV Barcode Study

AAV was generated by AAVner Gene. The viral pool generated contained 10'*vg/ml,

with each virus added at equal amounts (10'2).
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2.8 Mouse Injection And Tissue Harvesting

Six male Balb/C mice 8-10 weeks of age were injected via tail vein with 1.0x10"! vg of
AAVner Gene AAV Library in 100uLs of solution. Mice were monitored for 15 mins
post injections before being moved to housing area. They were housed 3 mice/ cage.
Three mice were sacrificed at Day 7 post injection, and the others at Day 28 post AAV
injection. At sacrifice, the following tissues were collected and snap frozen in liquid
nitrogen for Next Gen Sequencing: heart, lungs, liver, spleen, kidneys, hindlimb bone
marrow, hindlimb long bones, large intestine, diaphragm, hindlimb muscle, testes, eyes,
stomach, and brain. Pancreas was also harvested for islet cell isolation.

Bone marrow was isolated from long bones via centrifugation. Upon harvesting of the
femurs and tibiae, the epiphyses were cut off, and bones were positioned in a 0.5mL
centrifuge tube pierced with an 18-gauge needle placed in a 1.5mL tube containing sterile
cold PBS. These tube constructs were spun for 2mins at a speed of 15,000rpm at 4C to
allow cells to pass from bones into the 1.5mL tube. Marrows were combined into one
tube, quickly spun again to pellet cells, and PBS was removed prior to snap freezing in
liquid nitrogen (PMID: 28300321 and 26271202).

2.9 Humanized Mice Injection And Tissue Harvesting

All experiments utilizing humanized mice were conducted but the laboratory of Dr. Ype
de Jong, MD at the Weill School of Medicine. FNRG mice were used to create a
humanized model. Experiments to create humanized mice have previously been
described.?®? Cryopreserved human hepatocytes purchased from Celsis (Chicago, IL,
USA) were injected intrasplenically. 0.5-1 x 10° cells per mouse) under anesthesia into

FNRG mice that were generated by a 13-generation backcross of the Fah™'~ allele to

54



NOD Ragl™~ II2rg"™!" (NRG) animals, respectively, provided by M. Grompe (Oregon
Health & Science University). Starting on the day of transplantation, mice were cycled
off NTBC (Yecuris, Tualatin, OR USA), a protective drug for transplantation as
previously described. Human albumin levels in mouse sera were measured by ELISA to
help monitor take (Bethyl Laboratories, Montgomery, TX, USA). Injection and tissue
extraction followed the same procedures previously defined. All samples were kept at -
80° Celsius following flash freeze.

2.10 Sequencing
NGS sequencing was performed by Genewiz.

2.11 Plasmid Construction And Amplification

All plasmids used were generated based on an AAV plasmid (pAAV-TTR-hFVIII-BDD)
containing a transthyretin (TTR) promoter, a human FVIII gene with the B domain
deleted, and a synthetic poly-A tail. Agel and Sall restriction enzyme cut sites were
cloned into the deleted B domain region to be used for the cloning of the different B
domain variants. Both O and N linked glycosylation sites were inserted into the B domain
using these cut sites using the sequences listed in the table below. All plasmids were
restriction enzyme digested and sequenced to verify the sequence. Amplification was
performed using Qiagen Mega-Prep and Midi-Prep kits in accordance with manufacturers

specifications.

Fibrinogen Alpha CGTCGTCGACTCTACTGGAAAGACCTTCCCAGGATCCACTGGCA
Chain Insert AAACGTTTCCAGGTTCAACAGGTAAGACGTTCCCTGGGTCTACC
GGAAAGACCTTCCCAGGTAGTACAGGTAAAACCTTTCCTGGCAG
CACCGGAAAGACTTTCCCTGGACGCCATCAACGCACCGGTTGCC
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o-2-HS- CGTCGTCGACACCCAGCCCGTGACGAGCCAGCCTCAACCGGAA
Glycoprotein Insert | ACTCAACCAGTAACATCTCAACCGCAGCCTGAGACGCAGCCAGT
GACCTCACAACCTCAGCCGGAAACACAACCCGTCACGTCCCAGC
CACAGCCGGAAACCCAGCCGGTTACTAGTCAACCGCAACCAGA
GACGCAACCAGTCACATCGCAACCGCAGCCTGAACGCCATCAAC
GCACCGGTCTGC

2.12 Mouse Hydro Dynamic Injections

Hemophilia A Balb/c mice were used in hydrodynamic injection and AAV injection
experiments. All mice were housed in adherence to Temple and University of
Washington IAUCUC requirements. Female and male mice were bred from preexisting
colonies at both Temple and University of Washington. Mice at 8 weeks of age were
given hydrodynamic injections via the tail vein of 50ug of respective plasmid diluted in
.9% NaCl; (Saline Solution) to 10% of the mouse mass. Mice were monitored in the 24
hours post injection.

2.13 AAYV Production For FVIII Glyco-Enhanced Variants

pAAV-FVIII-FibA, pAAV-FVIIIBDD, and pAAV-FVIII-a-2-HS constructs used for
hydrodynamic injections were shipped to SignaGen for AAV production. All constructs
were packaged into AAVS for in vivo research.

2.14 Mouse AAV Injections

All mice used were Hemophilia A Balb/c mice as used in the hydrodynamic injections.
Mice were housed and bred in accordance with the Temple University IAUCUC
requirements and guidelines. Both female and male mice were used. At 8 weeks of age,
mice were injected with AAV8-FVIIIBDD, AAVS8-FVIII-FibA, and AAV8-FVIII-a-2-
HS constructs at 10!! viral genomes per mouse. Mice were monitored for health over the

24 hours post injection.
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2.15 Mouse Bleeds And Preparation

Mice were bled by retroorbital bleeds using micro-hematocrit capillary tubes (Kimble
Chase, Vineland, NJ). 35uL of fresh drawn blood was mixed with 10uL of citrate to
reach a final concentration of 3.5% citrate and placed on ice. Samples were centrifuged at
2000x G for 15 minutes at 4°C to remove cells and platelets from the plasma.

2.16 FVIII Activity Assay

Factor VIII activity was measured using a Diagnostica Stago STart® 4 Coagulation
Instrument. FVIII-deficient plasma and a FVIII standard were quickly thawed using a
water bath at 37°C. 50 uL of the FVIII deficient plasma was added into a sample cuvette.
Either a sample or standard along with 50uL of APTT reagent was then added and
incubated in the instrument for 3 minutes. The addition of 50uL prewarmed 20mMm CaCl,
initiated clotting, and times were generated from the viscometrical reading taken by the
machine. To generate a standard curve, 1 to 2 dilutions were prepared down to 1:64. All
dilutions were made in a solution of 20mM HEPES, 150mM NaCl, 0.05% Tween-80. (pH
7.4, HBS/Tween). The standard curve was established by linear regression of the clotting
time to the FVIII standard dilution.

2.17 Bethesda Assay

Detection of antibodies against FVIII activity was measured by Bethesda Assay. Normal
human pooled plasma was used as a control. Samples to generate a curve were diluted 1
to 2 in HBS/Tween. Normal plasma was then co-incubated along with sample plasma for
2 hours at 37°C. After co-incubation, the samples were treated in the same manner as
other FVIII activity assays and measured first as a linear regression of the clotting time to

the FVIII standard dilution. However, activity changes in the samples correspond to
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inhibitor levels. The reduction of FVIII activity by 50% constitutes an increase in
inhibitor titer by 1 Bethesda unit. Respectively activity of 75% of residual activity is
equal to .4 Bethesda units, 50% equals 1 Bethesda unit, 25% corresponds to 2 Bethesda
units, and on the line.

2.18 FVII Inhibitor ELISA

Antibody titer against FVIII detected using ELISA. Generate a plate for use by diluting
Goat anti-mouse IgG (Southern Biotech, 1036-01) 1:100 in ELISA coating buffer (0.1M
NaHCO3 with NaOH 4.2g to pH9.68), 17 uL antibody to 1.7 mL coating buffer for 2
standard curves. Each well receives 100 uL anti-mouse IgG to create a standard curve
(measuring amount of mouse IgG). Coat wells for samples using 1 per well. Incubate
overnight at 4° Celsius. Wash plates three times using 200 pL. TBST (Tris Buffered
Saline Triton X-100 (TBST) 1 litter 1M Tris pH7.5 20 ml, 5SM NaCl 30 ml, 0.005%
Triton X-100, 50 pl). Add blocking buffer (TBS (IM Tris pH7.5 10 ml, 5SM NacCl 15 ml)
with 25g milk to 5%) to each well and incubate at 37° Celsius for 1 hour. Wash again
with TBST. Prepare standards and samples. Samples 1 pL plasma in 500 pL blocking
buffer. Standards 1 pL Mouse IgG (Invitrogen, 31903) control in 1.18ml blocking buffer
(to 4.8ng/uL) then 50uL to 950uL of blocking buffer to reach 240ng/uL. Serial dilute the
standards 2 times for a total of 7 standard curve samples. Add samples and standards to
plate, incubating for 2 hours at 37° Celsius. Wash plate with TBST 3 times again. Dilute
secondary antibody (Goat anti-mouse IgG conjugated with HRP) (Thermo Fisher, 31436)
in blocking buffer and incubate at 37° Celsius for 1 hour. Wash plate with TBST 3 times

again. Apply 100uL of K-blue TMB substrate (Neogen, 331175) to each well and let sit
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for 5 minutes at room temperature. Quench the reaction with 100 pL of 2N H»SO4 per

well. Read plate at 450nm.
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3. RESULTS

3.1 Single ITR Plasmids Contaminate RAAV Vectors

Contamination is an emerging issue in rAAV vector preparations. The contaminates
make the preparation less effective as not as much of the therapeutic virus is generated.
This leads to the need for higher yields of rAAV. Contaminate species may account for
some of the toxicity seen in studies using non-human primates (NHPs).?%%2%3 Higher
dosages are linked to some of the SAE including deaths seen in clinical trials.?3%285

ITRs are the only viral genetic component retained in the rAAV vector. The ITR is
needed for the viral packaging process to ensure viral titer and purity. The ITRs also aide
in vector persistence, which is key to effective gene therapy.?8%%7 ITRs are not without
their share of issues though. ITRs are also involved in integration to the host genome.?®
Deletions and mutations to ITRs are common in plasmid preparations. Mutated or deleted
ITRs typically make up roughly 10% of the plasmids used for AAV production even
when optimized bacterial strains are used.?®*?’! Another major issue with these impurities
is they are indiscernible from proper vectors once they are packaged.

Understanding the ways in which impurities are produced can help to reduce ineffective
virions and reduce hazardous events in AAV based gene therapy. Here we show how
single ITR plasmids effect rAAV production systems. We show that these commonly

seen plasmid mutants have a detrimental effect on yield. These contaminants could also

cause safety issues downstream as seen in NHP studies.
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3.1.1 AAV Vector Plasmids With A Missing ITR Can Replicate And Produce

Viruses

A 1R (n GFP ITR B |m CB ma

| PsSAAV-CB-EGFP (3349hp) | PCT (4006 bp) I l pCLITR-CBD :Hlsbpl | PCIITR (4170 bp) I pRB21-ITR (5721bp)

Normal vector plasmid  plasmid without

Plasmid with one ITR

with twe ITRs ITR
E =
B P2 =3
g E 3 C
g gL ' Vector yield
= = = B = ector yiel
LA¥E2 2R g%
A :,
3
= 4
£
& = g2
Igtt_' § |~ monamer -;.'
I kiy = I
\ll"nll Sector | p{lll“f( (i1 POITH pllll!l IJR.

Figure 1. AAV vector plasmid with a missing ITR can replicate and produce viruses,

A) Plasmids were generated at different sizes to test whether single ITR plasmids could produce virions pssAAV-CB-
EGFP (3349bp), pCl {4006bp), pCIHITR-CBD (3428bp), pCIHITR (4170bp), or pRB21 (5721bp) were generated. Plasmids
were individually co-transfected with pH22 and pFAG into 293 cells. B) Hirt DNA was extracted at 72-hours post-
transfection. Southern blot using ITR probes were used to analyze DNA replication. C) Vector yield was quantified by
qPCR following virion DNA isolation.

ITRs are often lost or mutated in the bacterial host amplifying plasmid for rAAV
production. Plasmids containing a single ITR are often present in plasmid preparations to
be used for rAAV production. To observe how these mutations work in the context of a
rAAV production, we generated plasmids with a single ITR in varying size (Figure 1A).
pCI-ITR-CBD (3428bp), pCI-ITR (4170bp), and pRB21-ITR (5721bp) plasmids were
generated to examine their packaging efficiency and if they could account for some of the
contamination seen in preparations. These plasmids were co-transfected with pAd and
pHelper 22 into HEK 293 cells at the ratio of 1:1:1, respectively. Using Hirt DNA
extraction, extrachromosomal DNA was extracted 72-hours post transfection. Southern
blot assay revealed that pCI-ITR-CBD, pCI-ITR and pRB21-ITR whole plasmid

monomers and dimers can be seen, suggesting that the replication is independent of size
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(Figure 1B). Vector DNA was isolated using DNase to remove any DNA in the media
followed by lysis of the virions. Packaging efficiency was detected by qPCR of the
isolated vector DNA. The vector yield produced from pCI, pCI-ITR-CBD, pCI-ITR and
pRB21-ITR was 25-, 1.1-, 2.3-, and 31-fold lower than the yield from the control, rAAV-
EGFP, respectively (Figure 1C). The changes in vector yield indicate that the packaging
efficiency is dependent on size. These results demonstrate that even when rAAV
plasmids lose an ITR they can still be packaged, producing a source of contamination.

3.1.2 Plasmids With A Missing ITR Reduces RAAV Yield

Plasmids with a missing ITR:
normal vector plasmid
at a molecular ratio of 9:1

Co-transfected with pRep-Cap 6 1
and pAd helper into 293 cells
4 4
Vector yield assaved by qPCR : 21 . .
method 04

pCI pCI-ITR-CBD pCLITR  pRB21-ITR

Viral genomes/cell (1x10%)

Figure 2. Plasmids missing an ITR reduce rAAV yield.

A) pH22, pFA6 were used in a co-transfection system using pssAAV-CB-EGFP with pCl, pCI-ITR-CBD,
pCI-ITR or pRB21-ITR at the ratio of 1:1:0.1:0.9 into HEK 293 cells. AAV vector yield was quantified
by gPCR assayed at 72-hours post transfection.

We next sought to see what effect these mutated DNA species confer on vector yield in a
co-transfection system. Each of these pCI, pCI-ITR-CBD, pCI-ITR, and pRB21-ITR
plasmids were co-transfected with pssAAV-CB-EGFP, pAd, and pHelper 22 at the ratio
of 9:1:1:1 into HEK 293 cells. The rAAV-EGFP vector titer was quantified by qPCR
assay. It was observed that the pCI-ITR-CBD, pCI-ITR and pRB21-ITR groups resulted

in 3.6-, 9.3- and 10.2-fold lower vector yield than the group transfected with pCI at 72
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hours (Figure 2). This result suggests that DNA containing only a single ITR competes
for the replication machinery, driving down the overall production.

3.1.3 The Effect Of Plasmid With A Missing ITR Is Not Dictated By The

Orientation Of The Remaining ITR
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Figure 3. The effect of plasmid with a missing ITR is not dictated by the orientation of the remaining ITR.

A) Plasmids with ITRs in forward and reverse orientation were cloned. pCl, pCI-ITR-F or pCI-ITR-R were co-
transfected with pH22, pFA6, and pssAAV-CB-EGFP at the ratio of 0.9:1:1:0.1 into 293 cells. 72-hours post-
transfection, equal volumes of media from each group was used to infect GM16095 cells. B) At 72-hours
post-transfection, EGFP expression in 293 cells was observed. At 43-hours post transduction, EGFP
expression in GM16095 cells was observed. C) Vector DNA replication analysis by Southern blot using ITR or
EGFP probe. D) The rAAV-EGFP yield was quantified by gPCR assay following virion DNA isolation.

To investigate if the orientation of the remaining ITR affects rAAV production, we
generated plasmids with a single ITR in both forward and reverse orientation to the
transgene, pCI-ITR-F and pCI-ITR-R (Figure 3A). These plasmids were co-transfected
along with the normal vector plasmid pssAAV-CB-EGFP, and the requisite helper
plasmids for rAAV production in HEK 293 cells. At 72-hours post transfection, infective
AAV-CB-EGFP yields were significantly reduced in the presence of single ITR
containing plasmid (Figure 3B). The control transfection with no-ITR plasmid addition

has no effect on AAV-CB-vector yield (Figure 3B). Quantitively, rAAV from
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transfections with the pCI-ITR-F or pCI-ITR-R groups had 10.2- and 8.59-fold lower
yield compared to the pCI group (Figure 3D). Southern blot analysis of the vector
produced indicated there was no obvious vector EGFP monomer or dimer in either pCI-
ITR group, but there was in the pCI group. In contrast, significant levels of pCI-ITR
monomer and dimer were observed in both pCI-ITR groups (Figure 3C). This result
shows that these single ITR constructs are packaging into virions that do not include the
therapeutic agent indicating a source of contamination. These results also demonstrate
that the inhibitory effect of plasmid with a missing ITR on vector yield is not affected by
the orientation of the remaining ITR.

3.1.4 The Inhibitory Effect Of Plasmid With A Missing ITR On Vector Yield Is

Proportional To The Amount In The System
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Figure 4 The inhibitory effect of plasmid with a missing ITR on vector yield is proportional to the amount in the
system.

pCI-ITR-F and pssAAV-CB-EGFP were co-transfected different percentages with pRep-Cap and pAd helper into
293 cells. Vector yield was assayed by gPCR targeting the eGFP gene at 72-hours post-transfection.

According to published studies, plasmids with an incomplete ITR may account for at
least 10% of the plasmids produced for rAAV vector preparation®®-°!, We next set out to
detect whether the inhibitory effect of plasmid with a missing ITR on vector yield is

proportional to the amount of single ITR constructs in the system. Various percentages of
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pCI-ITR-F were co-transfected with the requisite helper plasmids and the normal vector
plasmid pssAAV-CB-EGFP at 90%, 50%, 10%, 1%, and 0.1%. The yield of rAAV-
EGFP vector decreased by 92.2%, 53.7%, 41.3%, 17.6%, and 0.1%, respectively,
compared to the pCI group (Figure 4). The result shows the inhibitory effect of plasmid
with a missing ITR on normal vector yield is proportional to the level of missing ITR
plasmids in the preparation.

3.1.5 Plasmids With A Missing ITR Produce Contaminant Virions
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Figure 5. Vector plasmid with a missing ITR produces contaminant capsids with a snapback genome or other DNA
configuration

Recombinant AAV vector prepared using pCI-ITR-EGFP plasmid was purified and then DNA was extracted. A) Vector
DNA spectrum analysis by Aligen 17.0 bioanalyzer. * red starts indicate these specific breakage positions at 521bp,
952bp, and 1788bp, respectively. B) Vector DNA run on neutral gel. M: Marker; V: vector DNA; P: pCI-ITR-EGFP
plasmid; (-) without Smal or BsrGl digested; (+) with Smal or BsrGl digested; C) Isolated vector DNA was run in alkaline
gel along with plasmid DNA. Red triangle indicates full-length DNA; Green triangle indicates truncated DNA bands.

To characterize virion genomes from DNA containing only one ITR, pCI-ITR-EGFP
plasmid was co-transfected with pAd and pHelper 28 into HEK293 cells. Virions were
harvested and purified 72-hours post transfection. The DNA contained in the virions was
then extracted. The profile of virion DNA from pCI-ITR-EGFP plasmid was analyzed by
bioanalyzer. The profile included the full-length DNA and various truncated DNA forms

(Figure 5A). The full-length (3878- bp) DNA peak was low. There were three high peaks
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observed at 521-, 952-, and 1788-bps. This DNA size distribution was consistent with the
DNA pattern on neutral gel (Figure 5B). Virion DNA from the pCI-ITR-EGFP plasmid
was observed at around 500-, 1000-, and 2000-bp as well as a weak full-length band
(Figure 5B).

To characterize the 1788-bp DNA band, the DNA was digested with Smal and BsrGIL.
Digestion resulted in the loss of the 1788-bp band and the introduction of a 1600-bp
band. This 1600-bp band is the same size as the short fragment from the pCI-ITR-EGFP
plasmid digestion with Smal and BsrGI (Figure 5B). This suggests that the 1788-bp DNA
fragment was double-stranded DNA. To identify if the truncated DNA is single or double
stranded, the virion DNA was run on an alkaline gel. The three truncated DNA bands
previously seen had, their sizes were doubled to around 1000, 2000, and 4000bp. This
would seem to indicate that the three truncated DNA forms are of double stranded DNA
with a snapback structure. These results demonstrate that vector plasmid with a missing
ITR produces contaminant virions with a snapback genome or other DNA configuration.
The contaminate virions could be a contributing factor observed in rAAV vector toxicity.

3.2 Biodistribution Of AAV In Mice

Gene Therapy is an evolving therapeutic strategy for the treatment of genetic diseases.
The introduction of genetic material into the host is a major hurdle. Viruses represent a
solution to the delivery vector issue. Viruses have naturally evolved to become efficient
carries of genetic material. They have the ability to target specific cell types. AAV is a
widely popular virus used in gene therapy.

The most targeted areas have been the eyes, liver, muscles, and central nervous system.

Several major organs such as the heart and lungs are not as targeted. Discovering AAVs
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with tropism to specific organs like the heart and lungs could allow for better treatment of
diseases relating to these organs.

The lungs are an organ that could use an AAV with specific tropism. Two obvious targets
for AAV gene therapy would be cystic fibrosis and alphal-antitrypsin deficiency. Both
genetic diseases could be rectified by the addition of a protein of interest. AAV targeting
the lungs could also be used to bring more surfactants to help clear and prevent
respiratory infections. Targeting the lung could also help with other afflictions, such as
lung cancers, pulmonary inflammation, and pulmonary hypertension. By coupling
understanding of the genetics contributing to these diseases with refined AAV vectors,
we could see a major leap forward in the treatment of these afflictions.

Barcoding of DNA involves the introduction of unique sequences of DNA into the rAAV
genome. Using these unique sequences, we have been able to track the distribution of
various AAV serotypes with the goal of showing tropisms of serotypes that have not been
previously studied. With better targeting of specific tissues, less virus will be needed to
be prepared. This will alleviate production issues.

The work done here not only investigates the distribution of AAV among wildtype mice,
but also at the distribution of AAVs in mouse and human hepatocytes. Human
hepatocytes were studied using humanized mice. The work shows that some AAV
serotypes do in fact preferentially target human hepatocytes over mouse liver cells and
vis versa. AAV-Go.l was identified as a virus that preferentially targeted the lung cells in

wild type mice.
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3.2.1 Barcoding AAV For The Study Of AAV Tropism

AAV Barcode Project

Generate Barcoded Pool library of 160 IV, Injection of Mice
AAV variants

® ® ®
ol

Harvest
tissue

NGS

® ®

Figure 6: Schematic for the workflow for AAV barcoding project. Each virus was
made in a single batch, with a corresponding barcode. Viruses were pooled to
10%3vg/ml. Mice were injected at 10~ vg/mouse. All internal organs and bones
were analyzed. NGS was performed to guantify both DNA and RNA levels.

The identification of viruses with specific tropisms will help to develop better treatments
for genetic diseases. With the combination of Next-Generation Sequencing and DNA
barcoding technology, viruses can more easily be tracked in vivo. To look at AAV
tropism, we generated a library of 160 different viruses. Unfortunately, due to unforeseen
issues, only 26 of the barcodes were revealed to us. These viruses contained specific
DNA barcodes which each correspond to specific capsid. All viruses were generated
separately and then pooled together for injections into mice. The mice all received tail
vein injections at 8 weeks of age. Mice were sacrificed at 1 week and 4 weeks. Organs
were isolated, and DNA and RNA was extracted. NGS was performed on these samples

to detect virus in each sample.
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3.2.2 AAV-Go.l Efficiently Transduces The Lungs In Mice

Lungs Barcode Reads DNA
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Figure 7: (A) DNA barcode reads corresponding to each unique virus
in each mouse set of lungs. (B) Percent comparison of DNA reads
found in each of the 4 tissues tested.
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Lungs Barcode Reads RNA
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Figure 8: RNA barcode reads corresponding to
each unique virus in each mouse set of lungs.

AAV-Go.1 is a caprine derived AAV. This AAV variant has been studied in the past, but
further studies have been lacking.?*? Using the barcoded library method, AAV-Go.l was
tracked along with the other variants generated for our library. Of the DNA sequencing
results, AAV-Go.l had the highest infection levels in lungs post tail vein injection. Not
only did this virus infect the lungs at the highest level among viruses injected, but almost
90% of the virus made its way to the lungs. Sequencing of RNA isolated from these
samples also showed roughly 90% of sequencing reads for AAV-Go.l came from lung

samples. AAV-Go.l showed higher DNA levels at 4 weeks than at 1 week. These results
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mirror previous results showing the high tropism AAV-Go.1 has for the lungs. AAV-
Go.1 will need to be studied more in the context of lung directed gene therapy.

3.2.3 Minimal AAV In The Brain

Brain Barcode Reads DNA
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Figure 9: DNA barcode reads corresponding to each unique
virus in each mouse brain.
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Brain Barcode Reads RNA
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Figure 10: RNA barcode reads corresponding to each unique
virus in each mouse brain.

AAV tropism to the brain has long been a target for researchers. As such we included the
brain in our samples to study. Several capsids reached the brain. Most notably we saw
AAV9 reach the brain consistently. The ability of AAV9 to transduce the brain is not a
new concept. AAV9 has been known for quite some time to have the potential to reach
the brain, breaking through the blood brain barrier.2*>-** It is unsurprising that our results

do not show much significance as the brain is difficult to target by intravenous injections.

72



3.2.4 Humanized Versus Mouse Livers

Liver Barcode Reads DNA
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Figure 11: DNA barcode reads corresponding to each unique
virus in humanized and wildtype mouse livers.
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Liver Barcode Reads RNA
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Figure 12: RNA barcode reads corresponding to each unigue
virus in humanized and wildtype mouse livers.

As more and more diseases are targeted for gene therapy, more viruses are needed to be
identified to target specific tissues. The liver is one of the most metabolically active
organs in the body. The question arose to what differences in infectivity there were
between a human hepatocyte and a mouse hepatocyte. To answer this question in addition
to wild type mice injections, 6 mice with humanized livers were injected with our
libraries. The mice were sacrificed at 1 week and 4 weeks to look at viral tropism. The
results interestingly do not show the cells of the humanized liver picking up viruses in a

similar manner to the wild type mice. This means that we will have to evaluate different
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viruses for different models, taking note that just because a virus works well in a mouse
does not mean that it will translate to a human or potentially a non-human primate.

3.2.5 AAV In The Heart

Heart DNA Barcode Reads
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AAV-Go.1
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AANTh10
AAVIB
AANVE-YT15F
AAV-Php.eB
AAVIB-Y445F-YTIF
AAV2-TMB
AAV-PHP.B
AAV1-Y445F-YTI1F
AAVEZFF

AAVY
AAV-Po.1
AAV-Hu. 88
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Figure 13: DNA barcode reads corresponding to each unigue
virus in each mouse heart.
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Heart Barcode Reads RNA

150000

AAV-Go.1
AAVE
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AAVIB
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AAV-PHP.B
AAV1-Y445F-YTI1F
AAVE. 2FF
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Figure 14: RNA barcode reads corresponding to each unique
virus in each mouse heart.

Looking over the results we saw in the heart was somewhat disappointing. Unlike the
lungs where we saw a clear virus that infected better than the others with specific
tropism, the heart did not have a strong candidate. Of the viruses that we tested that had
their barcodes revealed, AAV9 and AAV2 seemed to have the best tropism in mice to the
heart. Unfortunately, these viruses infect all sorts of organs well and are not specific to
the heart. Additionally, they are both well-known and well characterized viruses,

meaning they do not really advance out scientific knowledge. They do however further
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validate the idea that these viruses could be used for more global treatments, targeting
every cell in the body.

3.3 Effects Of O-linked Glycosylation On Inhibitor Formation

The formation of antibodies against FVIII represents one of the biggest challenges to
AAYV based gene therapy treatment of hemophilia A. Inhibitors form in up to 30% of
patients undergoing replacement therapy.’' The antibodies neutralize the effects of FVIIL
As discussed previously, the factors influencing inhibitor formation are not totally
understood.

Mounting evidence has begun to show that glycosylation plays a role in inhibitor
formation. Mannose loss at N2118 shows an abrogation of FVIII uptake by human
monocyte derived dendritic cells.”® This result did not hold in mouse monocyte derived
dendritic cells, indicating the possible differences between species in the endocytic
pathways and receptors involved.”® FVIII glycosylation of various products differ in a
number of ways including abundancy and glycoform.?® Interestingly studies on the use of
different recombinant FVIII products show that second generation FVIII products induce
inhibitor significantly more than third generation recombinant FVIII products, which
induce inhibitors at levels close to plasma derived FVIIL!? This could be explained by
the differences in glyco-patterns seen on different FVIII products.’’® Similar findings
were seen comparing CHO and BHK derived FVIII, in which mice treated with FVIII
produced in CHO cells had increased levels of inhibitor formation compared to BHK
derived FVIII treatment.!?! These results taken together indicate that glycosylation does

play an effect on FVIII inhibitor formation.
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Here we explore the effects of O-linked glycosylation on FVIII inhibitor formation.
Previous work has been focused on N-linked glycosylation. In this work, we show that
adding O-linked glycosylation to the B domain region produces active FVIIL
Interestingly our FVIII with a fibrinogen alpha chain O-link glycosylation motif seems to
be less immunogenic compared to our control. Having received data on O-link
glycosylated recombinant FVIII, we also created mutants. These mutants did not have an
effect on inhibitor formation in mice.

3.3.1 Designing Glyco-Enhanced FVIII

a-2-HS Glycoprotein Insert TQPVTSQPQPE
Fibrinogen Alpha Chain Insert STGKTFPG
F8-BDD-5Q O-linked Ocupancey scores a-2-HS O-linked Ocupancey scores Fibrinogen A O-inked Ocupancey scores
0.56 1.00 1.0
£ o £ oa £ os
2 g ]
ol = >
g 0.82 £ 096 £ os
- " &
s - 1 s
g 0.50 .5:‘ 094 g 0.7
0.48 0.92 0.6
1% 7 18 0 10 20 30 40 5 60 T [ 10 20 30 [ 50
Insert Amino Acld Position Insert Amino Acid Position Insert Amino Acid Position

Figure 15: (A) Amino acid sequences that were added in six repeats to the B domain region. (B)
Predicted scores of O-linked glycosylation at the serine and threonine sites within the repeats
and the F8-BDD-5Q control.

To study the effects O-linked glycosylation had on FVIII inhibitor formation, various
constructs with an addition to the B domain region were created. As there is no consensus
sequence for O-linked glycosylation, amino acid sequences with a high level of O-link
glycosylation abundance were picked from literature.?*® O-link glycosylation software

was used to show a general idea of the O-linked glycosylation within the motifs
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produced.?®” This analysis shows that both our FVIII with O-link glycosylation motifs
should be glycosylated within the region. This figure serves as a place holder for data that
could eventually show the true patterns. At present techniques do not exist to get glyco-
patterns of our O-linked glyco-enhanced variants. Sequences were inserted into the
vacated B domain region in a plasmid utilizing the liver specific transthyretin (TTR)
promoter. Testing for inhibitor formation against FVIII with additional O-linked
glycosylation was conducted using Balb/c mice with hemophilia A.

3.3.2 Activity Of Glyco-Enhanced Variants

FVIII Activity 24 Hour Post-Injection FVIII Activity 1 Week Post-Injection
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Figure 16: FVIII activity measured by aPTT assay at 24 hours and 1 week
post hydrodynamic injection in Balb/c mice. Mice were injected with 50
ug of respective plasmid. One-way ANOVA. AT test was used to
compare the two O-linked addition variants. (**%<.001)

Hydrodynamic injections were performed when mice reached 8 weeks old. A
hydrodynamic injection involves the rapid (5 to 8 seconds) injection of a saline solution
containing the genetic element of interest at 8-10% of the mouse body weight**®. The

mice were then bled at 24 hours, 1 week, 2 weeks, 3 weeks, 4 weeks, and 8 weeks. All
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mice injected showed FVIII activity (Figure 16). There was no statistical significance
measured between any of the constructs using One-way ANOVA. However, comparing
the activity at 24 hours between the two O-link glycosylated variants using a T test did
reveal a difference between the two. This difference however was not seen at one week.
FVIII activity was used as an efficacy data point as it measures hemostatic efficiency and
predicts bleed severity.

3.3.3 Inhibitor Formation Monitored Over 8 Weeks Post Hydrodynamic Injection
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Inhibitor formation was detected by Bethesda Assay. Mice began to show a significant
difference between the mice injected with FVIII-FibA and the mice injected with FVIII-
BDD at 4 weeks. This difference continued to be seen at 8 weeks, and at a higher level of
significance. ELISA testing showed that IgG against FVIII was significantly higher at 8
weeks comparing the FVIII-BDD control with the FVIII-FibA construct. The Alpha-2-
HS insert never reached a significant difference from the FVIII-BDD injections but did
fall in between the control and FVIII-FibA construct. These results show that FVIII-FibA
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does not generate as robust an immune reaction as FVIII-BDD. Combined with the
lower, but insignificant difference between the control and the Alpha-2-HS construct,
these results seem to indicate that in some way these constructs are able to affect the
immunogenicity of FVIIIL.

3.3.4 AAVS To Treat Hemophilia A With Glyco-Enhanced Variants

aPTT AAVS Injections

40+
-~ F8-BDD

& [8-0-2-HS
-4 F8-FibA

FVIIl Activity (%)

Weeks Post Injection

Figure 18: FVIII activity in the weeks following
AAVS injections at 10 vg/mouse.

To further look at the effects these O linked additions had on the immunogenicity of
FVIII, AAV based gene therapy was employed. The FVIII constructs were packaged into
AAVS8 vectors. These vectors were manufactured by Signagen. Mice were injected with
one the constructs (3 mice for each group) at 10!! viral genomes per mouse. Mice were
then monitored over 24 hours to ensure their health. As expression does not occur within
hours after AAV infection, the first bleeds took place prior to injections. No FVIII
activity was detected in any of the mice. Subsequent bleeds took place every 2 weeks up
to 8 weeks of age. The levels of FVIII activity were highest at 4 weeks. All constructs
produced FVIII activity over the course of the study. When checking for inhibitors in the

mice, no inhibitors were seen. This is not that surprising as AAV based gene therapy for
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hemophilia A does not always produce inhibitors against FVIIL.>*® The reason for this is
unknown at the time, but higher dosages of AAV can result in inhibitor formation.**

3.3.5 O-linked Glycosylation On RFVIII

22 sites totally
rFVIII o T
*. . h-@
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19 sites on B domain e

Red label overlapped with previous results

Figure 19: Mass Spectrometry data from Georgia State illustrating
the positions of O-linked glycosylation on a full length FVIII protein
generated by CHO cells.

Using data generated by our colleagues at Georgia State University, we next sought to
look at the effects of O-linked glycosylation on inhibitor formation. We mutated 3
identified areas of O-linked glycosylation outside of the B domain. These three sites were

mutated to produce mutants replacing the serine or threonine at the sites identified.
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3.3.6 Effects Of O-linked Mutants

A B
24 Hours post Hydrodynamic injection 1 week post Hydrodynamic Injection
200 150
_ 180
g‘g E"E‘ 100
H
g€ = w0
¢ 0
S $ 8
d&g::@:@ \"‘? e g‘&.b" L
oF &8 §§ s‘d\g‘\ \\\!\ o
F Q,F\ & _,¢ &
IEF S
Inhibitor Development Over 8 Weeks
80+
PAAV-FVII-BDD

-

s

PAAV-FVIII-1653Ala

-
- pAAV-FVII-Pro3s1
S

-+ pAAV-FVIII-1T42Lys

Bethesda Units
(4

(X3
-3
1

o
(5]
FS
@
L]
3

Weeks Post Injection

Figure 20: Hydrodynamic injections were performed on
Balb/c mice with 50ug each as previously described. Activity
was measured at (A) 24 hours and (B) | week. (C) Inhibitor
levels were monitored over 8 weeks starting at 2 weeks.

The plasmid constructs were then injected mice using hydrodynamic injections as
performed for the O-linked addition variants. The bleed schedules matched with our
previous study. Activity compared to normal was good for all three constructs. The three
constructs showed no significant differences from the control FVIII-BDD plasmid.
Starting at 2 weeks, inhibitor formation was measured. Inhibitors were detected in all the
mice tested. There was no significant difference in the inhibitor levels generated in any of

the variants compared to the control.
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4. DISCUSSION

4.1 Single ITR Plasmids Contaminate RAAV vectors

Previous in vivo and in vitro studies have demonstrated that intact ITRs are required in
cis for the successful rescue of rAAV genomes from the plasmids followed by viral DNA
replication.**!3% How ITR mutations and deletions affect replication and packaging of
viral DNA is complicated. Samulski et al. reported the deletion of 113bp in one ITR or
deletion of 11 bp in the C-C’ region of one ITR can be corrected.!>® Wu et al. showed
removal of the B-B’ and C-C’ regions from ITRs impairs packaging and transgene
expression of TAAV 3% Chen et al. found that one D element substitution did not impact
the viral DNA rescue or replication but led to polar packaging.’*® Xiao and Wang et al.
pointed out that the D-sequence is required for selective replication of the AAV genome
as well as for generating the viral single-stranded DNA genomes prior to their
encapsidation into progeny AAV virions.>*>3% They did this by systematically
constructing several recombinant AAV genomes containing deletions and substitutions
within the viral ITR sequences and examining in detail the effects of those alterations on
the rescue, replication, and encapsidation of the AAV genome in vivo. They also
observed that a kind of plasmid (pD29 and pXS-22) containing one ITR undergoes no
rescue event but does replicate and package.’*® The basis of this observation is unclear.
As shown in this study, we systematically analyzed how plasmids containing a single ITR
replicate and package by focusing on DNA characteristics. The presence of these single
ITR containing virions could have serious implications. We document those plasmids
containing only one ITR in pAAV/Ad systems can. When co-transfected with standard

vector plasmids; single ITR-containing plasmids interfere with viral DNA replication in a
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dose dependent manner. Southern blot assays show that the full-length plasmid replicated
into monomers and dimers independent of plasmid size (Figure 1). Packaging efficiency
is related to size (Figure 2). Standard vector preparation packaging efficiency also is
dictated by the vector genome size, as the size increases the packaging ability gradually
decreases in our single ITR mutants.> A 3.4-kb plasmid containing one ITR was
efficiently packaged comparable to a similarly sized standard rAAV (Figure 1). After
vector purification, the vector DNA was extracted. The DNA pattern was analyzed
running a neutral gel. The DNA distribution in the gel presented a weak 3.8-kb full length
band, plus various truncated bands including three dominant bands at 0.5-kb, 1.0-kb, and
2.0-kb (Figure 5A). To identify whether the DNA is single or double stranded, the DNA
sample was run on an alkaline gel. This resulted in three main bands around 1.0-kb, 2.0-
kb, and 4.0-kb indicating that these truncated DNA bands are snap-back DNA structure
(Figure 5B). The sizes were confirmed by bioanalyzer assay. The DNA distribution
spectrum observed on the DNA analyzer instrument showed that a few peaks occurred at
different sizes, three primary products localize at 521bp, 952bp, and 1788 bp size. The
3878 bp size peak corresponding to the whole plasmid length is weak (Figure 5C). These
results suggest that snapback or incomplete encapsidation is mainly from DNA breakage
at specific sites before 5’ ITR. ITR loss seen in plasmid amplification can lead to
contaminate virions in rAAV vector preparations. The contaminate virions are likely a
contributing force to the toxicity seen. It is impossible to remove this impurity from
vector preparations by downstream processing with current technologies. Our findings
underscore the importance of plasmid homogeneity specifically pertaining to intact ITRs.

Additional work is needed to develop better methods of DNA production to preserve
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ITRs. By identifying ways to produce only plasmids with intact ITRs, we will be able to

achieve better AAV vector yields with less contamination than we do today.

4.2 Biodistribution Of AAV In Mice

Identifying viruses with undefined tropisms will help to refine gene therapy moving
forward. Off target effects are an issue with the use of AAV based gene therapy. The
brain had the lowest levels of barcoded DNA. This is not unexpected as the blood brain
barrier that protects the brain is notoriously difficult to traverse. Several viruses were
seen early on at 1 week but were not detected as highly at 4 weeks. This would seem to
indicate the loss of the virus, contrary to the usual patterns seen among most AAV.
Further study will be needed to determine why these viruses were lost and what effects
the loss of these viruses is having on the brain. The results we saw for AAV9 matched
with previous results showing AAVO is able to provide therapeutic benefits to the mouse
brain following intravenous administration®**2°>. One issue with AAV9 use is that it is
not specific to the brain.>’” Our data meshes with these results as we found AAV9 in all
of the tissues we tested. The more virus that can be delivered to the target of interest, the
less virus will need to be produced. Needing less virus alleviates some of the issues posed
by production of this complex therapeutic agent.

AAV-Go.1 has been studied in the past. This virus was seen to have similar specific
tropism to the lungs with over 90% of the virus reaching the lungs. AAV-Go.1 not only
targeted the liver with a high specificity but was present in the highest level in the lungs

in both DNA and RNA counts. Verifying this result shows that AAV-Go.1 should be
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considered when designing gene therapy experiments targeting the lungs. The caveat to
these results is that we saw very different results in humanized mice compared to wild
type mice. There could be a similar result seen in the lungs in that just because this virus
works well in the mouse lungs it does not work well in the human lungs or in other
species for that matter. Further results will be needed including studies in non-human
primates to further verify the results that this virus is good for targeting the lungs. Further
exploration will be needed to identify glycans and proteins that this virus interacts with.
These results show good evidence for this method to be further utilized to find specific
tropic AAVs among the backlog of identified AAVs. By screening using these methods
we may find viruses that can further refine gene therapy.

The ITRs used also need to be considered when generating AAV for use in gene therapy.
Most work completed has used AAV2 ITRs. There is a fairly through understanding of
AAV?2 transduction. While AAV?2 has been well studied, the other serotypes have not. It
would be interesting to look into the transduction efficiency of certain AAVs with their
native proteins and ITRs. In this experiment all viruses were packaged with AAV2 ITRs
using AAV?2 Rep proteins. An additional note needs to be made that several types of
AAYV found in rats were tried and failed. Whether this is due to the differences in
packaging abilities was not uncovered by this study. It would be interesting to look at
whether we can affect packaging with using native proteins and ITRs.

The AAV-PHP construct did not reach the brain. This is curious as this variant was
specifically designed to target the brain. We believe that the issue is most likely due to

poor production. We believe this to be true as the virus was not seen at significant levels
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in any of the other organs we looked at. As such we believe the major points to take from
this study are the positive results as they are the only results, we can truly lean on.

The difference seen between the humanized liver and the mouse liver is very interesting.
One reason there may be such a disparity is because AAV uses glycan structures to enter
the host. It is well known that glycans differ vastly not only among species but also
among cell types. This is one of the reasons why AAVs have different tropisms. It is
possible that the glycan structures on human hepatocytes and mouse hepatocytes
influences tropism and causes the disparity seen. Further studies would need to be
conducted to verify this. Another possibility is that the dynamic system of the humanized
liver in the mouse causes the disparity, allowing for different viruses to take advantage of
the environment and have better infectivity. This dynamic environment involved with
humanized livers could be influencing the exposed glycans and proteins on the
hepatocytes influencing the infectivity.

The identification of targets for AAVs is important for several reasons. By finding AAV
that can specifically target an organ of interest, researchers will not need to make quite so
much virus. If a higher percentage of virus infects the tissue needed to make a protein or
have RNAI introduced, less virus may be needed. This is of particular importance as
AAYV production is labor intensive and overall costly. Also, as AAV preparation
contamination has come more into focus this result may be even more beneficial. If less
virus is needed to produce therapeutic effect, then the issues with the high levels of viral
contamination will be mitigated. Many of the adverse effects seen have been in high
dosage cohorts. An issue is that these high dosages are needed to get sufficient virus to

the target cells. The refinement of AAV to target specific tissues and cells will help to
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refine the system as a whole. Identifying AAV with tropisms specific to certain organs
will have the additional benefit of using the natural cell machinery to produce any
missing proteins. Proteins are generally produced in certain cell types. Last the specific
targeting of organs could help to stem any unforeseen issues with other tissues, by
preventing the additional genetic material from going places it is not expected to go.

4.3 Effects Of O-linked Glycosylation On Inhibitor Formation

FVIII gene therapy is a possible solution to several complicated issues involved with the
treatment of hemophilia A. Inhibitor formation being a costly and potentially deadly
affliction requires a thorough understanding on what causes inhibitor formation and how
we can combat this. Glycosylation is one possible factor in inhibitor formation. Based on
our results, there is a possibility that O linked glycosylation does play a role in FVIII
inhibitor formation.

Curiously, evidence is beginning to emerge that O-linked glycosylation may in fact have
an effect on antigenicity. Ber e 1 is a allergen of the Brazil nut. When this allergen was
produced by P. pastoris, not only did the O-linked glycosylation change, but the binding
properties of the antigen to human leukocyte antigens (HLAs) also changed.” This
change in glycosylation could mean that O-linked glycosylation does indeed have a role
in immunogenicity, possibly supporting the idea that O-linked plays a role in changing
the antigenicity of FVIIL

Curiously the FVIII-FibA construct seemed to have a lower immune response than the
control, FVIII-BDD. There are a number of different reasons that this effect could be
seen. Steric hinderance is a possibility. This would seem rather unlikely due to the fact

that the B domain is not involved with FVIII activity and inhibitors are known to target
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functional regions of FVIIL Studies looking at the epitopes of the antibodies formed
against these variants will be needed to explore this possibility. Epitopes could have
changed due to conformational shifts to the protein folding induced by the additional
glycosylation. Again, epitope studies could help with the understanding of this
phenomenon. The processing of FVIII could be causing the difference between the
constructs. Possibly the glycosylation helps the immune system to recognize the protein
as self. Another possibility is that the lower activity levels have an effect. We did not see
statistically significant differences in activity levels, but it is possible that that lower
activity and abundance played a role.

The major caveat to this is that we do not know the glyco-signature of any of our
variants. The predictive values are just that, predictive. They are by no means verification
that O-linked glycosylation will take place at the serine and threonine amino acids added
to the sequence. Due to FVIII’s low abundance in the blood and the difficulty of isolating
enough FVIII from mouse blood, it is not currently possible to run mass spectrometry on
our samples. We are currently working on producing our variants using BHK cells in line
with commercially produced rFVIIL. Again, the issue here will be that the glyco-signature
will not match that seen in the mouse. Results from using this variant may be very
different from what was seen in the hydrodynamic injection experiments. Experiments
using rFVIII produced by BHK cells will allow us to look more closely at the O-linked
glycosylation using mass spectrometry. The rFVIII could also potentially be looked at for
overall structure using crystallography. Crystallography would allow us to understand
any protein structure changes caused by the insertions. To further understand how these

variants effect inhibitor formation, epitope studies will need to be conducted. This will
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help us to understand where antibodies are forming against our variants versus our
control.

As the hydrodynamic injections were able to produce inhibitors and the AAV injections
were not, it leads to the question of why there is this discrepancy. One hypothesis is that
the hydrodynamic injections cause a more inflammatory liver, which could in theory
make the FVIII more prone to being responded against. Inflammation correlating to AAV
dosing has been established.>®-3!° Higher doses of AAV have been shown to develop
inhibitors in rhesus monkeys, while loser doses did not always develop inhibitors.>” No
evidence currently links the increase in inflammation caused by higher dose AAV with
inhibitor formation, but it is a possible explanation as to why the AAV studies we
conducted produced no inhibitors. Consistent with this thought is that inflammation of
the liver interferes with the livers ability to make gene therapy more tolerogenic in
hemophilia A dogs.*!!

Our O-linked site mutagenesis FVIII variants produced fewer interesting results than did
our O-Linked addition variants. The results were generally very similar to the results seen
for our control FVIII-BDD in both the sets of mice used for the sets of hydrodynamic
injections. One possibility is that the vastly different glycopatterns seen between species
and cell lines means that in mice these sites are not actually O-link glycosylated. Our data
was derived from CHO cells. The differences between species could mean that these sites
are not glycosylated in mice, meaning we did not actually test for the effect of O-linked
glycosylation. Techniques will need to be improved to detect the glycopatterns of FVIII

produced by these mice. At the present due to the low abundancy of FVIII and the small
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amounts of blood that can be taken from each mouse it is near impossible to get enough
blood to perform a comprehensive mass spectrometry on these variants.

It is my hypothesis that one of the reasons for inhibitors at higher doses of FVIII gene
therapy utilizing AAV is likely due to the UPR creating a more inflamed liver. As the
amount of FVIII being produced rises, so does this response. It is known that high levels
of I1-2 in the liver causes the liver to lose its tolerogenic abilities. Because FVIII is well
known to activate the UPR unlike FIX, I believe the UPR is a driving force in the
development of inhibitors. This could also explain why the response is delayed. More
research will be needed to see if this is the case. It is possible that because our FibA
mutant added glycosylation it alleviated this response, which is something I plan to look
into in the future. This seems a possibility due to the influence glycosylation has on
protein trafficking. A further reason I believe this to be a likely possibility is the non-
homologous nature of AAV production. As batches have all different types of DNA
species included, no two batches are really the same. This could explain why there are
different responses to clinical studies in the treatment of hemophilia A with AAV based

gene therapy.
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S. CONCLUSIONS

Genetic disorders can be treated by gene therapy. Viral based gene therapy represents a
viable option for the delivery of genetic material to afflicted tissues or organs. Work is
needed to understand many of the complex issues involved with AAV based gene
therapy. Hemophilia A may be on disease that can be treated using AAV based gene
therapy. Understanding issues with both the delivery vehicle and the response to the
FVIII protein are both necessary to developing an effective therapy.

Research presented here provides pieces to the puzzle. By fitting together information,
hemophilia A treatment with AAV based gene therapy will be possible. Of the puzzle
pieces observed in these results, we have looked at how contamination can enter into
rAAYV vectors. Tested a number of different AAV types in the hope of finding viruses
with more specific tropisms. We have studied the effects of glycosylation on antibody
formation against Factor VIIL

Contamination of rAAV is among the chief emerging concerns of AAV based gene
therapy. The presence of non-viral proteins and nucleic acids in AAV vector preparation
has long been acknowledged. Issues abound in rAAYV production systems, and one of
those issues is the loss of an ITR during plasmid production in bacteria. In our work, we
have shown that plasmids containing just one ITR can replicate and package into rAAV.
These contaminating sub particles are impossible to get out of the preparation once they
are present. These single ITR plasmids have a detrimental effect on the yield of rAAV
vectors. Single ITR plasmids can have ITRs in either conformation, which inhibit

production regardless of orientation. These mutant plasmids have a dose dependent effect
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on rAAYV yield. And finally, these single ITR plasmids can form fragmented, sub-
genomic particles.

AAV tropisms were another subject of study. By finding the most specific and robust
viruses, AAV based gene therapy can be refined. This could lead to the reduced need for
large batches of viruses and lower the need for such high doses of virus to be injected.
The brain proved to be a difficult organ to transduce as we had expected. The heart saw
some nice expression, but no virus with clear specificity. AAV-Go.l infected the lungs
very well and saw good expression, pointing to its possible use for the treatment of
genetic diseases of the lungs like Cystic Fibrosis and Alpha-1 Antitrypsin deficiency.
Looking at the liver we saw robust expression of a number of viruses. Viral abundance in
the humanized liver differed from the mouse liver model that we used. These results shed
light on a virus to study for lung targeting gene therapy as well as suggest that different
viruses should be used to study different species.

Finally, to tackle the issues regarding inhibitor formation against FVIIIL, we looked at
generating mutants that could affect the immunogenicity of FVIIL. Motifs that were
commonly O-link glycosylated in the circulation were added to the vacated B domain
region. These new constructs showed no significant difference in activity compared to the
control construct. Our FVIII-FibA construct did not generate as robust a response as our
control FVIII-BDD. AAYV based gene therapy in a Balb/c mouse model produced no
inhibitors.

These findings can hopefully aid in the piecing together of the puzzle that is AAV based
gene therapy for hemophilia A. As we continue to learn about what factors are

detrimental to the success of gene therapy, we will be able to design better treatments.
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Hopefully this work can help to lead to the development of AAV based gene therapy for

hemophilia A.
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