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ABSTRACT

Optimization of a Lentiviral Vector for use in an HSC Gene Therapy Protocol
for Hemophilia A

By

Jennifer Marie Johnston

Gene therapy for hemophilia A has been hindered by limited expression of factor VIII
(FvHD). In order to overcome the expression barrier, several high-expression fVIII
transgene sequences were compared and identified enhanced expression of a B domain
deleted porcine fVIII sequence. As a result, a high-expression fVIII transgene was
engineered and used to genetically modify HSCs and effectively treat hemophilia A mice.
Prior to clinical application, the components of the self-inactivating lentiviral vector
system needed to be optimized in regards to viral production, transduction efficiency and
transgene expression. Specifically, three parameters were evaluated: 1) the woodchuck
hepatitis post-transcriptional regulatory element (WPRE), 2) HIV versus SIV viral vector
systems, and 3) various internal promoters. Based on these studies, an optimized vector
contains the HP-fVI11 transgene driven by a CMV internal promoter within a SIV-based
lentiviral backbone devoid of a WPRE. In addition, two obstacles faced by the field of
gene therapy were confronted. Firstly, lentiviral vectors containing fVIII transgenes
consistently have lower titers compared to similar vectors containing other transgenes.
An alternative approach to lentiviral production was attempted in BHK-M cells.
However, the transfection efficiency was too low to produce substantial amounts of virus.
The second obstacle addressed is that of the inefficiency of lentiviral vectors to transduce
HSCs. Limited transduction efficiency has been observed clinically with the use of
lentiviral vectors and will need to be enhanced in scenarios in which a growth advantage
is not expected as is the case for hemophilia A. Therefore, a high-throughput screen was
performed to identify compounds that could enhance the transduction of HSCs by
lentiviral vectors. A library of 1280 pharmacologically active compounds was screened
using K562 cells in the presence of a SIN lentiviral vector encoding a GFP transgene.
Among the positive hits were known enhancers of transduction, as well as phorbol 12-
myristate 13-acetate (PMA). Transduction was enhanced in K562, EU1 and most notably
CD34" cells following treatment with PMA prior to transduction. The results from this
report were used to help develop a lentiviral vector that is currently being considered by
the FDA for a clinical trial to treat hemophilia A.



Optimization of a Lentiviral Vector for use within an HSC Gene Therapy Protocol

for Hemophilia A

By

Jennifer Marie Johnston
BA, Southern Illinois University at Edwardsville, 2005
MS, Southern Illinois University at Edwardsville, 2007

Advisor: H. Trent Spencer

A dissertation submitted to the Faculty of the
James T. Laney School of Graduate Studies of Emory University
in partial fulfillment of the requirements for the degree of
Doctor of Philosophy
in Graduate Division of Biological and Biomedical Sciences Program in Molecular
and Systems Pharmacology
2013



TABLE OF CONTENTS

Page #
Chapter 1: Introduction to Gene Therapeutic Approaches for Hemophilia A

1.1— Hemostasis and Blood Coagulation 2
1.2— Hemophilia A: A Deficiency of Factor VIII 13
1.3— Pharmacological Principles of Gene Therapy 21
1.4— Historical Perspective of Gene Therapy 31
1.5— Preclinical Gene Therapeutic Applications to cure hemophilia A 34
1.6— Limitations of Gene Therapy 51

Chapter 2: Pharmacological Evaluation of Lentiviral Vector Optimized for fVI1II

Expression
2.1— Introduction 59
2.2— Materials and Methods 62
2.3— Results 71
2.31— Assessment of the WPRE sequence 71
2.32— Comparison of three lentiviral vectors 80
2.33— Analysis of three internal promoters 90
2.34— Hematopoietic stem cell gene therapy for hemophilia A 92

utilizing the optimized lentiviral vector



2.4— Discussion

Chapter 3: Assessment of Alternative Approaches to Lentiviral Production and

Transduction

3.1— Introduction
3.2— Materials and Methods
3.3— Results
3.31— Toxicity of VSVG in BHK-M cells
3.32— Effect of alternatively pseudotyping an HIV-based lentiviral
vector
3.33— Knocking down p21
3.34— Utilizing spinoculation as a means for enhancing sca-1"
transduction

3.4— Discussion

Chapter 4: Pharmacologic Enhancement of Lentiviral Transduction

4.1— Introduction

4.2— Materials and Methods

4.3— Results

96

102

106

108

108

115

118

122

133

138

140

146



4.31— High-throughput screen identifies lead compounds 146

4.32— High-throughput screen identifies false positives 151

4.33—High-throughput screen identifies previously confirmed 158
enhancers

4.34— Enhancement of the Positive Hit, PMA is cell dependent 162

4.35— Mechanism for PMA effect on K562 cells 179

4.4— Discussion

Chapter 5: Conclusions and Future Perspectives

5.1— Conclusions 192

5.2— Future Perspectives 204



LIST OF FIGURES AND TABLES

Figure 1.1 Primary Hemostasis: Platelet Aggregation and Degranulation
Figure 1.2 Secondary Hemostasis: Coagulation Cascade

Figure 1.3 Regulation of the Coagulation Cascade

Figure 1.4 The progression of fVII11 from gene to activated protein

Table 1.1 Recurrent mutations in the fVIII gene

Figure 1.5 Progression of lentiviral vector packaging systems

Table 1.2 Clinically Beneficial Gene Therapy Trials for Monogenic Diseases

Table 2.1 The effect of benzonase treatment on copy number analysis

Figure 2.1 Copy number analysis over time reveals loss of non-integrated lentiviral

vector by seventy-two hours following viral transduction

Figure 2.2 Evaluation of the WPRE sequence in SIV and HIV vector systems in
regards to viral production

Figure 2.3 Evaluation of the WPRE sequence in regards to HP-fVI11 expression
Figure 2.4 Evaluation of transcriptional read-through in the absence of a WPRE
Figure 2.5 Comparison of SIV- and HIV-vector systems encoding HP-fV1II
Figure 2.6 Comparison of SIV- and HIV-vector systems encoding HP-fVIII
Figure 2.7 Comparison of SIV- and HIV- vector systems encoding eGFP

Figure 2.8 Comparison of SIV- and EIAV- based vector systems encoding eGFP
Figure 2.9 Effects of various internal promoters on HP-fVIII activity in vitro

Figure 2.10 In vivo expression of the optimized vector in transplanted hemophilia
A mice

Figure 3.1 PEI toxicity assessment in BHK-M cells

Figure 3.2 VSVG toxicity assessment in BHK-M cells

Page #

11
15
19
29
53
65

68

73

77
79
82
84
86
89
91

94

111

113



Figure 3.3 VSVG toxicity assessment in HEK-293T cells
Figure 3.4 Transfection efficiency assessment

Figure 3.5 Viral infectivity assessment of alternatively pseudotyped HIV-based
lentiviral vectors

Figure 3.6 Utilizing p21 siRNA to enhance lentiviral transduction

Figure 3.7 The effect of p21 silencing to enhance lentiviral transduction

114

116

117

120

121

Figure 3.8 The effect of spinoculation on transduced K562 cells with an MOI1 of 15 124

Figure 3.9 The effect of spinoculation on transduced K562 cells with an MOI of 5
Figure 3.10 HP-fVIII expression overtime in K562 cells

Figure 3.11 The effect of spinoculation on sca-1" cells

Figure 3.12 The effect of adding spinoculation to the transduction protocol

Table 3.1 Sca-1" viability following spinoculation

Figure 4.1 Optimization of the high-throughput screening protocol

Figure 4.2 Visual representation of the high-throughput screen

Figure 4.3 Forskolin as an example of a false positive identified from the
high-throughput screen

Figure 4.4 SB 205384 a false positive identified from the high-throughput screen

Figure 4.5 Cytosine-1-p-D-arabinofuranose hydrochloride: a false positive of the
high-throughput screen

Figure 4.6 Camptothecin enhances lentiviral transduction
Figure 4.7 PMA enhances lentiviral transduction of K562 cells
Figure 4.8 PMA enhances the transduction of EU1 cells

Figure 4.9 PMA enhances the transduction of a lentiviral vector encoding a
high-expressing fVI11I transgene

Figure 4.10 Assessment of the effect of PMA on a panel of cell lines

125

127

129

131

132

148

150

152

155

157

160

163

166

168

172



Figure 4.11 Lack of PMA effect on murine hematopoietic stem and progenitor cells 174

Figure 4.12 PMA enhances lentiviral transduction of CD34" cells 177
Figure 4.13 Assess of DNA fragmentation as a result of PMA treatment 181
Figure 4.14 Use of a PKC inhibitor as a means to determine the mechanism 183

whereby which PMA enhances the lentiviral transduction of K562 cells
Figure 4.15 Western Blot detecting LEDGF levels following PMA treatment 185

Figure 5.1 Viral vectors proposed for gene therapy protocols for the purpose of 197
treating hemophilia A

Figure 5.2 Schematic of gene therapy protocol for the treatment of hemophilia A 202

Figure 5.3 Modes of gene transfer proposed for the treatment of hemophilia A 210



LIST OF ABBREVIATIONS

AAV adeno-associated viral vector
ADA-SCID adenosine deaminase deficient severe combined immunodeficiency
ADP adenosine diphosphate

ANOVA analysis of variance

APTT activated partial thromboplastin

AT antithrombin

BGpA bovine growth hormone poly A sequence
BHK baby hamster kidney

BiP immunoglobulin binding protein

BOEC blood outgrowth endothelial cells

bp base pairs

Cp [-actin promoter

CD cluster of differentiation

cDNA complementary deoxyribose nucleic acid
CFU colony forming unit

CMV cytomegalovirus

CPPT central polypurine tract

DAG diacylglycerol

DNA deoxyribose nucleic acid

DMEM Dulbecco’s Modified Eagle’s medium
DMSO dimethyl sulfoxide

EFla human elongation factor-1 alpha



EIAV equine infectious anemia virus

ELISA enzyme linked immunosorbent assay
ENH enhancer

ES embryonic stem cells
FACT normal human plasma
FDA food and drug administration
FITC fluorescein isothiocyanate
FU fluorouracil

v factor V

fVa active factor V

Vil factor VII

fVila active factor VII

Vil factor VIII

fVilla active factor VIII

fIX factor 1X

flXa active factor 1X

X factor X

fXa active factor X

XI factor XI

XI1 factor XIlI

X111 factor XIlI

GFP green fluorescent protein

GMP good manufacturing procedures



HEK human embryonic kidney

HIV human immunodeficiency virus
HPTVIII high expression B domain-deleted factor VIII
HRS hours

HSC hematopoietic stem cell

iPS induced pluriopotent stem cells

IRES internal ribosomal entry site

kb kilobases

kg kilograms

LEDGF lens epithelium-derived growth factor
LMO2 lim domain only 2

LOPAC library of pharmacologically active compounds
LSECs liver sinusoidal endothelial cells

LTR long terminal repeat

MFI mean fluorescent intensity

Mg micrograms

mg milligrams

miRNA micro ribonucleic acid

uL microliter

mL milliliter

MLV murine leukemia virus

puM micromolar

pumol micromoles



MOI
MRNA
MU
ng
nM
PCR
PEI
Pg
PGK
PKC
PLC
PMA

PMOL

gPCR
RNAI
RRE
SCA-1*
SIN
SIRNA
SIV
TALEN

TF

multiplicity of infection
messenger ribonucleic acid
milliunits

nanograms

nanomolar

polymerase chain reaction
polyethyleneimine

picograms

phosphoglycerate kinase
phosphokinase C

phospholipase C

phorbol 12-myristate 13-acetate
picomoles

psi, packaging sequence
quantitative polymerase chain reaction
ribonucleic acid interference
rev response element

stem cell antigen-1"
self-inactivating

small interfering ribonucleic acid
simian immunodeficiency virus
tal effector nuclease

tissue factor / thromboplastin



TFPI
tRNA
TU
TUNEL

TXA;

UTR
VSVG
VWF
WAS
WPRE
X-ALD
X-SCID

ZFN

tissue factor pathway inhibitor

transfer ribonucleic acid

transducing units

terminal deoxynucleotidyl transferase dUTP nick end labeling
thromboxane

units

untranslated region

vesicular stomatitis virus glycoprotein

von Willebrand factor

Wiskott-Aldrich syndrome

woodchuck post-transcriptional regulatory element
X-linked adrenoleukodystrophy

X-linked severe combined immunodeficiency

zinc finger nuclease



Chapter 1:
Introduction to Gene Therapeutic Approaches for

Hemophilia A



1.1— Hemostasis and Blood Coagulation

Hemostasis is the physiological response to vessel injury in order to prevent blood loss.
Normal hemostasis is a two part process consisting of primary and secondary hemostasis
(Lippi et al., 2009). Primary hemostasis begins immediately after injury with the local
contraction of vascular smooth muscle and concludes with the formation of a platelet
aggregate plug. During secondary hemostasis, the soft platelet plug is stabilized and
vasoconstriction is maintained by the release of serotonin, prostaglandin and

thromboxane from the activated platelet.

In the absence of injury, clot formation is prevented by the physical separation of
platelets and collagen. The disruption of the endothelial layer, due to injury, eliminates
this separation. Local vasoconstriction retards the flow of blood not only preventing
extravascular blood loss but also facilitating the interaction between platelets and
collagen (Figure 1.1). Platelets adhere to collagen at the site of vascular injury both
indirectly and directly. At high shear rates associated with small arteries and arterioles,
platelets indirectly bind to collagen via von Willebrand factor (VWF). VWEF is produced
not only by megakaryocytes (Nachman et al., 1977) but also by endothelial cells of the
vascular wall (Jaffe et al., 1974) and is thus found within the plasma as a circulating
protein. Once collagen is exposed, VWF binds and becomes immobilized upon
undergoing an extended shape conformational change due to sheer forces (Siedlecki et
al., 1996). Glycoprotein Ib, a component of the multimeric glycoprotein complex
(Ib/VI1X) unique to megakaryocytes and platelets (Davi and Patrono, 2007), interacts

with VWF bound to collagen. This interaction is unstable with a fast off-rate of



dissociation evident by platelet rolling caused by transient interactions between
immobilized VWF and platelet glycoprotein Ib (Savage et al.,, 1996). Despite the
transient nature of this initial interaction, it is necessary to decelerate platelets allowing
new stable bonds with slower intrinsic binding kinetics to form. These include the
binding of immobilized VWF to the platelet integrin opPs (also referred to as
glycoprotein Ilb/Illa) and the direct binding of collagen to platelets via the integrin azf;
(also referred to as glycoprotein la/lla) (Rivera et al., 2009). Direct adhesion of platelets
to collagen also occurs during levels of low sheer stress within the surrounding medium
of veins and arteries. In these vessels, platelets are more numerous making a more
amenable scenario for the direct binding of fibrillar collagen to platelets via integrin oyp;
followed by subsequent binding to glycoprotein VI (Surin et al., 2008). Glycoprotein VI
binding results in a series of intracellular signals providing inside out signals for
integrins. At this point integrins can be converted by a conformational change from that

of a basal low ligand affinity to a high affinity state (Watson and Nieswandt, 2003).

The adhesion of platelets to collagen results in platelet degranulation. Platelets release
the contents of stored granules into the blood, which includes the release of adenosine
diphosphate (ADP), thrombin and thromboxane A, (TXA;). These molecules act as
mediators recruiting circulating platelets to the site of injury, a process termed platelet
activation. Each mediator acts through a G-protein-coupled-receptor in order to increase
intracellular calcium. For example, ADP acts through P2Y; and P2Y 1, coupled to G, and
G; respectively. Thrombin signals through PAR1 and PAR4 receptors. TXA; binds to

the TPa and TPP receptors coupled to the G proteins Gg, Gi3, and Gy2.  All interactions



result in an increase in intracellular calcium which activates protein kinase C (PKC).
PKC in turn activates phospholipase C (PLC) which activates integrin o3 increasing
the affinity for fibrinogen. Platelets then aggregate due to fibrinogen adhesions between
neighboring platelets (Kulkarni et al., 2000). VWF can also bind to the integrin opB3 to
stabilize these interplatelet bridges (Lippi et al., 2009), but alone is insufficient for stable
platelet aggregation (Ni et al., 2000). Platelets are further activated exposing
procoagulant phospholipids such as the negatively charged phosphatidylserine and
phosphatidylethanolamine (Bevers et al., 1982). This provides a surface for the factors of
the coagulation cascade to bind as part of secondary hemostasis (specifically the tenase
and prothrombinase complex). During secondary hemostasis, the soft platelet plug
formed at the conclusion of primary hemostasis is stabilized. Fibrinogen between the
aggregated platelets is converted to fibrin at the conclusion of the coagulation cascade

which crosslinks to form an insoluble fibrin matrix-like gel.
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Figure 1.1 — Primary Hemostasis: Platelet Aggregation and Degranulation. Injury
exposes the extracellular matrix beneath the endothelial lining of the vessel. Platelets can
bind to exposed collagen within the extracellular matrix both indirectly or directly. VWF
binds collagen and undergoes a conformational change immobilizing VWF at the site of
injury. Platelets bind indirectly to collagen via bound VWF initially via an unstable
interaction visible as platelet rolling. This initial interaction decelerates platelets
allowing more stable interactions to form which includes binding to VWF as well as
direct interactions with collagen.

Abbreviations: VWF (von Willebrand Factor)



Secondary hemostasis involves the process of blood coagulation. Blood coagulation is
separated into two proteolytic cleavage cascades denoted as the extrinsic and intrinsic
pathways (Figure 1.2 A). Both pathways result in the formation of fibrin which becomes
cross-linked to each other forming a fibrin clot. The extrinsic pathway is initiated by the
interaction between the extravascular tissue factor, thromboplastin (TF) and factor VII
(fvll). The importance of these two proteins to the cascade has been confirmed by
embryonic lethality within both TF knockouts and fVII knockouts (Toomey et al., 1996)
(Rosen et al., 1997). Under normal conditions, the two proteins are separated by the
vascular wall. TF is constitutively expressed by vascular smooth muscle cells (Schecter
et al., 2000) whereas fVII circulates within the bloodstream as an inactive zymogen after
being secreted by the liver. TF and fVII come in contact with each other after the
disruption of the vessel endothelium. As a result fVII and TF form a complex which
facilitates the cleavage of fVII into an active form, initiating the proteolytic cleavage
cascade. Of note, 1% of the secreted fVII circulates as an active form independent of TF.
It is thought that this small amount of activated fVII acts as a primer to facilitate timely
initiation of the coagulation cascade (Eigenbrot, 2002). However, activated fVII does not
possess proteolytic activity unless bound to tissue factor. The complex formed between
TF and active fVII (fVIla) can activate multiple factor X (fX) molecules as well as
activating factor 1X (fIX) albeit less efficiently resulting in activated fX (fXa) as the
initial product (Osterud and Rapaport, 1977) (Figure 1.2 B). The initially formed
activated fX is sufficient to cleave small amounts of prothrombin to thrombin (also
referred to as factor I1) (Butenas et al., 1997). The small amount of thrombin that is

produced by the extrinsic pathway accelerates the coagulation cascade cleaving factor V



(fV) (Mann et al., 2003), factor VIII (fVIIl) and factor X1 (fXI) into their active
constituents (Fay, 1988). However, the extrinsic pathway alone is not able to produce
substantial amounts of thrombin for the conversion of fibrinogen into fibrin. This is due
to the rapid inactivation of the TF-fVIla-fXa complex by tissue factor pathway inhibitor
(TFPI) as well as the inhibition of fXa and thrombin by the serine protease inhibitor,
antithrombin (AT) (See Figure 1.3 for further discussion of anticoagulation). Thus the
second proteolytic cascade of blood coagulation, the intrinsic pathway is vital to the

stabilization of the soft platelet aggregate plug.

The intrinsic pathway is initiated in vitro by the association of prekallikrein and a
negatively charged surface. Here, prekallikrein is converted to kallikrein. Kallikrein in
turn activates factor XII (fXII). Activated fXII can then cleave fXI. The role of the
previously mentioned cleavage events, otherwise referred to as the contact pathway, in
physiological hemostasis is not clear yet. Deficiencies in fXII and prekallikrein do not
result in abnormal bleeding in vivo (Wuepper, 1973; Colman et al., 1975). However
these cleavage events have been traditionally included in the waterfall/cascade model
(Figure 1.2 A) and have thus been included in this dissertation for completeness. The
next step in the cascade is the cleavage of fIX) by activated fXI. As stated previously,
fXI is cleaved by the small amounts of thrombin produced as a result of the extrinsic
pathway prior to inactivation. Thus, the intrinsic pathway is initiated in vivo by thrombin
and not as a result of the contact pathway. The cleavage of fIX by activated fXI further
increases the abundance of activated fIX, since fIX can be initially cleaved by active fVII

from the extrinsic pathway (Figure 1.2 B). Once fVIII becomes activated (by thrombin),



activated fIX together with activated fVIII and Ca** form a tenase complex on the
membrane of an activated platelet. The activation of fX is dependent on the assembly of
the tenase complex. The formation of the tenase complex positions fX to be cleaved by
fIX. More than ninety percent of activated fX is generated through the intrinsic pathway
(Hockin et al., 2002) (Figure 1.2 B). Therefore, the trace amounts of thrombin produced
by the extrinsic pathway act to amplify the propagation of activated fX and in turn the
propagation of thrombin itself. Thus an inefficient intrinsic pathway as a result of a

deficiency in one of the key players such as fVIII or fIX greatly affects hemostasis.

The intrinsic and extrinsic pathways of the coagulation cascade, as part of secondary
hemostasis, converge at the formation of the prothrombinase complex composed of the
activated cofactor, fV (also by thrombin), and activated fX (Figure 1.2 A and B). This
complex forms on the surface of activated platelets in the presence of calcium ions.
Binding to the platelet membrane localizes the concentration of the products of the
coagulation cascade which in this case results in fX cleaving prothrombin yielding
thrombin. Thrombin is then released from the membrane to cleave soluble fibrinogen
into fibrin between platelets to form an insoluble fibrin matrix like gel. In addition, fibrin
then activates factor XIII (fXII) which forms crosslinks within the fibrin strands

increasing the strength and elasticity of the fibrin clot.
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an active enzyme. The extrinsic pathway is initiated upon trauma exposing tissue factor
and activating fVII. (B) Through the extrinsic pathway minute amounts of prothrombin
is converted into thrombin, which accelerates the cascade by activating the cofactors fV
and fVIII. Activated fVIII interacts with the initial amounts of activated fIX forming a
tenase complex which more efficiently converts inactive fX to an active form (as
represented by a thick black arrow). In this manner, the intrinsic pathway is the
predominant mode whereby thrombin is produced. The cascade culminates with the
formation of a stable fibrin clot.

Abbreviations: TF (Tissue Factor).
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Figure 1.3 — Regulation of the Coagulation Cascade. (A) The process of secondary
hemostasis is tightly regulated by the above inhibition factors. The extrinsic arm of the
coagulation cascade is inhibited by TFPI acting on the active protease complex consisting
of TF, fVIlla and fX. However, TFPI is present in the bloodstream at low concentrations
(approximately 2.5 nmol/L) and thus only delays the anticoagulation process (Novotny et
al., 1991). TFPI alone is incapable of preventing all activation of FX since the intrinsic
Xase complex is unaffected by TFPIl.  Antithrombin I, on the other hand, is
constitutively active and present in the plasma at a higher concentration (approximately
3.2 pumol/L) (Olson et al., 1993). As a serine protease inhibitor, antithrombin I11
inactivates all the procoagulant serine proteases which include thrombin, fIXa, fXa, fXla
and fXlla. In addition, activated protein C formed as a result of thrombin complexing

with thrombomodulin cleaves fVa and fVIlla, cofactors of the prothrombinase and tenase
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(intrinsic Xase) complexes respectively. Thus thrombin production is regulated by both
the concentration of procoagulant constituents of the coagulation cascade and by the
presence of the aforementioned inhibitors.

Abbreviation: Tissue factor pathway inhibitor (TFPI)
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1.2— Hemophilia A: A Deficiency of Factor VIII

Hemophilia A is an X-linked bleeding disorder attributed to the loss of a functional
secreted fVIII protein. A deficiency in fVIII prevents the assembly of the tenase complex
and thus the generation of activated fX is thwarted. Approximately 1 in every 5,000
males has hemophilia A, equating to approximately 400,000 people across the globe
(Doering and Spencer, 2009). The severity of clinical manifestations of hemophilia A
depends on the amount of functional fVIII secreted into the bloodstream. Individuals
with less than 1% normal fVIII levels are classified as having a severe form of
hemophilia A. If left untreated, clinical manifestations of severe hemophilia A include
physical disability as a result of repeated spontaneous bleeding occurring predominantly
into the joints and muscles. In addition, nonspontaneous bleeds associated with mild
trauma are intensified and can culminate into a life-threatening hemorrhage event.
Individuals with measurable fVIII between 1-5% of normal are classified as having a
moderate form of hemophilia A whereas individuals with levels greater than 5% of
normal are considered to have a mild form. As a result, bleeding episodes associated
with a mild phenotype are rare and usually nonspontaneous as a result of trauma or
surgery. Bleeding episodes associated with a moderate phenotype fall somewhere

between that of a mild and severe bleeding tendency.

Hepatocytes and endothelial cells of the liver are believed to be the predominant
endogenous producers of fVIII (Wion et al., 1985; Lenting et al., 1998; Kaufman and
Pipe, 1999). Within these cells, the 180 kilobase fVIII gene is transcribed into a 9010

base pair (bp) transcript with a short 5’ untranslated region (150bp), a large 3’
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untranslated region (1806bp), and a 7056 bp open reading frame (Figure 1.4 A-B). The
open reading frame of the fVIII transcript is translated into a protein containing 2351
amino acids including a 19 amino acid signal peptide that translocates the mature 2332
amino acid polypeptide into the endoplasmic reticulum (Vehar et al., 1984) (Figure 1.4
C). Within the lumen of the endoplasmic reticulum, fVIII becomes glycosylated (N-
linked glycosylation) and interacts with several chaperone proteins (Marquette et al.,
1995; Swaroop et al., 1997; Pipe et al., 1998). These interactions have been shown to
trap fVIII within the endoplasmic reticulum and thus limit the production of fVIII.
However, a portion of fVIII is released from the endoplasmic reticulum and transported
through the secretory pathway. Additional processing occurs within the Golgi apparatus
which includes modification of the N-linked oligosaccharides previously added in the
endoplasmic reticulum, O-linked glycosylation and sulfation of specific tyrosine residues.
Once fVIII is accurately processed, fVIII undergoes intracellular proteolysis within the
Golgi apparatus. fVIII is comprised of six major structural domains and three small
acidic amino acid rich domains sandwiched in between. fVIII can be characterized from
the amino terminus as Al-al-A2-a2-B-a3-A3-C1-C2. Furin recognizes Arg-X-X-Arg
motifs within the B domain and cleaves fVIII yielding a 210kDa heavy chain (Al-al-A2-
a2-B) and a 80kDa light chain (a3-A3-C1-C2) (Figure 1.4 D). fVIII is secreted into the
blood as a heterodimer in which the two chains are noncovalently bound via a Cu®" ion.
Once in the blood stream fVIII binds to the plasma protein VWF and circulates as a

stable complex.
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Figure 1.4 — The progression of fVIII from gene to activated protein. (A) The fVIII
gene spans 186 kilobases containing 26 exons with lengths ranging from 69 to 3,106
basepairs, the latter correlating to exon 14. (B) The 9 kilobase fVIII transcript contains a

7,056 base pair open reading frame which encodes for (C) the amino acids which make
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up the fVIII polypeptide chain, the first 19 of which are act as a signal peptide directing
cellular excretion (denoted by the small grey box). A distinct domain structure is
exhibited within the mature fVIII protein: Al (residues 1-336), A2 (373-710), B (741-
1648), A3 (1690-2019), C1 (2020-2172) and C2 (2172-2332). The al, a2 and a3 acidic
regions border the major structural domains and contain sulfated tyrosine residues.
Sequence homology is shared among all three A domains (30%) as well as among both C
domains (40%). The C1 and C2 domains have been found to contain detectable
homology with that of proteins which bind glycoconjugates and negatively charged
phospholipids (Bhopale and Nanda, 2003). The B domain on the other hand does not
exhibit sequence homology with any other known protein. Instead, the B domain
contains 19 of the 26 total N-linked glycosylation sites. In addition, the B domain
contains sequence motifs recognized by both intracellular and extracellular proteases
(Bowen, 2002). fVIII is cleaved intracellularly after Golgi processing at two arginine
residues within the B domain, as indicated by arrows. (D) As a result a fVII1 heterodimer
is produced composed of a heavy chain (Al and A2 domains, as well as a shortened B
domain) and a light chain (A3, C1 and C2 domains) held together by a calcium ion
bridge. Further cleavage occurs extracellularly by thrombin at arginine residues within
both the heavy and light chains (E) yielding a 50, 43 and 73kDa polypeptide and
releasing the remainder of the B domain resulting in FVIII activation (Eaton et al., 1986;

Lenting et al., 1998). Abbreviations: UTR (untranslated region).
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Distinct molecular events can result in fVIII deficiency. fVIII deficiency can be the
result of limited production or increased clearance. In this scenario, the protein structure
of fVIII is normal, but functional activity is dramatically decreased as a result of
diminished fVIII concentrations in the blood. One example of this can be observed as a
result of VWF unable to bind efficiently to fVIII. A tyrosine residue within the A3
domain has been found to be crucial to the interaction of fVIII and VWF (Leyte et al.,
1991). The tyrosine residue is normally sulfated, but without sulfation, fVIII and VWF
do not bind effectively (Pittman and Kaufman, 1992). In this scenario, the protein
structure of fVIII is normal yet concentration and functional fVIII activity is diminished
due to a significant reduction in the half-life of fVIII and an increase in the clearance of
fVIII from the blood. fVIII deficiency can also be caused by expression of nonfunctional
fVIII. Although the concentration of fVIII is normal, the functional activity is less than
normal since the protein is intrinsically defective. A series of mutations have been
identified as the source of nonfunctional fVIII including inversions, point mutations,
deletions, duplications and insertions (Tuddenham et al., 1991). In its entirety, the fVIII
gene is expansive consisting of 186 kilobases which includes 26 exons (Vehar et al.,
1984) and is located on the tip of the long arm of the X chromosome (Gitschier et al.,
1984). Half of all severe hemophilia A cases (20-25% of all hemophilia A cases) are due
to a chromosomal mutation in which a segment of the gene is removed and reintegrated
180° from the original orientation, otherwise known as an inversion. Intron 22 and intron
1 are considered inversion hotspots containing long inverted repeats (approximately 500-
kb in length) in which intrachromosomal recombination occurs between an identical

inverted repeat towards the telomere (Brinke et al., 1996; Bagnall et al., 2002;
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Pezeshkpoor et al., 2012). Inversions originating at intron 22 are more common than
inversions found at intron 1 (Lakich et al., 1993). The other half of mutations, resulting
in severe hemophilia A, are due to large deletions or insertions, duplications, and
nonsense mutations. A nonsense mutation is a type of point mutation within a codon that
converts the original amino acid translating codon into that of a stop codon, resulting in a
truncated nonfunctional protein. A mutation of this magnitude results in a severe form of
hemophilia A. However, other types of point mutations are less detrimental and result in
a moderate or mild hemophilia A phenotype. These include missense mutations
(mutation within a codon resulting in a different amino acid) and mRNA splice-site
mutations (mutation disrupting the splicing of the mMRNA by either addition or removal of
a splice site). More than 80 unique point mutations have been identified within the fVI1I
gene. Point mutations can be found to be distributed across all of the exons of fVIII
(Table 1.1). Thus it is not surprising, that point mutations are the most prevalent type of

mutation responsible for nearly 50% of all cases of hemophilia A.



Table 1.1 — Recurrent mutations in the fVII1 gene
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Exon Domain Nucleotide A Mutation Amino Acid A Disease Severity
4 Al GTG>ATG Missense Val>Met Moderate-Mild
8 Al CGA>TGA Nonsense Arg>STOP Severe
10 A2 GGA>AGA Missense Gly>Arg Moderate-Mild
11 A2 CGG>TGG Missense Arg>Trp Mild
11 A2 CGC>TGC Missense Arg>Cys Moderate-Mild
11 A2 CGC>CAC Missense Arg>His Mild
12 A2 CGC>TGC Missense Arg>Cys Moderate-Mild
14 B TAT>TTT Missense Tyr>Phe Moderate
14 a3 CGC>TGC Missense Arg>Cys Moderate
16 A3 CGT>CAT Missense Arg>His Moderate
18 A3 CGA>TGA Nonsense Arg>STOP Severe
18 A3 CGA>CAA Missense Arg>Gln Mild-Moderate
18 A3 CGA>TGA Nonsense Arg>STOP Severe
18 A3 CGA>CAA Missense Arg>Gln Mild
19 A3 CGG>TGG Missense Arg>Trp Severe-Moderate
19 A3 GTG>GCG Missense Val>Ala Moderate
22 A3 CGA>TGA Nonsense Arg>STOP Severe

*23 C1 CGA>TGA Nonsense Arg>STOP Severe
23 Cl CGT>CAT Missense Arg>His Mild-Moderate
23 C1 CGC>TGC Missense Arg>Cys Mild
23 C1 CGC>CAC Missense Arg>His Moderate
24 C2 CGA>CAA Missense Arg>GIn Severe-Moderate
24 C2 CGA>TGA Nonsense Arg>STOP Severe
25 C2 TGG>TGT Missense Trp>Cys Mild-Moderate
26 C2 CGA>TGA Nonsense Arg>STOP Severe
26 C2 CGA>CAA Missense Arg>GIn Mild

Table adapted from (Graw et al., 2005). Mutations were considered to be recurrent if
reported at least 10 times in the HAMSTeRs database.

* Most frequent point mutation.
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The current treatment of severe hemophilia A consists of repetitive prophylactic
administration of recombinant or plasma concentrated fVIII as a means of protein
replacement. However, this treatment does not alleviate all the symptoms. Chronic joint
pain can be experienced regardless of receiving optimal care (Ide, 2007). In addition, the
cost associated with repetitive administration of recombinant fVIII limits the utility of the
product to a significant percentage (approximately 75%) of the individuals affected by
the disease (Doering and Spencer, 2009). Plasma concentrated fVIII historically has
resulted in the transmission of blood borne pathogens (HIV, Hepatitis, etc.) to hemophilia
patients and has thus, for the most part, been replaced with the administration of
recombinant fVIIl. Recombinant fVIII, produced in both Baby Hamster Kidney cells
(Miles Inc., West Haven, CT) and Chinese Hamster Ovary cells (Baxter Healthcare
Corp., Glendale, CA), is costly because it is difficult to manufacture resulting in periodic
product shortages. On average, optimal treatment for an individual with severe
hemophilia A can cost $250,000 for recombinant fVIII product per year. Another reason
why the current treatment of recombinant fVIII is not optimal is that recombinant fVIII
has a short half-life in the circulation requiring repetitive multi-weekly prophylactic
administration.  Treatment in this manner is extremely inconvenient and can be
concerning in regards to patient compliance. Further complicating the current therapy,
some individuals who receive this treatment develop an immunogenic response in the
form of neutralizing antibodies against the administered fVIII. These inhibitors make
managing a bleeding episode in these individuals extremely complicated and
therapeutically challenging. Therefore, new therapeutic approaches are being developed

to treat hemophilia A.
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A monogenic disorder, such as hemophilia A, is a prime candidate for gene therapy for a
number of reasons. First, the gene responsible for hemophilia A has been isolated and
well characterized, which has led to useful preclinical mouse (Bi et al., 1995) and dog
models (Kingdon & Hassell, 1981) as well as a newly described sheep model (Porada et
al., 2010). Second, the delivery of fVIII is not restricted to certain cell types. In fact, any
tissue with exposure to the vasculature is an appropriate cellular target in that fVIII only
needs to be secreted into the bloodstream for effectiveness. This makes a gene therapy
approach relatively straightforward and achievable. Third, the therapeutic window is
large. Only a moderate increase in fVIII (2-5% of normal equating to 2-5ng ml™) is
required to be therapeutically effective while levels as high as 150% of normal have not
been associated with adverse effects such as thrombosis (VandenDriessche et al., 2001).

As a result, a number of viral and nonviral delivery strategies have been postulated.

1.3— Pharmacological Principles of Gene Therapy

Within the field of gene therapy, nucleic acids are being used as pharmaceutical agents to
treat disease. Currently, there are four different strategies being utilized based on the
underlying molecular consequences surrounding the gene mutation (Fischer and
Cavazzana-Calvo, 2008). The first and most prominent strategy within the field focuses
on restoring a loss-of-function mutation by introducing a functional gene as a means of
gene replacement. A second strategy, on the other hand, has directed efforts towards the

correction of a gain-of-function mutation. In this scenario, the expression of the mutated
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gene is inhibited typically with the use of small interfering RNAs (Pelletier et al., 2006).
In the same manner, small nuclear RNAs are utilized by the third strategy which attempts
to correct an abnormally processed mRNA by hindering incorrect splicing due to the
introduction of aberrant splice sites (Gorman et al., 1998). This strategy is beneficial in
that it restores the proper processing of the mRNA by blocking the aberrant splice sites
and forcing the splicing machinery to reselect the correct sites. However, a fourth
possibility would be to correct the mutated gene and reverse the manifestations of the
disease. This could be accomplished by inducing a double-strand break within or near
the mutated gene and providing a correct copy of the gene to be inserted into the host

genome by homologous recombination.

Regardless of the strategy chosen, a delivery system is needed to transfer nucleic acids
into a cell. This is due to limited transfer efficiency upon treatment of cells with naked
DNA. Gene therapy requires sufficient gene transfer in order to provide substantial
expression of the therapeutic gene. Although both non-viral and viral methods of
delivery have been postulated, the transfer efficiency of viruses has exceeded the
potential of non-viral methods possibly due to the natural evolution of viruses as delivery
vehicles for nucleic acids into a cell. Therefore, many viral vectors have been considered
for gene transfer, including both non-integrating and integrating viral vectors. In addition
to requiring high transfer efficiency, successful gene therapy requires a delivery system
to be devoid of toxic and immunogenic side effects. Unfortunately, many viral vectors
contain potential immune-stimulators resulting in either a T cell-mediated immune

response targeting transduced cells or a humoral immune response evident by the
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generation of antibodies against viral proteins and/or the transgene product (Zhou et al.,
2004). Other than these two general properties, characteristics intrinsic to each viral
vector dictate their use within specific gene therapy applications determined mainly by
the intended cellular target and required duration of expression. The remainder of this
section will focus on the intrinsic properties of the available viral vectors with emphasis

on their utility for use within hemophilia A gene therapy applications.

Adenoviral vectors were among the first to be used as therapeutic gene transfer vectors in
clinical trials as a result of innate advantageous transferring properties. One prime
example being that they are not constrained by insert size. The carrying capacity of
adenoviral vectors reaches forty-five kilobases allowing for the transfer of large
transgenes as well as any number of regulatory elements utilized for expression
enhancement or safety. In regards to safety, adenoviral vectors are also appealing as a
vector as a member of the non-integrating class of vectors which persist within cells
extrachromosomally. Although, there is the risk that the vector genome will be lost upon
cell division, non-integrating vectors lack the potential to disrupt the integrity of the
genome. In addition, adenoviral vectors are appealing in that they efficiently transduce
both dividing and non-dividing cells. If non-dividing cells are targeted then it is possible
that long term expression can be achieved as a result of extrachromosomal vector

persistence.

However despite these advantages, the continued use of adenoviral vectors has been

inhibited by associated acute toxicity. Upon systemic administration of adenoviral
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vectors, liver enzymes have been documented to be elevated as a result of the induction
of pro-inflammatory cytokines and chemokines directed against viral capsid proteins
(Aruda, 2006; Brunetti-Pierri et al., 2004; Schnell et al., 2001; Muruve, et al., 1999;
Yang et al., 1994). One specific adverse event resulted in the death of an eighteen year
old by the name of Jesse Gelsinger who was admitted to a pilot gene therapy study for the
treatment of ornithine transcarbamylase deficiency (Raper et al., 2003). Upon receiving
a systemic injection of adenovirus carrying the missing ornithine transcarbamylase gene,
a massive immune response was mounted against the vector. His untimely death could
have been prevented had the researchers followed the exclusion protocol outlined prior to
patient enrollment. However, despite the cause being associated with the inappropriate
conduct of the personnel involved, the death of Jesse Gelsinger resulted in a major

setback within the field.

As a result of the innate toxic side effects, adenoviral vectors are constrained to use
within neonates as a means to induce tolerance to both the viral vector and the transgene.
In this manner, toxicity can be circumvented by capitalizing on the immaturity of the
immune system during early development. This was recently performed within
hemophilia A mice after intravenous injection of 5 x 10*? vector particles/kg administered
at three days of age (Hu et al., 2011). fVIII levels peaked at ~650% of normal on day
six, but declined with animal growth as a result of episomal vector loss. The single
administration of adenoviral vectors within neonates was not able to achieve sustained
therapeutic levels of fVIII. However, tolerance to the transgene and viral capsid proteins

was achieved as noted by the lack of adverse effects following subsequent vector
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administration (Hu et al., 2011). It is worthwhile to note that this therapy could also be
beneficial, in the absence of subsequent vector administration, to prevent the
development of inhibitors to fVIII which currently complicates protein replacement

therapy.

Adeno-associated viral vectors (AAV), on the other hand, are being extensively evaluated
for use in gene therapy. The adeno-associated viruses are relatively small viruses,
composed of a linear single-stranded DNA genome of approximately 4.6-kb. As of 2009,
twelve different serotypes have been isolated from both human and non-human primates
(a number which is expected to increase), all of which vary in transduction efficiency and
tissue tropism (Youjin and Jun, 2009). Serotype 2 (AAV-2) was the first adeno-
associated virus to be sequenced and cloned, and was therefore the first serotype to be
used within gene transfer studies (Hermonat and Muzyczka, 1984; Laughlin et al., 1983;
Samulski et al., 1982). Wild-type AAV-2 was found to encode two large open reading
frames, composed of the replication (Rep78, Rep68, Rep52, and Rep40) and capsid genes
(VP1, VP2, and VP3). To accommodate transgenes, these genes were removed leaving
behind the inverted terminal repeats required for replication and packaging into a viron
(Youjin and Jun, 2009). Like adenoviral vectors, AAV-2 and other AAV serotypes have
the ability to efficiently transduce both non-dividing and dividing cells (Hallek et al.,
1998). This quality makes modifying hepatocytes in vivo possible, making them a
potentially ideal vector for fVIII delivery. However, due to the small size of the genome,
the use of AAV is limited in being unable to efficiently package large transgenes like

fVIII. In addition, stable integration of the transgene is not possible with adeno-
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associated viral vectors. Although, adeno-associated viruses have been documented to
integrate stably within a specific region of chromosome nineteen (Surosky et al., 1997),
this feature has been eliminated by the removal of the replication and capsid genes within
the adeno-associated viral vectors used for gene therapy applications. Therefore, as non-

integrating vectors, the vector genome remains episomal and could potentially be lost.

In order to provide stable integration of a transgene that can be sustained throughout the
life-span of a cell integrating viruses, such as gammaretroviral and lentiviral vectors,
have been utilized. However, genomic integration of a viral vector has concerned the
gene therapy community because of the possibility of disrupting the integrity of the
genome resulting in cellular transformation due to integration of the transgene near an
oncogene. This process has been termed insertional mutagenesis, and can cause
misregulation of oncogene expression, which could subsequently lead to malignancy.
Historically, insertional mutagenesis was debatable due to the lack of data confirming its
occurrence. However, solid data has confirmed the possibility of insertional mutagenesis
due to y-retroviruses. First, y-retroviruses have been found to insert into the genome near
promoters of transcriptionally active genes, setting the stage for the disrupted regulation
of downstream genes (Wu et al., 2003). Second, direct proof of insertional mutagenesis
has been documented in human gene therapy clinical trials for the treatment of severe
combined immune deficiency syndrome (X-SCID) that used y-based retroviruses
(Hacein-Bey-Abina et al., 2003). In the initial X-SCID clinical trials using y-based
retroviruses, of the 20 treated children, 5 have developed a T-cell leukemia-like disorder.

The cause of the leukemia has been found to be due to integration of the y-retrovirus
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upstream of the oncogene, LMO2. Integration at this site disrupted the regulation of the
oncogene increasing the expression of LMO2. The confirmation of insertional
mutagenesis with y-retroviral vectors halted their use for clinical development for

hemophilia.

Unlike y-retroviruses, no direct evidence for insertional mutagenesis has been
documented for recombinant lentiviral based retroviruses. Instead, lentiviral vectors have
been promising vectors for the delivery of the fVIII transgene because, like adeno-
associated viral vectors, they are able to transduce both dividing and non-dividing cells,
(Naldini et al., 1996) but unlike adeno-associated viral vectors are not as constrained by
the size of the transgene. Lentiviral vectors have a carrying capacity of approximately 7-
kb exogenous DNA. For these reasons, lentiviral vectors are ideal for gene therapy
applications for the treatment of hemophilia A. The first lentiviral vectors contained all
of the viral genes except for the envelope gene (Naldini et al., 1996). Since then
numerous safety measures have been taken to ensure the safety of the virus in the
unlikely event of generating a replication competent lentivirus (Figure 1.5). Second
generation HIV-based vectors removed four of the nine viral genes, eliminating accessory
genes (Quinonez & Sutton 2002). As an added precaution second generation lentiviral
vectors have been designed as replication incompetent self-inactivating (SIN) vectors.
This has been accomplished by removing 133 bps from the 3’ long terminal repeat
(LTR). LTRs flank viral DNA at both the 3’ and 5’ ends and are involved in the
integration process. During the process of integration, the 3’LTR is copied and becomes

the 5’LTR in the integrated sequence, which inactivates the integrated 5’LTR. Further
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safety measures resulted in the third generation lentiviral vectors, in which two more viral
genes (the tat and the rev genes) were removed from the expression plasmid. To date
these third generation lentiviral vectors have been used for gene therapy applications
without any adverse complications (Boztug et al., 2010; Cartier et al., 2010; Cavazzana-

Calvoetal., 2010; DiGiusto et al., 2010).
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Figure 1.5 — Progression of lentiviral vector packaging systems.

(A) Schematic

representation of the wild type HIV-1 genome which consists of the structural (gag, pol
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and env), regulatory (tat and rev) and accessory genes (vif, vpr, vpu, and nef). (B) A first
generation HIV-1 vector system in which the env gene was removed and replaced with
the VSVG envelope gene on a separate plasmid. In this manner viral particles have been
pseudotyped with a foreign viral glycoprotein. (C) The accessory genes were removed
from the second generation HIV-1 vector system. In addition, the LTRs in the transfer
vector became self-inactivated due to a deletion in the U3 region of the 3’LTR. (D)
Third generation HIV-1 vector systems eliminated the regulatory tat and rev genes. This
vector system is tat-independent yet the rev gene is still required and has been placed on a

separate plasmid, making this vector system a three plasmid vector system.
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1.4— Historical Perspective of Gene Therapy

The first human gene therapy clinical trial occurred in 1989 as a means to treat
individuals with advanced metastatic melanoma. Tumor-infiltrating lymphocytes had
previously been demonstrated to have lytic properties specific for autologous tumors
(Muul et al., 1997; Topalian et al., 1989) that in combination with interuleukin-2 could
substantially reduce the size of the tumor (Rosenberg et al., 1988). Yet a handful of
questions persisted in regards to their distribution and long-term persistence. Therefore,
tumor deposits were excised in order to isolate tumor-infiltrating lymphocytes from each
of the five patients admitted in the trial. Following initial expansion, the lymphocytes
were modified with a y-retroviral vector (derived from the Moloney murine leukemia
virus) containing a neomycin resistance gene as a marker. No adverse side effects were
noted as a result of the gene transfer. In addition, the neomycin resistance gene was
detected up to two months following cell infusion (Rosenberg et al., 1990). This study
demonstrated successful transfer of a foreign gene to human cells with the use of a
retroviral vector. It also alluded to the safety of these vectors as a means to treat other
diseases by gene therapy. As a result, preclinical research progressed with the use of

similar y-retroviral vectors for the treatment of monogenic diseases.

In 1990, two children were treated for adenosine deaminase-deficient severe combined
immunodeficiency disorder, a congenital disease resulting in frequent opportunistic
infections as a result of an impaired immune system. T cells were isolated from each
patient, transduced ex vivo with a y-retroviral vector (derived from the Moloney murine

leukemia virus) containing the adenosine deaminase gene and readministered back to the
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patient (Blaese et al., 1995). The effectiveness of the trial is debatable due to continued
administration of PEGylated bovine adenosine deamainase as a means of protein
replacement therapy during the trial. However, ten years later, the modified cells appear
to be persisting in the circulation with one of the children exhibiting 20% gene modified
lymphocytes (Muul et al., 2003). In addition, no adverse effects were experienced as a
result of the y-retroviral vector utilized, once again providing confidence as to the
feasibility and safety of gene therapy with the use of these vectors. However, the two
aforementioned trials developed a sense of false security in regards to the safety of a y-
retroviral vector derived from the Moloney murine leukemia virus. This was apparent
following a clinical trial for X-linked severe combined immunodeficiency. In this trial,
CD34" bone marrow stem cells were modified ex vivo to contain a correct copy of the
previously unfunctional yc gene (Hacein-Bey-Adenia et al., 2002). Although nearly all
twenty patients treated have improved immune functioning as quantified by an increase
in T and B cells, five patients developed acute lymphoblastic leukemia due to integration
near the proto-oncogene LMO2 (Hacein-Bey-Adenia et al., 2003). As a result the
clinical use of y-retroviral vectors derived from the Moloney murine leukemia virus has
been restricted. Instead, retroviral vectors derived from an HIV-based lentivirus are
being utilized for the modification of CD34" bone marrow stem cells ex vivo. Much
clinical progress has been made utilizing this approach for the treatment of X-linked
adrenoleukodystrophy, Wiskott-Aldrich Syndrome, B-thalassaemia and AIDS. This has
been accomplished without any apparent adverse side effects (Cartier et al., 2009; Boztug

et al., 2010; Cavazzana-Calvo et al., 2010; DiGiusto et al., 2010).
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In regards to hemophilia A, three gene therapy clinical trials to date have been conducted.
Each utilized the human cDNA fVIII sequence, but all three differed in the manner
whereby the nucleic acid sequence was incorporated into the patients’ cells. The first
trial by Roth et al. (2001) admitted six subjects with severe hemophilia A. Dermal
fibroblasts were biopsied from each patient from the upper arm, expanded in tissue
culture dishes in a laboratory incubator and electroporated (exposed to a voltage shock in
order to perturb the cell membrane layer), resulting in the incorporation of the cDNA
sequence into the fibroblast cells. After culturing, stably modified clones were selected
and implanted into the omentum of each patient. Transient fVIII expression was
observed in three of the patients for up to 6 months, with one patient expressing 4 percent
of the normal amount of fVIII twelve weeks after implanting the genetically modified
cells. However, the levels of fVIII diminished to less than 0.5% of normal a year later.
The second trial included eleven subjects (Powell et al., 2003). Four doses (2.8 x 107, 9.2
x 10, 2.2 x 10, and 4.4 x 10® TU/kg) of a y-retroviral vector based on the Moloney
murine leukemia virus were administered via peripheral vein injection over three
consecutive days. No adverse effects were observed throughout the 53 week study. Yet
once again only a transient expression of fVIII was achieved. Eight of the patients
demonstrated greater than 1% of normal fVIII levels on two or more occasions yet these
levels were not sustained throughout the study and could be associated with the
administration of exogenous recombinant fVIII. The final trial was performed by
GenStar Therapeutics. One patient was injected intravenously with an adenovirus, which
contained the full-length human fVIII cDNA. The patient acquired an immune reaction

to the virus and the trial was abruptly closed (Berlfein, 2003). Despite promising
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preclinical data, hemophilia A gene therapy clinical trials have made little advancement

in the field due to limited expression of fVIII (High et al., 2005).

1.5— Preclinical Gene Therapeutic Applications to Cure hemophilia A

Large transgenes, such as the fVIII transgene, complicate gene therapy applications using
viral vectors by (1) limiting the types of vectors available due to encapsidation limitations
and (2) reducing the titer of viral vector that can be produced (Kumar et al., 2001;
Radcliffe et al., 2008; Yacoub et al., 2007). The different human cDNA transgene
lengths chosen for the clinical trials are a reflection of these limitations. The GenStar
Therapeutics trial, unlike the other two trials, utilized an adenovirus which has fewer
encapsidation constraints than other viral vectors available for gene transfer. As a result,
it was the only trial to utilize the full-length cDNA 7-kb sequence. Incorporating a 7-kb
transgene into a retrovirus, on the other hand, results in diminished viral titer making it
difficult to achieve a high enough number of viral particles to be effective. Reducing the
size of the insert, however, can increase viral titer (Yacoub et al., 2007). For this reason,
many groups using viral vectors have reduced the size of the cDNA to approximately 4.5-
kb. This can be accomplished by removing sequence that encodes the B domain, which

has been found to be dispensable for the coagulation activity of fVI11 (Toole et al., 1986).

As demonstrated above, the complications associated with the large fVIII transgene has
led researchers to find innovative ways to apply gene therapy techniques to the transfer of

the fVIII transgene. The following sections will discuss the methods that have been
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proposed for the pre-clinical testing of gene transfer technologies for fVIII. These
methods will be outlined in reference to which vector is being used, since each vector is
accompanied with its own set of limitations. Both non-viral and viral vectors will be
discussed, highlighting the strategies utilized to overcome the limitations experienced due

to the use of a large transgene.

Preclinical use of non-viral vectors for hemophilia A

Unlike viral vectors, non-viral vectors themselves do not risk evoking an immunological
response, are less expensive to produce, and are less limited by the size of the transgene.
As a result as mentioned above, naked DNA gene transfer was among the first methods to
be utilized in a clinical trial for hemophilia A (Roth et al., 2001). However, this strategy
results in transient gene expression because of limited uptake by target cells and further
limited integration into the genome of these cells (a process that occurs only randomly
through non-homologous recombination) (Essner et al., 2005). This issue can be
overcome by promoting stable integration into the cell’s genome with the use of a
transposable element. Transposable elements, although mostly inactive, are found to be
littered throughout the human genome (Deininger and Batzer, 2002). In an active form,
transposable elements (transposons) have the ability to jump from one location in the
genome to another by a “cut and paste” method through the enzyme transposase, which is
encoded in the element. In order for a transposon to be utilized as a gene transfer vehicle,
two components must be delivered to the target cell, (1) the transgene flanked by inverted
repeat/direct repeat elements that are recognized for integration, and (2) a transposase

which can be encoded in the same plasmid or in a second plasmid. These plasmids can
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be taken up into cells after being complexed to a cationic polymer such as
polyethylenimine (PEI). Although transposons can carry an expansive amount of DNA,
transposons are still somewhat limited by insert size. Integration efficiency has been
shown to decrease with the size of the transgene (Essner et al., 2005). This is due to both
the difficulties in delivering plasmids containing larger inserts as well as the limitations
of the transposase. For example, the transposase enzyme associated with the Sleeping
Beauty transposon, the most notable non-viral gene delivery system currently used, is

only able to transpose up to 10-kb.

Transposons have been utilized as a non-viral vector for gene therapy of hemophilia A by
a number of groups. The Sleeping Beauty transposon system was engineered from an
inactive Tcl-like transposable element found in fish (lvics et al., 1997). It has since been
used to insert the human B domain deleted fVII1 cDNA in vivo. fVIII levels remained at
~12% of normal after intravenous plasmid injection through the temporal vein of
neonatal hemophilia A mice. However, the presence of inhibitors to fVIII resulted in
only partial phenotypic correction (Liu et al., 2006). In order to circumvent the presence
of inhibitors, the Largaespada group tolerized neonatal, one day old, hemophilia A mice
to fVIII with a facial vein injection of 0.1U/g of recombinant human fVIIIl. Eight to
twelve weeks later, two high pressure tail vein injections of a Sleeping Beauty transposon
were administered. As a result, 16% of normal fVIII levels were seen in these mice at
eighty-four days after plasmid injection, which was found to be sustained for 6 months.
No inhibitors were detected and an improvement in clotting function was noted (Ohlfest

etal., 2005).
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A high-pressure method of delivery is accomplished by injecting a high volume into the
systemic circulation during a short, < 5 min, time frame (termed hydrodynamic
injections). In the mouse, this results in DNA uptake followed by expression from the
liver. Designed to increase the delivery of DNA to the nucleus of a cell, high-volume
high-pressure injection is not yet applicable for humans (Essner et al., 2005). Therefore,
other methods of transposon delivery are being explored. One method that is being
studied is the cell specific delivery of a transposon by encapsulation in a nanocapsule. A
recent report by Kren et al. (2009) engineered a nanocapsule to contain the Sleeping
Beauty transposon system. The nanocapsule was targeted to liver sinusoidal endothelial
cells (LSECs) by coating the capsule with an endogenous ligand for the hyaluronan
receptor found on LSECs. Inside the nanocapsule a single plasmid was encapsulated
containing both a cis-acting transposase as well as the B domain deleted canine fVIII
transgene. Eight-week old hemophilia A mice were injected with 25ug of nanocapsule

via tail vein injection. fVIII levels were measurable for a total of 11 months.

Preclinical use of Adeno-associated viral vectors for hemophilia A

Hepatocytes have been modified by a number of adeno-associated viral serotypes. For
example, AAV-2, after intraportal administration, transferred a canine B domain deleted
version of fVIII to liver cells, which resulted in partial phenotypic correction of
hemophilia A mice. Although fVIII activity initially peaked to 8% of normal, expression
was not sustained, declining to 2% nine months after injection (Sarkar et al., 2003).

These findings, although confirmed independently by Scallan et al. (2003), are
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contradictory to similar preclinical and clinical studies for hemophilia B in which
therapeutically effective levels of fIX are sustained over time (Manno et al., 2005 and
Schuettrumpf et al., 2005). This may be due to the size constraints associated with the
AAV vector because fIX is a significantly smaller transgene than fVII1 with a cDNA of
2.8-kb. This smaller sequence allows for the inclusion of larger regulatory elements (such
as liver specific promoters and enhancers) in the adeno-associated viral vector that are
not able to be incorporated after the inclusion of the fVIII cDNA sequence. In the
Scallan (2003) and Sarkar (2003) reports, a minipromoter was all that could be
incorporated into the AAV-2 vector to promote fVIII expression. Therefore, it was
concluded that regulatory elements, that were unable to be included in the AAV-2 vector
(due to insert size restraints associated with adeno-associated viral vectors), were
required to enhance fVIII expression. A follow up study evaluated additional adeno-
associated viral serotypes (AAV-5, AAV-7, and AAV-8) to determine if other serotypes
were more efficient at transducing hepatocytes than AAV-2. For the inefficient transfer
of large transgenes, it was hypothesized that by increasing hepatocyte transduction,
limited expression could be overcome without the inclusion of regulatory expression-
enhancement elements. They found that AAV-8 was superior to other serotypes
regardless of route of administration (intraportally or intravenously) producing near
normal physiological levels of fVI11 (0.58 + 0.2 1U ml™) six months post administration
at a vector dose of 1 x 10™ vector copies / mouse (Sarkar et al., 2004). A similar
comparison was performed by Jiang et al. (2006), comparing four serotypes (AAV-2,
AAV-5, AAV-6, and AAV-8), in both mice and dogs. In mice, transduction efficiency

was found to be least with AAV-5 and greatest with AAV-8. However, for dogs no
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substantial difference was observed among the serotypes. Remarkably though, fVIII
expression was sustained in some dogs (2 to 5% of normal) for up to three years,
resulting in decreased occurrences of spontaneous bleeds (Jiang et al., 2006). This was a
significant contribution to the field being the first multiyear report of therapeutic efficacy
and safety in a large animal. Albeit, high vector doses of 6 x 10'* and 2.7 x 10 vector

genomes/kilogram were required to yield these subtherapeutic levels of fVIII.

Despite the phenotypic improvements noted above, the inclusion of regulatory elements
to the vector for enhancing the expression of fVIII would have been the simplest way to
address the limited hepatocyte transduction that was seen with AAV-2. Yet since adeno-
associated viral vectors are restricted in their genetic carrying capacity, other avenues had
to be evaluated to overcome this limitation. Some reports show packaging of genomes
greater than 5-kb in adeno-associated vectors (Alloca et al., 2008; Grieger and Samulski,
2005). For example, it is reported that an AAV-8 viral vector was produced containing
the B domain deleted human fVIII transgene as well as a full length promoter and
enhancer, totaling 5.75-kb (Lu, 2008). However, extensive examination in this report as
well as by Wu (2010) clearly showed that inserts ranging from 4.7-kb to 8.7-kb result in
heterogeneous virons of varying genome lengths, typically containing truncations at the
5’ end. Thus, increasing the size of the adeno-associated vector genome leads to the
formation of defective viral particles encapsulating incomplete transgene sequences

(Dong et al., 1996).
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For these reasons, several groups are attempting to overcome the packaging limitation
with the use of two different vectors, one for the heavy chain and one for the light chain
of fVIII. This strategy resulted from the demonstration of secretable biologically active
fVII1 following co-transfection in Chinese hamster ovary cells of two plasmids separating
the heavy and light chains (Burke et al., 1986 and Yonemura et al., 1993). In these cells
the two polypeptide chains were able to reconstitute a functional fVIII heterodimer that
was secreted into the cellular media. This strategy was first performed in C57BL/6 mice
by intraportal administration (Burton et al., 1999). These mice, able to secrete
endogenous fVIII, were chosen since this strain has already been presented with fVIII
and potentially would not elicit an immune response to the fVIII transgene. This would
allow for expression to be measured without any contraindications. As a result, greater
than physiological levels of fVIII were produced. These results were then extended into
the hemophilia A mouse model where therapeutic levels of fVIII were achieved in a dose
dependent manner. High levels of transduction were noted with twelve percent of
hepatocytes being modified with both vectors. Complicating the issue, a chain imbalance
was noted with a 25 to 100 fold excess of light chain. This was found to be due to
inefficient translational or posttranslational processing that could not be circumvented by
changing the administration ratio of heavy to light chain vectors (Scallan et al., 2003).
When extended to the hemophilia A dog model, only partial phenotypic correction was
achieved, irrespective of adeno-associated serotype used. Although only modest levels of
fVIII were observed in the dogs (ranging from 1 to 8% of normal), these levels were

found to be sustained for at least two years (Sarkar et al., 2006).
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Another strategy used to overcome the inability of adeno-associated vectors to deliver
large genes is trans-splicing. Trans-splicing attempts to repair the truncated fVIII mMRNA
in vivo by delivering the remaining downstream pre-mRNA. In this strategy, a pre-trans-
splicing molecule is delivered by an adeno-associated vector in which complementary
mRNA sequences are located at the 5’ end of the molecule designed to be spliced with
the preexisting truncated fVIII mRNA due to a strong splice site at the 3’ end. In this
way, a shortened version of the transgene can be delivered in vivo to restore the disease
phenotype. This method was performed in hemophilia A mice (Chao et al., 2003).
Hemophilia A mice were created by inserting a neomycin resistance gene into the
sixteenth exon of fVIII (Bi et al., 1995). As a result truncated fVIII mRNA is still
expressed in these mice. By delivering a pre-trans-splicing molecule containing
complementary sequence to intron 15, a functional fVIII pre-mRNA was spliced together

in vivo resulting in phenotypic correction in eight of the ten injected mice.

Preclinical use of Lentiviral vectors for hemophilia A

Despite these efforts the fact remains that non-integrating adeno-associated viral vectors
are unable to stably transduce cells. Therefore, many groups are focusing on the use of
integrating vectors. Lentiviral vectors, such as the human immunodeficiency virus (HIV)
and the simian immunodeficiency virus (SIV), have been analyzed for their use in gene
therapy since 1996 in which Naldini and colleagues revealed the ability of these vectors
to overcome the need for cell division during transduction. Being able to transduce both
dividing and non-dividing cells gives lentiviral vectors the same advantage as adeno-

associated viral vectors. For this reason, lentiviral vectors are likely to make up a second
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generation of therapeutic vectors to be tested in clinical trials for the treatment of

hemophilia A.

Lentiviral vectors, however, come with a set of limitations (to be discussed in detail in
the next section). In particular, lentiviral production is limited. Reduction in titers due to
issues associated with transgene size can be overcome by targeting various cell
populations ex vivo then expanding the genetically modified cells. Therefore, despite
diminished titer production, preclinical progress has been made with lentiviral vectors
encoding the 4.5-kb B domain deleted fVIII transgene. And, by targeting specific cells,
viral transduction can be optimized and enhanced, which further overcomes the reduction
in titer due to transgene size. In addition, ex vivo modification of cells is considered safer
than the in vivo delivery of recombinant virus since it eliminates the possible
transmission to germline cells, as well as avoiding any systemic toxicity that can result
due to direct presentation of the vector particle (Van Damme et al., 2004). EX vivo
modification also eliminates the issue of modifying antigen-presenting cells, possibly

eliminating the development of an immune response to the transgene.

Ex vivo gene therapy for hemophilia A has been analyzed in a broad range of cell types
(Viiala et al., 2009). Cellular alternatives considered include embryonic stem (ES) cells,
bone marrow derived mesenchymal cells, blood outgrowth endothelial cells (BOECS),
and hematopoietic stem cells. Stem cells are a reasonable alternative in that they have
unlimited replicative potential and contain the ability to differentiate into a wide range of

cells. However, the initial use of stem cells in the field of gene therapy resulted in low
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expression levels. This was thought to either be due to gene inactivation as a result of
extensive differentiation (Mclvor, 1987) or an inability to effectively transduce stem
cells. Regardless, promising results were published utilizing an inducible system for
fVIIl in ES cells. However, both ethical and safety concerns have inhibited the
continuation of these studies (Kasuda et al., 2008). This is due to the controversy
surrounding the generation of ES cells from human embryos, as well as the formation of
teratomas which arose from undifferentiated ES cells used for insulin production
(Fujikawa et al., 2005). Fortunately, induced pluripotent stem cells (iPS) appear to be
comparable to ES cells and have thus been considered to treat monogenic disorders in
order to alleviate the ethical concerns surrounding stem cell usage. iPS cells are derived
from adult somatic cells which have been reprogrammed to have stem cell characteristics.
Significant progress has been made utilizing iPS cell-based therapy for murine
hemophilia A (Xu et al., 2009). However, these methods are fairly new and still do not
address the potential formation of teratomas. Therefore, many obstacles need to be
addressed before this therapy can reach the clinics (for further discussion refer to Liras,
2011). Another cell type, bone marrow derived mesenchymal cells, initially yielded
therapeutic levels of fVIII from transduced human mesenchymal cells in
immunodeficient mice. Yet fVIII plasma levels deteriorated gradually in spite of the
persistence of gene modified cells, suggesting transcriptional repression in this cell type

(Van Damme et al., 2004).

Human BOECs can be isolated from the peripheral blood of healthy donors and were

considered as fVIII gene transfer targets because they express VWF (Jaffe et al., 1973;
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Wagner et al., 1982). VWF binds with high affinity to fVIII in the circulation and
protects fVIII from degradation and uptake by antigen presenting cells (possibly
eliminating the development of an immune response to the transgene) (Dasgupta et al.,
2007). The expression of fVIII in conjunction with VWF has been demonstrated to
enhance efficient transport of fVIII through the secretory pathway (Dorner et al., 1989;
Kaufman et al., 1989). Therefore, it was hypothesized that modifying these cells to also
express fVIII would result in the secretion of fVIII complexed to VWF, which would
result in an increased half-life of fVIII, secreted at sites of injury. After transduction,
BOECs expressed high levels of fVIII measured at 1.6 pmol/million cells/24hrs, which
lasted for over thirty days in culture. fVIII was found to be stored in the same vesicles as
VWEF in the BOECs but was not found to be released upon agonist stimulation, unlike
VWEF. Instead, fVIII appeared to be released in a constitutive manner (van den Biggelaar
et al., 2009). When BOECs were implanted into immunocompetent hemophilic mice,
fVIII levels were in the therapeutic range for a total of 27 weeks. Afterwards, the levels
declined to baseline due to loss of the implanted BOECs (Matsui et al., 2007). Although
a benefit for fVIII secretion with VWF was not directly tested, the proof of concept was

shown for the expression of fVIII from BOECs.

Similarly, platelets are potentially an ideal source of fVIII expression as specialized
secretory cells that endogenously express VWF. In this manner, fVIII expression and
stability can be improved by being expressed in conjunction with VWF (Dorner et al.,
1989; Kaufman et al., 1989). The following five promoters actively express genes in

both megakaryocytes and platelets: GPIIb (allb), GPIba, GPVI, platelet factor 4 and c-
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mpl (Shi and Montgomery, 2010). However among this list, the GPIIb and the GPIba
promoters have been utilized the most to direct expression of transgenes to platelets.
This is due to the high level of expression exhibited by the GPIIb and GPIba promoters
yielding surface densities of approximately 80,000 and 25,000 copies per platelet

respectively (Debili et al., 1992; Wagner et al., 1996).

Two separate lines of transgenic mice were produced in which the B-domain deleted
human fVIII cDNA was expressed solely in platelets as directed by the GPIIb and GPIlba
promoter (Yarovoi et al., 2003; Shi et al., 2006). In both cases, fVIII was found to
colocalize with VWF in the a-granules of platelets by immunofluorescent microscopy.
The activity of the fVIII in platelets expressed from the GPIIb platelet specific promoter
was assessed by a chromogenic assay. Utilizing platelet lysates as well as plasma
samples following agonist-induced platelet activation, fVIII activity was measured to be
near or slightly above 0.7mU / 10° platelets which was able to correct the hemophilia A
phenotype as determined by a tail-clip assay (Shi et al., 2006). Similarly, fVIII levels
produced as a result of expression directed from the GPIba promoter were able to correct
the phenotype of hemophilia A knockout mice following carotid artery injury. The
occlusion time was equivalent to that achieved with 20% normal fVI1I levels (Yarovoi et
al., 2003). The results of these reports served as proof-of principle analyses in that it
suggested that expression of platelet-derived fVIII by the GPIIb and the GPIba promoter
is efficient for the correction of the hemophilia A phenotype. To address if VWF is
necessary for fVIII storage in the a-granules of platelets, the transgenic GPIba were

crossed onto a VWF™!" background. Despite the lack of VWF, fVIII was localized in the



46

a-granules and was effective at making an improvement in the phenotype of hemophilia
A fVII1 knockout mice (Yarovoi et al., 2005). In addition, fVIII in the a-granules of
platelets was demonstrated to be protected from inhibitory antibodies to fVIII by 6-fold
(Gewirtz et al., 2008). The restriction of fVIII to platelets has also been observed to
serve as a protective measure in regards to the production of inhibitory antibodies to the
fVIII transgene. No inhibitory antibodies were observed following a bone marrow
transplantation from the transgenic GPIlIb mice into fVIII knockout mice that yielded
similar levels of fVIII activity and phenotypic correction (Shi et al., 2006). For these
reasons, this same group designed a lentiviral vector to transduced bone marrow
mononuclear cells as a source of HSCs. The GPIlb promoter was incorporated within
the vector as an internal promoter directing the expression of the B-domain deleted
human fVIII transgene (Shi et al., 2007). In order to assess the effectiveness of platelet-
derived fVIII in the presence of inhibitory antibodies to human fVIII, recipient mice were
preimmunized with fVIII prior to transplantation by receiving weekly intravenous
injections of recombinant human fVIII (50U/kg). Despite the presence of inhibitors to
fVII1, long-term engraftment of the genetically modified HSCs was established following
both myeloblative (1100cGy) and nonmyeloblative conditioning regimens (660cGy).
Chromogenic assays revealed active fVIII within platelets that was sustained over time
that resulted in phenotypic correction of hemophilia A (Shi et al., 2008). A similar report
was published by the same group recently in which minor changes were made to the
transduction/transplantation protocol. Instead of utilizing bone marrow mononuclear
cells, sca-1" cells were isolated and transplanted into lethally and sublethally irradiated

recipient mice. As compared to a parallel non-inhibitor model, fVIII activity was similar
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and found to be sustained over time at approximately 1.56 mU/10° platelets. Phenotypic
correction was found to be achieved at these levels by an electronically induced femoral
injury and tail-clip assay. In addition, nonmyeloblative conditioning regimens were used
which included busulfan (25-12.5 mg/kg at two and one day prior to transplantation) and
anti-(murine)-thymocyte globulin (10mg/kg at two days prior to transplantation)
treatment. fVIII activity was undetectable in busulfan alone treated recipients, however
the inclusion of anti-(murine)-thymocyte globulin to the conditioning regimen boosted
the level of fVIII to that of 1.08 mU/108 platelets (Kuether et al., 2012). Therefore, an
HSC gene therapy protocol utilizing a lentiviral vector encoding the GPIIb internal
promoter is a viable option for the treatment of individuals with hemophilia A with pre-

existing inhibitors to fVIII.

The utilization of platelet-specific promoters for directed expression of fVIII is a
plausible tool to be incorporated into an HSC gene therapy application for the treatment
of hemophilia A. The GPIIb and the GPlba platelet-specific promoters have
demonstrated efficient expression of fVIII confined in the a-granules of platelets in the
absence of vesicular injury. In both cases, curative levels of fVIII were produced as was
evident by phenotypic correction of hemophilia A fVIII knockout mice. However,
ectopic expression of fVIII from platelets has been associated with clot instability as a
result of temporal and physical maldistribution of fVIII (Neyman et al., 2008). In order
for fVIII to be available for the process of secondary hemostasis, platelet degranulation
has to occur, a process that begins at the base of the clot and slowly spreads throughout

the clot. Thus fVIII is released from platelets in an unconcerted manner. This may be
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the reason for the increased rate of embolism observed upon phenotype analysis
following both a cuticular bleeding model and a cremaster laser arteriole/venule injury
model (Greene et al., 2010). Stability of a clot needs to be addressed before these

promoters can be utilized in the clinic.

Another cell target, which has been considered, is skeletal muscle cells. Skeletal muscles
cells are an ideal target for in vivo gene transfer in that skeletal muscle cells are
terminally differentiated and provide a consistent source of fVIII persisting throughout
the lifetime of an individual. For these reasons, Jeon et al. (2010) injected 107 lentiviral
particles intramuscularly into the thigh of rats and found plasma fVIII levels to increase
slightly above that of control mice for up to 4 weeks before deteriorating. Despite the
need for follow up studies in order to achieve therapeutic levels of fVIII with this
strategy, the results suggested that the in vivo administration of a lentivirus targeted at

skeletal muscle cells may be an effective strategy for the treatment of hemophilia A.

Most in vivo strategies, however, are aimed at targeting hepatocytes, an endogenous
producer of fVIII. Lentivirus is administered via either the portal vein or intravenously.
Unfortunately this strategy in the case of fVIII (a protein with extensive immunogenic
properties), results in the development of anti-fVIII antibodies due to the possible
transduction of antigen-presenting cells. To overcome this, a miRNA sequence was
incorporated downstream of the WPRE sequence which would prevent expression in
hematopoietic cells (including cells which make up the immune system). This method

was found to be very effective in eliminating a fIX immune response (Brown et al.,
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2007), but alone was unable to do so with fVIII. Instead the fVIII-miRNA lentivirus had
to be pseudotyped with the baculovirus envelope glycoprotein GP64, which has been
shown to restrict transduction away from hematopoietic stem cells (Schauber et al.,
2004). Combined, the miRNA incorporation and the GP64 pseudotyping were able to
restrict fVIIlI expression to the liver, eliminating the presence of inhibitors, while
resulting in about 9% of normal levels of fVI11 (0.1U ml™), which was sustained in mice
for a total of 60 weeks (Matsui, 2011). This study was significant in that it modified the
current in vivo lentiviral gene transfer of fVIII making it safer by restricting expression in

the liver.

In contrast to focusing on transferring the missing or malfunctioning gene, constructs that
encode proteins that can bypass the missing protein can be used to overcome the
difficulties associated with the size of the transgene. In the case of hemophilia A, a
smaller gene such as fVII can be used to bypass the need for fVIII. fVII is an extrinsic
pathway coagulation factor that along with thromboplastin initiates the blood coagulation
proteolytic cleavage cascade (Figure 1.2) and has been shown in a recombinant form to
be an alternative treatment for hemophilia A (Jurlander et al., 2001). For these reasons,
Ohmori et al. (2008) transduced HSCs ex vivo with a SIV-based lentiviral vector
encoding an activated form of fVII expressed from a platelet specific promoter (the
GPIba promoter). As a result, fVII was found to localize to the cell surface following
platelet activation in transplanted fVIII-deficient mice. Due to species-specific
interactions, the murine TF was unable to interact with the human form of fVII resulting

in unimproved hemophilia conditions in the fVIII-deficient mice. However, when a
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murine fVII was incorporated into the SIV-based lentiviral vector, the clot time and rate
of clot formation were significantly reduced, decreasing the mortality rate after tail
clipping (Ohmori et al., 2008). In addition, fVII was recently incorporated into an adeno-
associated vector (AAV-8) being able to overcome the encapsidation limitations of the
vector due to the shorter size of fVII. Yet it was shown that in hemophilic dogs, large
doses of vector were required to be efficacious (Margaritis et al., 2009). Therefore, a
bioengineered fVII variant with enhanced intrinsic activity was recently utilized in order
to reduce the dose of in vivo administered vector. However, adverse thrombotic effects
were observed in treated mice which limits enthusiasm for this therapy (Margaritis et al.,

2011).

In our laboratory, variations of the fVIII transgene have been studied extensively. It was
found that expression was increased up to 100 fold utilizing a B domain deleted porcine
fVIII transgene (Doering et al., 2002). High level fVIII expression was sustained for ten
months in hemophilia A mice following transplantation of MSCs modified to contain the
porcine fVIII sequence (Gangadharan et al., 2006). A subsequent study revealed that
high level fVIII expression could be achieved even after low-toxicity pretransplantation
conditioning (Ide et al., 2007). Together these studies demonstrated the ability of high-
expression porcine sequence elements to function in vivo for the correction of fVIII
deficiency in the context of ex vivo HSC genetic modification. Human/porcine fVIII
chimeras were then constructed for the purpose of determining which porcine fVIII
domains were responsible for the increased expression. The chimera constructs revealed

sequences in the A1 and A3 domains to be responsible for enhanced secretion of porcine
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fVIII (Doering et al., 2004, Dooriss et al., 2009). These findings resulted in construction
of a high expression chimeric transgene that was utilized to genetically modify HSCs ex
vivo via lentiviral vectors. The transplantation of these cells resulted in therapeutic levels
of fV1II in hemophilia A mice (Doering et al., 2009). The chimeric fVI1I transgene holds

much promise for the gene therapy field in regards to the treatment of hemophilia A.

1.6— Limitations of Gene Therapy

Since the birth of the concept of gene therapy in the early seventies, the field has
experienced tremendous highs and lows. A significant number of individuals have
experienced clinical benefit as a result of gene therapy. However, these advancements
have been overshadowed by highly publicized setbacks. News feeds associated with the
death of Jesse Gelsinger, an eighteen year old admitted in a gene therapy trial at the
University of Pennsylvania, described the journey of gene therapy as one that has been
tainted with a history of hype and unfulfilled promises. This statement was made despite
successful reports in the same year from an X-SCID clinical trial in Europe
demonstrating improved immune systems in children. It is important to note that this
setback and others including the appearance of insertional mutagenesis as a result of the
retrovirus utilized in the X-SCID clinical trial have been treated with sensitivity and
resulted in improvements in the current understanding of the technology and methods
used during gene replacement. The public perception of gene therapy, in my opinion, has
been affected by the disparaging reports unfairly represented by the media. Sadly, the
scientific community is not immune to these misconceptions. Upon deciding to join a

gene therapy laboratory, a number of my colleagues questioned my involvement in a
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“dying field.” However, these concerns were raised prior to progress made in the field
which has resulted in successful gene therapy trials for hemophilia B, AIDS, cancer, X-
SCID, adenosine deaminase deficiency, Wiskott-Aldrich syndrome, B-thalassemia and

adrenoleukodystrophy (Table 1.2).
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Table 1.2 — Clinically Beneficial Gene Therapy Trials for Monogenic Diseases

Disease Vector Treated

Outcome

X-SCID y-retrovirus 20

ADA-SCID  y-retrovirus 40

WAS y-retrovirus 10

X-ALD SIN-lentivirus 2

B-thalassemia SIN-lentivirus 1

HemophiliaB AAV-8 6

Full or nearly full correction in 17 patients

Normal T-cell subset counts

Normal T-cell-mediated immune functions
Five developed T-cell leukemia

Four in remission following chemotherapy
(Cavazzana-Calvo et al. 2000; Hacein-Bey-Abina et
al., 2008)

Increase of lymphocyte counts

Improvement of cellular and humoral responses
Enzyme replacement therapy halted in 29 patients
No leukemic or oncogenic event

(Aiuti et al., 2009; Gaspar et al., 2011)

Significant clinical benefit
Resolution of hemorrhagic diathesis,
eczema, autoimmunity and predisposition to
recurrent infections

One patient developed T-cell leukemia

(Boztug et al., 2010)

Cerebral demyelination arrested
No clonal dominance or leukemic / oncogenic event
(Cartier et al., 2012)

Stable hemoglobin levels
One-third contains vector encoded [3-globin
Transfusion independent
No leukemic / oncogenic event
(Cavazzana-Calvo et al., 2010)

FIX levels 2-11% of normal

Four discontinued FIX protein replacement therapy
Other two had longer spans between prophylaxis
At highest vector dose, slight and transient liver-
enzyme levels which normalized after
glucocorticoid treatment

(Nathwani et al., 2011)

Abbreviations: X-SCID (X-linked severe combined immunodeficiency), ADA-SCID
(adenosine deaminase deficient severe combined immunodeficiency), WAS (Wiskott-
Aldrich Syndrome), X-ALD (X-linked adrenoleukodystrophy)
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In the field of gene therapy, hemophilia A and B are among the most extensively
researched monogenic diseases. Hemophilia A and B are X-linked bleeding disorders
attributed to the loss of fVIII and fIX respectively. Hemophilia B is not as prevalent as
hemophilia A affecting approximately 1 in 30,000 males. However the size of the fIX
transgene is significantly smaller than fVIII with a cDNA of 2.8-kb. The adeno-
associated viral (AAV) vector is able to withstand the small size of the fIX transgene
which poses as a safer vector existing predominantly as a concatemer of episomes
extrachromosomally in cells. Minimal integration with the use of an AAV-based vector
reduces the risk of insertional mutagenesis. In addition, long-term expression can be
maintained if non-dividing cells are targeted. Since the liver is the main physiological
site of fIX synthesis, liver-directed gene transfer of fIX poses an ideal strategy for the
treatment of hemophilia B. The first clinical trial for hemophilia B utilized the most
prevalent serotype of AAV, AAV-2 which was infused via the hepatic artery. However,
this trial presented a number of obstacles to the therapy including the possibility of
vertical transmission as a result of transient vector DNA present in the sperm of subjects.
This obstacle appeared to be dose-related and could potentially be diminished by the use
of lower doses of administered vector. The presentation of humoral and cellular
immunity to the vector itself, however, presented itself as the greatest obstacle to be
overcome. A number of subjects admitted to the trial prior to admittance contained
neutralizing antibodies to AAV, a consequence of utilizing a vector derived from a
human pathogen. These antibodies blocked the transduction of target cells and have
resulted in the modification of participation requirements for future trials utilizing an

AAV-based vector. In addition, hepatocytes that were transduced were eliminated by
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memory T cells due to the presentation of AAV capsid-derived antigens resulting in
transient fIX expression. Since the first trial, serotypes of AAV have been identified that
are capable of transducing hepatocytes more effectively (AAV-8) and thus eliminate the
destruction of transduced hepatocytes due to diminished T cell activation. Therefore, a
clinical trial was performed utilizing an AAV-8 vector. In addition potential
improvements were made to the vector in regards to transduction, the AAV-8 vector was
engineered to overcome the limiting transduction step of AAV (the conversion of the
single-stranded genome to that of a double-stranded AAV genome) as a self-
complementary, double-stranded AAV-8 vector. A total of six subjects with severe
hemophilia B were included in the trial and all six subjects experienced levels of fIX
above that of a therapeutically relevant increase in fIX (Nathwani et al., 2011). The
increase in fIX in these subjects drastically changed their lifestyle. Yet more importantly,
this was the first trial for hemophilia B that demonstrated sustained levels of fIX
representing a significant advancement in the field of gene therapy. Improvements are
still needed before this therapy can become widespread, since patients admitted into the
trial are still receiving infusions of fIX. Preclinical reports are surfacing in which the
specific activity of fIX is increased due to improvements in the transgene. It is likely that
the next generation of clinical trials for hemophilia B will include the use of an enhanced

fIX transgene.

Gene therapy protocols for the treatment of Hemophilia A, on the other hand, have been
more difficult to manage due to the large size of fVIII. The B domain deleted fVIII

cDNA is 4.5-kb leaving very little room for the inclusion of regulatory elements to be
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packaged in an AAV-based vector. Nonetheless, preclinical attempts have been made to
replace the fVIII gene with the use of an AAV-based vector (Burton et al., 1999; Chao et
al., 2003). However when translated to large animal models, therapeutic levels of fVIII
can only be achieved upon administration of vector ten-fold higher than the highest dose
administered thus far in humans. It is likely that a dose this high will not be tolerated in
humans due to the induction of an immune response to the AAV-based vector. For this
reason and due to the limited carrying capacity of adeno-associated viral vectors, a
lentiviral based vector has been considered for gene therapy applications for the treatment
of hemophilia A. The carrying capacity of lentiviral vectors reaches 7-kb, large enough
to encompass the B domain deleted fVIII cDNA and relevant promoters. A lentiviral
vector is an ideal choice for the genetic modification of HSCs ex vivo. However, the
utilization of a lentiviral vector does not come without obstacles. First, the production of
lentiviral vectors containing an HP-fVIII transgene is limited in HEK-293T cells. For a
yet unknown reason, lentiviral titers from vectors containing an HP-fVIII transgene are
considerably lower than lentiviral vector titers containing a GFP transgene. Consistently
HIV-based lentiviral vectors containing a GFP transgene produced by transient
transfection in HEK-293T cells yield titers of approximately 102 while vectors containing
the HP-fVI111 transgene vield titers of 10”. It has been suggested that the decrease in viral
titer correlates to the size of the transgene. The larger the transgene the less viral
particles produced (Kumar et al., 2001; Yacoub et al., 2007). This obstacle may need to
be overcome in order to produce a significant amount of vector for a gene therapy
protocol aimed at treating a substantial portion of the population affected by hemophilia

A. Compounding upon this obstacle is the inefficiency of a lentiviral vector at
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transducing HSCs. In theory, only one HSC would need to be modified and engrafted in
order to provide a life-long cure to hemophilia A. However the target CD34" population
includes both stem cells and early progenitors of the stem cell. It is possible that the early
progenitors present in the CD34" population are more readily transduced by the lentiviral
vector than the pure stem cell, monopolizing the transduction of the lentiviral vector. The
sole modification of early progenitors would not attribute to expression of the HP-fVIII
transgene over a life-time. Instead, any benefit observed as a result of gene therapy
would only be transient due to the shortened persistence of early CD34" progenitors as
compared to the self-renewing stem cell. Therefore, the modification of self-renewing
CD34" stem cells is vital to the success of a gene therapy protocol aimed at modifying
HSCs. For this reason, much emphasis in the field has been placed on delineating
methods whereby the transduction efficiency of HSCs can be improved. This dissertation
has focused on the obstacles presented by the use of a lentiviral vector in a gene therapy

protocol designed for the treatment of hemophilia A.
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Chapter 2:
Pharmacological Evaluation of Lentiviral VVector

Optimized for fVII1 Expression
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2.1— Introduction

As previously mentioned in chapter 1, hemophilia A is a monogenic disease caused by
mutations in the gene encoding fVIII, resulting in the inability to properly form a clot.
Hemophilia A is a prime candidate for gene therapy in that only a moderate increase in
fVI11 (2-5% of normal equating to 2-5 ng ml™) is required to be therapeutically effective.
In addition, the current treatment, consisting of repetitive prophylactic administration of
recombinant fVIII as a means of protein replacement, is expensive, invasive and does not
always result in patient compliance. Further complicating the current therapy, 30% of
individuals with severe and moderately severe hemophilia develop an immunogenic
response in the form of neutralizing antibodies against the administered fVIII (Ehrenforth
etal., 1992). These inhibitors make managing a bleeding episode extremely complicated.
Therefore, new therapeutic approaches are needed to treat hemophilia A. fVIII gene
therapy attempts to rectify the presence of a mutant F8 gene with either the addition of a
functional gene or correction of the original gene. In the case of gene addition, delivery
of the fVIII gene is not restricted to a certain cell type because, theoretically, any tissue
with exposure to the vasculature is suitable as a cellular target. In addition, the
therapeutic window is large, as fVIII levels as high as 150% of normal have not been
associated with adverse effects such as thrombosis (VandenDriessche et al., 2001). As a

result, a number of viral and non-viral delivery strategies have been postulated.

Despite promising preclinical data, hemophilia A gene therapy clinical trials have not
progressed past phase 1 trials due to limited expression of fVIII (Roth et al., 2001;

Powell et al., 2003; Berlfein, 2003). Although each trial was unique in regards to the cell
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type modified and the viral vector used, all trials yielded less than therapeutic levels of
fVIII. To overcome low level transgene expression, we recently compared several high-
expression fVIII transgene sequences and demonstrated enhanced expression of a B
domain deleted porcine fVIII sequence, both in vitro and in vivo (Ide et al., 2007,
Doering et al., 2007; Dooriss et al., 2009). Upon comparison of a series of hybrid
human/porcine cDNAs, the domains responsible for the high expression characteristics of
porcine fVIII were identified as the A1 and A3 domains (Doering et al., 2004). These
findings resulted in the construction of a high expression human/porcine transgene. The
bioengineered construct was then introduced via lentiviral vectors into hematopoietic
stem cells (HSC) ex vivo and used to effectively treat fVIII knockout mice with
hemophilia A, yielding therapeutic levels of fVIII (Doering et al., 2009). Further
optimization resulted in the inclusion of the porcine C1 domain and three alanine
substitutions in the A2 domain in order to reduce immunogenicity (Healey et al., 2009;
Lubin et al., 1997). The final high expression B domain deleted fVIII transgene (HP-
fVIII) contains human A2 and C2 domains in addition to porcine Al, A3 and C1
domains. This HP-fVIII has been shown to maintain the high expression characteristics

of porcine fVIII (Doering et al., 2009).

Lentiviral vectors are promising vectors for the delivery of the fVIII transgene because
they provide stable integration and are able to transduce both dividing and non-dividing
cells (Naldini et al., 1996). Lentiviral vectors, unlike adeno-associated viral vectors, are
less constrained by the size of the transgene. Vector size constraints are an issue for

fVIII gene therapy since the B domain-deleted fVIII cDNA is approximately 4.4-kb (for
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review see Johnston et al., 2011). For these reasons, lentiviral vectors are reasonable for
gene therapy applications aimed at the treatment of hemophilia A utilizing ex vivo
modification of HSCs. In lentiviral vectors, a woodchuck post-transcriptional regulatory
element (WPRE) is routinely added to the 3° end of the transgene. The inclusion of this
sequence is for increased transgene expression, as it has been demonstrated that a two to
fivefold increase in expression is achieved with a WPRE sequence, which in part is due
to an increased export of mMRNA and possibly due to facilitating transcript processing
(Zuffery et al., 1999; Brun et al., 2003; Gonzalea-Murillo et al., 2010). However, a
recent report showed that enhanced transgene expression in the presence of a WPRE
sequence was dependent on the promoter and cell line used, where in some instances the
inclusion yielded no increase or decreased expression (Gonzalea-Murillo et al., 2010;
Klein et al., 2006). In addition, the WPRE codes for the first 60 amino acids of the
hepadnavirus X protein, a protein that has been linked to oncogenesis (Kingsman et al.,
2005). Therefore, the function of the WPRE appears to be more complex than originally
assumed and may need to be evaluated in conjunction with individual transgenes, which

has not been done for fVIII.

Previous studies have focused on optimizing the fVIII transgene for enhanced fVIII
expression (for review see Doering and Spencer, 2009), but the components of the viral
vector system have not been as well characterized. The studies presented in this chapter
focuses on optimizing the lentiviral vector for virus production, transduction efficiency,

and transgene expression with the use of a fVIII transgene that has been bioengineered
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for high level fVIII expression (HP-fVIII). The optimized lentiviral vector was utilized

in ex vivo HSC transduction studies to determine in vivo HP-fVIII expression.

2.2— Materials and Methods

Reagents

Dulbecco’s Modified Eagle’s medium (DMEM)/F-12, Aim V medium and StemPro-34
serum-free medium were purchased from Invitrogen Life Technologies (Carlsbad, CA).
Heat-inactivated fetal bovine serum was purchased from Atlanta Biologicals (Atlanta,
GA). Penicillin-streptomycin solution was purchased from Mediatech (Manassas, VA).
Cell transfections were performed with polyethyleneimine purchased from Fisher
Scientific (Pittsburg, PA). Plasmids utilized for viral preparation were isolated from
bacterial stocks utilizing QIAGEN Hispeed midiprep plasmid kits (Valencia, CA).
Nucleic acid isolation kits were purchased from QIAGEN. Integration events were
analyzed using a g°PCR SYBR Green Low Rox master mix from Thermo Fisher
Scientific (Waltham, MA) an ABI Prism 7000 sequence detection system (Applied
Biosystems, Foster City, CA) and oligonucleotide primers synthesized by Integrated
DNA Technologies (Coralville, 1A). HP-fVIII RNA was quantified utilizing fVIII RNA
standards generated with an mMessage mMachine kit (Ambion, Austin, TX). Northern
blots were performed with the digoxigenin nonradioactive nucleic acid-labeling and
detection system (Roche, Indianapolis, IN). Human fVIII-deficient plasma and normal
pooled human plasma (FACT) were purchased from George King Biomedical (Overland
Park, KS). Automated activated partial thromboplastin (APTT) reagent was purchased

from BioMérieux (Durham, NC). Clotting times were measured using an ST art
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Coagulation Instrument (Diagnostica Stago, Asnieres, France). Anti-pfVIIlI and anti-
hfVIII monoclonal antibodies were a kind gift of Dr. Pete Lollar (Aflac Cancer Center
and Blood Disorder Services, Emory University, Atlanta, GA). Sca-1" cells were isolated
using magnetic separation columns purchased from Miltenyi Biotec (Auburn, CA). Exon
16-disrupted hemophilia A mice have been previously described (Bi et al., 1995). All

antibodies for flow cytometry were purchased from BD Pharmingen (San Diego, CA).

Vector production

Expression plasmids containing the HP-fVIII or eGFP gene along with the necessary
packaging plasmids were transiently transfected into HEK-293T cells utilizing
polyethylenimine (6 pg PEI/1 pg DNA). A 2:1:1 ratio of expression plasmid to
packaging plasmids (expression plasmid:psPAX2:pVSVG) was used to manufacture
research-grade HIV-based lentiviral vectors in the LentiMax production system.
Research-grade SIV-based lentiviral vectors were manufactured using a 1.3:1:1:1.6 ratio
of expression plasmid to packaging plasmids (expression
plasmid:pCAG4:pVSVG:pSIV). One day after transfection, the media was replaced with
DMEM-F12 containing 10 % fetal bovine serum and 1 % penicillin/streptomycin.
Conditioned medium from the HEK-293T viral producing cells was collected for the
following three days, passed through 0.45 pmol 1 filter and stored at -80°C until
concentration. Virus was concentrated by velocity sedimentation upon centrifugation at
10,000g (4°C) overnight. Viral pellets were resuspended in 1/100th of the original

volume of StemPro media, and filtered through a 0.22 pmol I filter. Viral titer was
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assessed on HEK-293T cells with increasing vector volumes by real-time quantitative
PCR (gqPCR) seventy-two hours after viral addition. Unconcentrated viral supernatant
had titers ranging from 5x10° to 2x10° transducing units mlI™* (TU ml™Y). Concentrated

virus ranged from 5x10” to 1x10° TU ml™. Virus was stored in 1 ml aliquots at -80°C.

gPCR is a highly sensitive reaction that could overestimate viral titer if residual plasmid
remained as a consequence of viral preparation. Therefore, plasmid contamination as a
was assessed in order to confirm the viral titers generated by qPCR. Virus was pretreated
with 50 units of benzonase per ml of virus for 15 minutes as previously described (Sastry
et al., 2004). Prior to viral transduction, 100,000 HEK-293T cells were plated in a six
well tissue culture treated plate and given 24 hours to adhere to the plate. At the time of
viral addition, approximately 200,000 HEK-293T cells were transduced with viral
containing media with or with benzonase treatment. DNA was isolated from the cells
over time resulting in DNA samples at 24, 48, 72, 240 and 288 hours post transduction.
Each time point was performed in triplicate. qPCR analysis was performed on the DNA
isolated from each condition. Transgene copies/cell were similar despite benzonase
treatment yielding a fold difference near one suggests a lack of plasmid contamination in

the viral containing media (Table 2.1).
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Table 2.1 — The effect of benzonase treatment on copy number analysis

Hours Post Transduction Fold Difference
24 0.729
48 0.668
72 0.805
240 1.012
288 0.818

Transgene copies/cell were determined at the indicated hours post viral addition by gPCR
analysis. The fold difference was determined by dividing the transgene copies/cell from
the nontreated wells by the transgene copies/cell of the benzonase treated wells.
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Measurement of HP-fVVI111 transgene copy number

Total genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen)
following the manufacture’s protocol for cultured cells. DNA was quantified with a
spectrophotometer at an absorbance of 260 nm. To determine transgene copy number, 50
ng of each sample was added to a 25 pl real-time quantitative PCR reaction containing 1x
SYBR green PCR master mix (Thermo Fisher Scientific, Surrey UK) and 0.01 pM
forward and reverse primers. HP-fVIII specific primers annealing to the Al porcine
domain were utilized: forward primer, 5’- CAG GAG CTC TTC CGT TGG -3’ at
position 164 and reverse primer, 5’- CTG GGC CTG GCA ACG C -3’ at position 239.
C: values for each sample were compared to C; values produced from plasmid standards
of known copy quantities. The equivalent copy number was then divided by 8333, the

predicted number of genome equivalents in 50 ng of DNA.

To assess the appropriate time following transduction in which to perform the in vitro
copy number analyses, a time course analysis of copy number was performed in EUL,
BHK-M and HEK-293T cells. Approximately 250,000 EU1 (Figure 2.1 A) and BHK-M
cells (Figure 2.1 B) were transduced with SIV-based lentiviral vectors at an MOI of 5.
DNA was isolated throughout the analysis as indicated. Each time point was performed
in triplicate. Transgene copies/cell were determined by gPCR as previously described.
Grey arrows represent when cells were passaged. A gradual decay in copy number is
apparent in both EU1 and BHK-M cells that stabilizes 72 hours post transduction (Figure
2.1 A-B). The decay observed is consistent with the loss of non-integrated vector over

time. A similar protocol was used to assess copy number over time in K562 cells
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(performed previously by Kerry Dooriss). A similar decay profile was apparent in K562

cells as was observed in EU1 and BHK-M cells (data not shown).
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Figure 2.1 Copy number analysis over time reveals loss of non-integrated lentiviral
vector by seventy-two hours following viral transduction. (A) EUL and (B) BHK-M
cells were transduced with an SIV-based lentiviral vector at an MOI of 5. DNA was
isolated at the indicated time points and assessed for transgene copy number by gPCR.

Each time point was performed in triplicate.
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Measurement of HP-fVV111 transcript expression

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) following the
manufacture’s protocol for animal cells 72 hours post transduction. RNA was then
quantified spectrophotometrically at an absorbance of 260 nm. HP-fVIII transcripts were
measured by quantitative RT-PCR (gRT-PCR) utilizing a porcine fVIII RNA standard as
previously described (Doering et al., 2002). qRT-PCR reactions were carried out in 25 pl
containing 1x SYBR green PCR master mix, 300 uM forward and reverse primers, 12.5
units MultiScribe, 10 units RNase inhibitor, and 5 ng of sample RNA. Reactions
containing the porcine fVIII RNA standard also included 5 ng of yeast tRNA, mimicking
the RNA environment of the sample RNA. The oligonucleotide primers utilized for the
gRT-PCR reaction annealed in the A2 domain of the fVIII cDNA sequence at positions
1897-1917 for the forward primer (5’-ATGCACAGCATCAATGGCTAT-3’) and at
positions 2044-2063 for the reverse primer (5’-GTGAGTGTGTCTTCATAGAC-3’).
One-step real-time qRT-PCR was performed by incubation at 48°C for 30 min for reverse
transcription followed by one cycle at 95°C for 10 min and 40 amplification cycles of
90°C for 15 sec and then at 60°C for 1 min. Postreaction dissociation was performed to
confirm single-product amplification. C; values for each sample were compared to C;

values produced from the porcine fVI1II standards having known transcript quantities.

Measurement of HP-fVII11 activity from cell lines

fVIII activity was measured from the supernatant of cells cultured in AIM V media for 24
h before the assay as previously described (Doering et al., 2002). In short, the APTT

reagent-based one stage coagulation assay was performed in duplicate for each
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supernatant on a ST art Coagulation Instrument in human fVIII-deficient plasma. The

clot time for each sample was compared to a standard curve based on dilutions of FACT.

Animals

Exon-16 deleted hemophilia A mice were originally obtained from Dr. Leon Hoyer
(Holland Laboratories, American Red Cross, Rockville, MD) by Pete Lollar. The colony
has been maintained at Emory University (Atlanta, GA) since 1998. B6.SJL (CD45.1)
mice were acquired from Dr. David Archer (Emory University, Atlanta, GA). Both
strains were maintained at the animal care facility of Emory University. All procedures

were approved by the Institutional Animal Care Committee at Emory University.

Isolation and transduction of murine stem cell antigen-1+ cells

Whole bone marrow was flushed from the femurs and tibias of 8- to 10-week-old CD45.1
mice and then subjected to positive immunomagnetic bead selection. The isolated sca-1*
cells were cultured at a density of 10° cells per ml in StemPro media supplemented with
L-glutamine (29 pg ml™). For 3 days before transduction, the cells were stimulated with
murine stem cell factor (100 ng ml™), murine interleukin-3 (20 ng ml™), human
interleukin-11 (100 ng ml™), and human FIt-3 ligand (100 ng ml™). Cells were
transduced twice (MOI 15), 8 hours apart, and transplanted via tail-vein injection the
following day into lethally irradiated (11Gy TBI using a Gammacell 40 Exactor) 8- to 10-
week-old recipient hemophilia A mice (CD45.2). Blood was collected from the
transplanted mice every two weeks retro-orbitally and fVIII was measured using an

ELISA specific for HP-fVIII. The ELISA only detects properly folded HP-fVIII in that
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the primary antibody detects the heavy chain (human A2 domain) and the secondary
antibody detects the light chain (porcine A3 domain). In addition, HP-fVIII was detected
from the plasma using a commercially available chromogenic substrate assay (COATEST

SP FVIII) as previously described (Doering et al., 2007).

Statistical analysis

Results are presented as mean + standard deviation. A student’s t-test was used to

evaluate a significance of difference between two groups. For comparisons between
more than two groups, a one way ANOVA was used. A p value less than 0.05 was

considered to be statistically significant.

2.3— Results
2.31— Assessment of the WPRE sequence

Assessment of the requirement for a WPRE element for the production of virus

containing an HP-fVIII transgene

A recent report revealed that enhanced transgene expression as a result of a WPRE is
dependent on both the promoter and cell line used, and should thus be assessed for
individual transgene scenarios (Kingsman et al., 2005). The WPRE was evaluated in the
context of an optimized HP-fVIII transgene. Both SIV and HIV expression plasmids
were constructed with and without a WPRE sequence (Figure 2.2 A) and used to produce
recombinant viral vector from HEK-293T cells. Virus, with and without a WPRE, was
generated in triplicate under identical conditions. Unconcentrated viral supernatant then

was used to transduce HEK-293T cells to assess viral titer. In this manner, viral
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production was analyzed from the context of a highly transducible cell line. DNA was
extracted from the transduced cells and analyzed for viral copy number by qPCR. For
both lentiviral vectors, assuming equal transduction efficiency, the absence of a WPRE

did not affect viral production (P = 0.436 for SIV and P = 0.309 for HIV) (Figure 2.2 B).
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Figure 2.2 Evaluation of the WPRE sequence in SIV and HIV vector systems in

regards to viral production. (A) Schematic representation of SIV- and HIV-based

lentiviral vectors. (B) Recombinant virus was produced under identical conditions (n =

3). Unconcentrated viral supernatant (0.5 ml) was used to transduce HEK-293T cells.

Seventy-two hours later, genomic DNA was isolated from the transduced cells and used

to assess viral copy number by gPCR. Each bar represents the mean = standard deviation

of three wells measured in duplicate. P values were derived from a student’s t test.
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Evaluation of the expression of the HP-fVI111 transgene from lentiviral vectors containing

a WPRE element

Two independent internal promoters and vector systems were used to evaluate the effects
of a WPRE on expression, a human elongation factor-1 alpha (EF1a) promoter in an HIV
lentiviral system and a cytomegalovirus (CMV) promoter in a SIV lentiviral system. The
HP-fVIII expression constructs were transiently transfected into HEK-293T cells. Forty-
eight hours later, HP-fVI11I expression was quantified using an APTT reagent-based one-
stage coagulation assay. Comparison of HP-fVIII expression showed that the WPRE did
not enhance expression of the transgene driven from either a CMV (P = 0.757) internal
promoter or an EFla (P = 0.405) (Figure 2.3 A). The lack of effect was further analyzed
in a hematopoietic context in which two hematopoietic cell lines (EU1 and K562 cells)
were transduced with the SIV-based lentiviral vector system. HP-fVIII expression was
assessed at both the transcript and protein level. To correct for transduction efficiency,
transcript and fVIII activity levels were normalized to copy number for each viral
preparation. No enhancement in HP-fVIII transcripts was observed when a WPRE was
included in the lentiviral vector (Figure 2.3 B). As shown in Figure 2.3 C, a similar
observation was noted for the activity of expressed HP-fVIII from transduced K562 cells
when normalized to copy number. However, significantly more activity was observed
from EU1 cells that were transduced with a SIV viral vector devoid of a WPRE sequence
than those that were transduced with a SIV virus containing a WPRE sequence (P =
0.009) (Figure 2.3 C). This relative enhancement was not observed upon normalization
of HP-fVIII activity to transcripts (Figure 2.3 D). We have previously demonstrated a

correlation between fVIII transcript number and fVIII activity (Doering et al., 2009).
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However, less correlation has been documented between copy number and fVIII
expression and would account for the lack of enhancement seen as a result of HP-fVIII

activity normalization to transcripts (Spencer et al., 2011).
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Figure 2.3 Evaluation of the WPRE sequence in regards to HP-fVIII expression.
(A) To assess HP-fVIII activity, the expression plasmids were transiently transfected into
HEK-293T cells. HP-fVIII activity was detected by an APTT-reagent based one-stage
coagulation assay 48 hours post transfection. Twenty-four hours prior to the APTT-
reagent based one-stage coagulation assay, conditioned media was replaced with AIM-V
(serum-free). Each bar represents the mean * standard deviation of six wells measured in
duplicate. (B) An SIV-based lentivirus also was used to assess HP-fVIII expression in
EUL and K562 cells (MOI 1). Seventy-two hours post-transduction, genomic DNA and
total RNA were isolated from the cells. HP-fVIII transcripts and HP-fVIII copy number
was assessed by qRT-PCR and gPCR, respectively. (C) HP-fVIII activity was assessed

24 hour after exchange of conditioned media with serum-free AIM-V media by an
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APTT-reagent based one-stage coagulation assay. (D) HP-fVIII activity was normalized

to transcript levels. Each bar represents the mean = standard deviation of three wells

measured in duplicate. P values were derived from a student’s t test.
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Quantification of transcriptional read-through as a result of the presence of a WPRE

seguence

It was suggested that the WPRE sequence provides a protective feature in viral vectors by
safe guarding against insertional mutagenesis by reducing transcriptional read-through
(Higashimoto, 2007). However, none of the constructs tested contained a transgene
comparable to the length of HP-fVIII. Therefore, | designed constructs in which an
internal ribosomal entry site (IRES) was placed after the 3 viral long terminal repeat
(LTR) so that the green fluorescent protein (eGFP) could be expressed only as a result of
transcriptional read-through (Figure 2.4 A). The IRES eGFP constructs, produced with
and without a WPRE, were transiently transfected into HEK-293T cells and assessed for
eGFP expression (96 hours after transfection) (Figure 2.4 B and 2.4 C). Although
minimal transcriptional read-through was apparent, no statistically significant difference
was found in the amount of transcriptional read-through when a WPRE sequence was
present as compared to when it was removed (P = 0.905) (Figure 2.4 C). This
observation was noted despite similar expression of HP-fVIII (P = 0.891) (Figure 3.4 D).
Taken together, these data demonstrate that the WPRE does not enhance viral titer,
transduction or HP-fVIII expression, and led to the removal of the WPRE element from

both the HIV-based and SIV-based lentiviral vectors in subsequent studies.
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Figure 2.4 Evaluation of transcriptional read-through in the absence of a WPRE
sequence. (A) Schematic representation of HIV-based expression plasmids transiently
transfected into HEK-293T cells. (B) Fluorescent microscopy images taken 96 hours
after transfection. (C)Transcriptional read-through was quantified by flow cytometry.
(D) HP-fVIII activity was assessed 24 hours after exchange of conditioned media with
serum-free AIM-V media by an APTT-reagent based one-stage coagulation assay. Each

bar represents the mean = the standard deviation of three wells measured in duplicate. P

values were derived from a one-way ANOVA.
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2.32— Comparison of three lentiviral vectors

Comparison of the transduction efficiency and HP-fVIII expression of SIV- and HIV-

based lentiviral vectors containing the HP-fVI1I transgene

To determine if there are inherent differences in HP-fVIII expression between SIV and
HIV gene transfer systems, SIV- and HIV-based expression plasmids were produced in
which the only differences were derived from the vector system itself (Figure 2.5 A).
The HP-fVIII transgene was expressed in both lentiviral vectors from the EFla internal
promoter. Expression plasmids were used to produce virus from HEK-293T cells under
identical conditions three separate times. Virus was quantified by assessing viral titer
using 1 ml unconcentrated viral supernatant, which was added to the highly transducible
HEK-293T cell line as a baseline for comparison. Viral copy number was determined
utilizing qPCR with primers specific for the HP-fVIII transgene and compared between
SIV- transduced and HIV- transduced cells. Unconcentrated viral vector titers were
significantly higher with the SIV vector system (P = 0.014) (Figure 2.5 B). Recombinant
SIV and HIV then was used to transduce BHK-M, K562 and HEK-293T cells at a MOI 5.
Seventy-two hours after viral addition, transduction efficiency was measured by
analyzing the copy number of HP-fVIII by gPCR. As previously observed in the lab,
BHK-M and K562 cells are transduced less efficiently with lentiviral vectors than HEK-
293T cells, as noted by lower HP-fVIII copy numbers (Figure 2.5 C). Comparison of the
two vector systems in cell lines, on the other hand, did not show any difference with
respect to the transduction efficiency in both K562 cells (P = 0.837) and HEK-293T cells
(P = 0.120) (Figure 2.5 C). Identical copy numbers in HEK-293T cells were observed

and expected as these cells were used to calculate viral titer (Figure 2.5 C). However, a
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slight difference was seen with BHK-M cells. Greater copy numbers were noted when a
SIV-based vector was used to transduce BHK-M cells compared with the HIV-based

vector (P = 0.045).
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Figure 2.5 Comparison of SIV- and HIV-vector systems encoding HP-fVIII. (A)
Schematic representation of the SIV and HIV expression plasmids generated to encode
HP-fVIII. (B) Recombinant virus was produced under identical conditions (n = 3) and
titered on HEK-293T cells. (C) Each viral preparation was utilized to transduce two
wells of BHK-M, K562 and HEK-293T cells at an MOI of 5. Seventy-two hours post-
transduction, genomic DNA was isolated and assessed for copy number by gPCR. P

values were derived from a student’s t test.
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RNA was extracted and fVIII transcripts were quantified using gRT-PCR from the BHK-
M, K562 and HEK-293T cells transduced with either SIV- or HIV-based vectors. BHK-
M cells were included in this analysis as a high-expressing fVIII cell line. It was
expected that the expression of the transgene would be similar between the two viral
vectors, as similar MOIs were used and similar copy numbers were determined.
However, there was enhanced HP-fVIII RNA expression by the SIV system, which was
evident in both BHK-M (P < 0.001) and K562 (P = 0.019) cell lines (Figure 2.6 A and
2.6 B). Enhanced HP-fVIII RNA levels were confirmed by Northern blot analysis
(Figure 2.6 D upper panel). Supernatants from the transduced cells were used to assess
HP-fVIII activity by an APTT reagent-based one-stage coagulation assay. HP-fVIII
activity was significantly increased for BHK-M (P < 0.001) and K562 (P = 0.006) cells
transduced with SIV (Figure 2.6 C). In BHK-M and K562 cells, greater RNA levels led
to greater protein production. This is consistent with previous findings that showed a
strong correlation between RNA and fVIII activity (Doering et al., 2009). Based on this

set of data, the SIV-based vector system was selected for further studies.
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Figure 2.6 Comparison of SIV- and HIV-vector systems encoding HP-fVIII. (A)
Seventy-two hours post-transduction, total RNA was isolated and transcript levels were
quantified by qRT-PCR. (B) Transcript levels were normalized to copy number. (C)
Twenty-four hours prior to isolation, the conditioned media was exchanged for serum-
free AIM-V in order to assess the HP-fVIII activity by an APTT reagent-based one-stage

coagulation assay. Bars represent the mean + the standard deviation of three sets of virus

each added to two wells, while each well was measured in duplicate. (D) Enhanced
transcript levels were confirmed by Northern Blot analysis. Equivalent amounts of
ribosomal RNA were apparent among each sample (lower panel). P values were derived

from a student’s t test.
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Comparison of the transduction efficiency of SIV- and HIV-based lentiviral vectors

containing an eGFP transgene

In order to determine if enhanced expression from the SIV-based lentiviral vector was
specific to the HP-fVIII transgene, expression plasmids were constructed in which both
SIV- and HIV-based lentiviral vectors contained the eGFP transgene (Figure 2.7 A). In
both gene transfer systems, the eGFP transgene was driven from the EFla internal
promoter. In this manner differences in eGFP expression could be assessed as a
consequence of differences derived from the vector system itself. As described earlier,
expression plasmids were used to produce virus from HEK-293T cells under identical
conditions. Following ultracentrifugation, virus was concentrated and quantified by viral
titer using flow cytometry. Titers were comparable among the two viral preparations

yielding TU ml™ near 2 x 10’

Transduction efficiency was assessed in BHK-M, K562 and HEK-293T cells.
Approximately 200,000 cells were transduced with either the SIV- or HIV-based
lentiviral vector at an MOI of 1. The percentage of eGFP positive cells was quantified by
flow cytometry. The transduction efficiency of the HIV vector system was greatest with
an eGFP transgene in K562 (P < 0.001) and HEK-293T cells (P < 0.001) (Figure 2.7 B).
Conversely, the SIV vector system exhibited greater transduction efficiency in BHK-M

cells (P =0.017) (Figure 2.7 B).
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Figure 2.7 Comparison of SIV- and HIV- vector systems encoding eGFP. (A)

Schematic representation of the SIV and HIV expression plasmids used to produce

recombinant virus containing the eGFP transgene. (B) Single viral preparations were

used to transduce three wells of BHK-M, K562 and HEK-293T cells at an MOI of 1.

Transduction efficiency was assessed seventy-two hours following transduction by flow

cytometry. P values were derived from a student’s t test.
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Comparison of the transduction efficiency of an SIV and EIAV-based lentiviral vectors

encoding an eGFP transgene

Alternative non-primate lentiviruses have been proposed as vectors for gene transfer.
Specifically, a vector has been derived from the equine infectious anemia virus (EIAV)
(Olsen, 1998). The EIAV-based vector was previously optimized for eGFP expression
(O’Rourke, et al. 2005) and obtained as a generous gift from Manji Patel of the
University of North Carolina. The optimized EIAV-based vector contained an internal

promoter consisting of elements from the CMV and B-actin promoter (CP) and included a

WPRE sequence (Figure 2.8 A).

Transduction efficiencies were compared between the SIV- and EIAV-based lentiviral
vectors in sca-1" cells. Since expression is not being compared between the two
lentiviral vectors, only that of transduction efficiencies, different promoters governing
expression of eGFP between the two lentiviral vectors is irrelevant. Sca-1+ cells were
isolated from a hemophilia A mouse and stimulated with cytokines for 3 days. Cell
counts during stimulation exhibited cell growth indicative of typical sca-1" cell
functioning (data not shown). Sca-1" cells were transduced at an MOI of 20. Seventy-
two hours after transduction the sca-1* cells were analyzed for eGFP by fluorescent
microscopy images (Figure 2.8 B) and flow cytometry. Sca-1" cells transduced with an
SIV-based lentiviral vector yielded 10% GFP positive cells, whereas cells transduced
with an EIAV-based lentiviral vector yielded 1.4% GFP positive cells. To confirm the
superior transduction efficiency of SIV to EIAV, the titer of the EIAV-based lentiviral

vector was reevaluated on HEK-293T cells. Due to the differences in titering protocols,
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the EIAV-based lentiviral vector was shown to be tenfold less than originally designated
with a titer of 4.6x10° TU ml™. It is predicted that a ten-fold difference would not
increase the percentage of GFP positive cells above that of the SIV-based lentiviral

vector, suggesting that the EIAV-based lentiviral vector is not superior.



89

A 5LTR J'LTR
SIV.EF1a.eGFP.NOWPRE " - —

cppt-cts cppt

5LTR 3LTR
CMV enh R U5 Aﬂg AU3 RBGpA

EIAV.CMV/-actin.eGFPWPRE | || " - CB — eGFP = VWPRE [I

cppt-cts cppt
B

SIV

Figure 2.8 Comparison of SIV- and EIAV- based vector systems encoding eGFP.
(A) Schematic representation of the SIV and EIAV expression plasmid used for viral
preparations in HEK-293T cells. (B) Fluorescence microscopy images were taken prior
to flow cytometry. Images depict increased transduction efficiency of an SIV-based

vector.
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2.33— Analysis of three internal promoters

Self-inactivating (SIN) vectors require internal promoters for transgene expression due to
the inactivation of the viral 5’ long terminal repeat (LTR) upon transfer of the U3
deletion during integration. A balance between adequate transgene expression and the
elimination of transactivation of nearby genes must be maintained by the internal
promoter. Three ubiquitous heterologous promoters, varying in enhancer activity, were
evaluated in transduced HEK-293T cells. The human EFla promoter, the CMV
promoter, and the yeast phosphoglycerate kinase (PGK) promoter were incorporated into
the SIV expression plasmid and used to produce virus under identical conditions (Figure
2.9 A). Viral titer was determined for each vector by gPCR. Vector then was added to
HEK-293T cells at an MOI of 3. HEK-293T cells, although unable to accurately depict
the transcription profile of HP-fVIII in sca-1" cells, were chosen due to the inherent
superior transduction capabilities as compared to the hematopoietic EU1 and K562 cell
lines. Transgene expression was greatest when driven by the CMV promoter and least by
the PGK promoter as evaluated by the level of HP-fVIII transcripts from transduced cells
(Figure 2.9 B). In addition, HP-fVIII activity normalized to copy number showed that
HP-fVIII activity is greatest when expression is driven by the CMV promoter and least

by the PGK promoter (Figure 2.9 C).
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Figure 2.9 Effects of various internal promoters on HP-fVIII activity in vitro. (A)
Schematic representation of SIN SIV-based expression vectors constructed with the
PGK, EFla or CMV internal promoter to make recombinant lentivirus. (B) HEK-293T
cells were transduced at an MOI of 3. Seventy-two hours post-transduction, total RNA
and genomic DNA were isolated from the cells and quantified by gPCR for transcript
levels. (C) Twenty-four hours before isolation, the conditioned media was exchanged for
serum-free AIM-V to assess HP-fVIII activity, which was normalized to copy number to

correct for transduction efficiency. Each bar represents the mean = the standard deviation

of three wells. P values were determined by a one way ANOVA.
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2.34— Hematopoietic stem cell gene therapy for hemophilia A utilizing the
optimized lentiviral vector

Based on the above analyses, an SIV-based lentiviral vector containing the HP-fVIII
transgene expressed from a CMV promoter without the inclusion of a WPRE was
predicted to be optimal for HP-fVIII expression in vitro. This construct then was
evaluated in vivo in hemophilia A mice. Sca-1" cells were isolated from CD45.1 mice
and transduced with the optimized SIV vector encoding HP-fVIII. CD45.1 sca-1" cells
were transduced twice, 24 h between transductions, at an MOI of 15 each time, which
resulted in 30-60% transduction efficiency with similar eGFP encoding vectors.
However, with fVIII-containing vectors, only 3-10% is expected as previous findings
showed a ten-fold lower transduction efficiency when using a vector encoding fVIII as
compared to eGFP (data not shown, Doering et al., 2009). Transduction protocols were
designed to ensure that transduced cells would only contain, on average, one or fewer
copies of the vector. The transduced sca-1" cells then were transplanted into lethally
irradiated (11 Gy split dose total body irradiation) hemophilia A mice. Three months
after transplantation, donor cell engraftment was measured by flow cytometry. Average
engraftment in the peripheral blood and spleen was shown to be approximately 90%
(Figure 2.10 A). Every two weeks HP-fVIII levels were quantified by an ELISA assay.
HP-fVIII levels persisted for the duration of the study (4 months) with a range between 2
and 20 ng ml™ (Figure 2.10 B). A Coatest activity assay showed a similar HP-fVIII
expression profile (Figure 2.10 C). Copy numbers in six mice remained below the

detectable level of five percent gene-modified cells by qPCR with one each having 0.07,
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0.10, 0.11 and 0.14 vector copies per genome. No correlation between copy number and

HP-fVIII expression was observed in these mice.
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Figure 2.10 In vivo expression of the optimized vector in transplanted hemophilia A
mice. Sca-1" cells were isolated from CD45.1 mice and transduced with the optimized
vector with an MOI of 15 (x 2). Approximately 1 x 10° cells were transplanted into
Hemophilia A mice (CD45.2) (n = 14). (A) Engraftment was measured from peripheral
blood and splenocytes of three mice and was assessed three months after transplant by
flow cytometry. (B) HP-fVIII expression levels were assessed in the mice every two
weeks following transplantation by an ELISA. (C) A chromogenic test (Coatest assay)

was used to assess HP-fVIII activity in a subset of mice (n = 3).
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2.4— Discussion

To date, three clinical trials have been initiated for gene therapy applications to treat
hemophilia A (Roth et al., 2001; Powell et al., 2003; Berlfein et al., 2003). However,
each trial failed to yield sustained therapeutic levels of human fVIII. To overcome the
obstacle of limited expression, a human/porcine fVIII hybrid has been constructed
exhibiting expression 19-fold higher than human B domain-deleted fVIII (Doering et al.,
2009). Further optimization of the transgene resulted in a theoretically less immunogenic
high expression fVIII transgene. With the production of an extensively optimized
transgene, efforts can now be directed towards optimizing the viral vector for transgene

delivery and expression.

A number of viral vectors have been considered for the modification of cells including
both non-integrating and integrating vectors. Non-integrating vectors, such as the
adenoviral and adeno-associated viral vectors, exist in cells extrachromosomally and are
limited by potential vector genome loss. Yet, adenoviral vectors and adeno-associated
viral vectors are appealing in that they efficiently transduce both dividing and non-
dividing cells. With respect to the treatment of hemophilia A, adenoviral vectors have
been utilized in neonates to produce tolerance (Hu et al., 2011; Hu and Lipshutz, 2011)
but currently are less clinically desirable due to toxic side effects experienced in clinical
trials (Aruda, 2006). However, adeno-associated viral vectors are being extensively
evaluated for use in gene therapy, especially for hemophilia B. Unfortunately, adeno-
associated viral vectors are limited by their genetic carrying capacity. The vector cassette

associated with the 4.4-kb of the B domain deleted fVIII cDNA, including regulatory
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elements, is at and above the carrying capacity of an adeno-associated viral vector for the
treatment of hemophilia A. Several groups are attempting to overcome this limitation by
separating the genetic payload, that is, the heavy chain and light chain of fVIII, into two
different vectors (Hu and Lipshutz, 2011; Scallan et al., 2003; Sarkar et al., 2006). Other
groups are attempting to minimize the regulatory elements by utilizing smaller internal
promoters (Scallan et al., 2003; Sarkar et al., 2004; Jiang et al., 2006; Lu et al., 2008;

Sabatino et al., 2011).

Several groups have focused on the use of integrating viral vectors such as lentiviral
vectors.  Lentiviral vectors are suitable vectors for hemophilia A gene therapy
applications in that they (1) stably integrate in the host genome, (2) are able to transduce
quiescent cells and (3) can encapsulate large transgenes such as HP-fVIII. Although
insertional mutagenesis was observed clinically with the use of integrating y-retroviral
vectors (Wu et al., 2003; Hacein-Bey-Abina et al., 2003), to date similar issues have not
been observed with lentiviral vectors (Cartier et al., 2009; Cavazzana-Calvo et al., 2010;
Biffi et al., 2011). This may be due to integration site preferences between the two
vectors. In addition, clinically used lentiviral vectors contain safety measures that are
now routinely incorporated, including a 133-bp deletion in the U3 region of the 3° LTR
that self-inactivates the vector, creating a replication incompetent or SIN vector (Miyoshi
et al., 1998; lwakuma et al., 1999), (for review see Pauwels et al., 2009). Comparative
studies have shown that SIN lentiviral vectors are less oncogenic than y-retroviruses

(Montini et al., 2006; Montini et al., 2009).
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A WPRE often is incorporated into lentiviral vectors since the demonstration of two to
fivefold enhanced eGFP and luciferase expression (Zuffery et al., 1999; Brun et al.,
2003; Gonzalea-Murillo et al., 2010). However, a recent report showed that the
enhanced expression was dependent on the promoter and cell line used, and in some
scenarios, the presence of a WPRE resulted in a decrease in transgene expression (Klein
et al., 2006). It is apparent that the WPRE is more complex than originally assumed and
requires individual transgene evaluation. With the HP-fVIII transgene, the WPRE was
found to be negligible in regards to viral production, transgene expression and
transcriptional read-through. For our high expression construct, there appears to be no
benefit to include a WPRE. Thus, based on these results confirmed by Gabriela Denning
at Expression Therapeutics, the WPRE was removed from the clinical vector. However,
it may be useful for lower expressing fVIII constructs and should be tested in conjunction

with each.

The SIV- and HIV-based vector systems were also analyzed in this study in regards to
HP-fVIII expression. The production of SIV and HIV lentiviral vectors were optimized
separately. Using standard production conditions, higher viral titers routinely were
achieved with the SIV system compared with HIV. After each viral preparation was
quantified with respect to viral titer, transduction at identical MOIs yielded integration
events that were not statistically different in K562 and HEK-293T cells. However, BHK-
M and K562 cells transduced with SIV expressed HP-fVIII more efficiently than those

cells transduced with identical amounts of HIV. This suggests that although SIV and
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HIV integrated at similar levels, the integration events of SIV may be in regions of the
genome that promoted greater expression than those regions where HIV integrated. This
potential difference requires further study to test this hypothesis. It is interesting that this
same phenomenon was not observed with an eGFP transgene and that the enhanced
expression of HP-fVIII also was not seen with HEK-293T cells. This suggests a potential
transgene and cell type specificity of SIV enhancement. This data also suggests that SIV
is, at a minimum, as efficient at gene transfer and expression of HP-fVIII as HIV. In
addition, SIV was found to be superior to an EIAV-based lentiviral vector in regards to
transduction efficiency. SIV-based vectors may be a safer option for gene therapy
applications to combat hemophilia A since a number of adults with hemophilia are HIV-1
positive after receiving plasma-derived fVIII infusion products before HIV testing
became routine. The use of HIV vectors can raise safety concerns due to possible
recombination events of the vector and wild-type HIV. SIV, on the other hand, is less

likely to recombine due to sequence differences between HIV and SIV.

Different internal promoters also were tested as a component of the expression vector for
HP-fVIII expression.  SIN-lentiviral vectors require internal promoters to direct
expression of the transgene due to the inactivation of the 5° LTR during integration. This
safety feature removes the enhancer element of the LTRs preventing transactivation of
nearby genes. Therefore, the internal promoter must be sufficiently strong to provide
adequate expression of the transgene without having the capacity to transactivate genes
nearby. The CMV promoter was superior to the EFla and PGK promoters at expressing

HP-fVIII in vitro using the SIV-based vector system. The enhanced expression from the
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CMV promoter in vitro is not unexpected as the CMV promoter contains the strongest
enhancer among the three internal promoters. However, with the stronger enhancer
activity, the transactivation of nearby genes is a concern with the use of CMV, as well as
the possibility of methylation-induced inactivation of the promoter. In hemophilia A
mice under limiting transduction protocols using an SIV vector without a WPRE, the

CMV promoter directed expression of HP-fVII1 at therapeutically relevant levels.

In summary, several fVIII transgenes have been studied extensively for use in gene
therapy applications of hemophilia A. HP-fVIII overcomes low-level expression
obstacles while theoretically reducing the immunogenicity. Although the transgene has
been fairly well described, the expression vector has not been as well characterized. In
the studies presented in this chapter, a lentiviral vector was optimized for HP-fVIII
expression. Under the conditions tested, the SIV-based lentiviral backbone was found to
be more effective for HP-fVIII expression than an HIV-based lentiviral backbone. In the
SIV-based lentiviral backbone, the CMV internal promoter was shown to drive HP-fVIII
expression efficiently, but it is realized that this promoter may have complications due to
possible transactivation and promoter inactivation. The WPRE was found to be
unnecessary and was removed from the lentivector. In vivo data show that the optimized
vector provides sustained HP-fVIII expression in hemophilia A mice, supporting its

further development for hemophilia A.



101

Chapter 3:
Assessment of Alternative Approaches to

Lentiviral Production and Transduction
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3.1— Introduction

Upon identifying a lentiviral that is optimized for HP-fVIII expression, two limitations
associated with the utilization of lentiviral vectors for the modification of HSCs in order
to treat hemophilia A were addressed. The first limitation to be confronted is that of the
reduced titer apparent with the addition of a large transgene such as fVIII in the lentiviral
vector. It is apparent that as the size of the transgene increases the production of vector
decreases (Kumar et al., 2001; Yacoub et al., 2007). Thus an alternative approach to
lentiviral production was assessed as an attempt to combat this limitation. The second
limitation is that of the inherent reduction in infectivity of HSCs to lentiviral vectors.
This has been observed clinically in recent gene therapy clinical trials (Cartier et al.,
2009; Boztug et al., 2010; Cavazzana-Calvo et al., 2010; DiGiusto et al., 2010). In one
particular report as low as 1% gene corrected CD34" cells were found to be engrafted
(DiGiusto et al., 2010). In the case of an HSC gene therapy protocol for hemophilia A,
one in which a growth advantage is not expected, greater transduction efficiencies will be

needed to achieve therapeutic potential.

Phenotypically mixed viral particles are routinely formed as a result of the infection of a
cell with two or more separate viruses (Zavada, 1982). This observation along with the
separation of the three retroviral components (gag-pol, viral genome and envelope) onto
separate plasmid constructs (refer to Figure 1.4) led to the development of pseudotyping
methods for lentiviral vectors used in the context of gene therapy. The first alternatively
pseudotyped HIV based viral vector contained the amphotropic glycoprotein of the

murine leukemia virus (MLV) (Page et al., 1990). This study followed the demonstration
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of phenotypic mixing between wild-type HIV and MLV virons (Chesbro et al., 1990;
Spector et al., 1990). The range of host cells transduced by a virus is dependent on the
interaction of a viral envelope glycoprotein with specific cell surface receptors.
Therefore, other glycoproteins were subsequently used to expand the host range of HIV -

based lentiviral vectors (Cronin et al., 2005).

The vesicular stomatitis virus glycoprotein (VSVG) gives viral vectors the broadest of
host-cell range by interacting with what has historically been thought to be an abundant
ubiquitous component of the cellular plasma membrane. The receptor was postulated to
be phosphatidyl serine, phosphatidyl inositol or GM3 ganglioside (Schlegel et al., 1983,
Mastromarino et al., 1987; Conti et al., 1988). Phosphatidylserine, however, has since
been ruled out as the cell surface receptor for VSVG (Coil and Miller, 2004) being
attributed solely to a post-binding step of viral entry (Coil and Miller, 2005). Regardless
of the exact surface receptor utilized by VSVG, three groups in the same year
independently expanded the host range of an HIV-based lentiviral vector by successfully
pseudotyping the vector with VSVG (Akkina et al., 1996; Naldini et al., 1996; Reiser et
al., 1996). In addition to expanding the host range, another advantage to pseudotyping
viral vectors with VSVG is that these vectors can withstand the g-forces of
ultracentrifugation in order to yield concentrated vector with high viral titers. Despite the
advantageous properties associated with pseudotyping lentiviral vectors with VSVG,
VSVG expression is toxic in most cells. Accumulation of VSVG at the surface of HEK -
293T cells leads to syncytia formation followed by cell death (Burns et al., 1993). As a

result, several failed attempts have been made to produce stable packaging cell lines for



104

the manufacture of VSVG pseudotyped lentivirus. This is mainly due to diminished cell
survival. For this reason, the production of lentiviral vectors pseudotyped with VSVG is
limited by a transient transfection procedure in HEK-293T cells. By this method, virus
can only be produced for a total of three days before the cells become inviable. In
addition, vector production in this manner is not ideal being unable to offer a nonvariable
source of recombinant virus that can be extensively characterized prior to use in human

clinical trials.

Another limitation encountered in the field of gene therapy includes a diminished
susceptibility of the hematopoietic stem cell (HSC) to ex vivo genetic manipulation.
Lentiviral vectors pseudotyped with VSVG, regardless of an increased host range, do not
transduce HSCs efficiently. This phenomenon appears to be intrinsic to HSCs being that
HSCs are also resistant to wild-type HIV infection regardless of the presence of the
CXCR4 cell surface receptors (Von Laer et al., 1990; Weichold et al., 1998; Lee et al.,
1999; Shen et al., 1999). The exact mechanism responsible for HSC resistance to HIV
remains elusive. Therefore, much effort has been directed towards increasing lentiviral
transduction of HSCs. One such effort was performed with the use of RNAI technology.
p21, a cell cycle checkpoint protein, was transiently silenced in CD34" hematopoietic
stem and progenitor cells. As a result HIV lentiviral transduction was enhanced 2- to 4-
fold (Zhang et al., 2005). Initially, p21 was chosen as a target being a cyclin-dependent
Kinase inhibitor necessary for the maintenance of HSC quiescence (Cheng et al., 2000).
It was stipulated that high efficient gene transduction is cell cycle dependent (Sutton et

al., 1999). However, the enhancement in HIV lentiviral transduction due to p21 silencing
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was independent of a direct effect on cell cycling. Instead, p21 was found to
immunoprecipitate with the HIV preintegration complex and increase the abundance of
2-LTR circles indicative of abortive chromosomal HIV integration. In this manner, p21
was suggested to block HIV viral infection by disturbing the endogenous function of HIV
integrase (Zhang et al., 2007). These reports proposed introducing siRNA to p21 in
preclinical transduction protocols. Current methods include HSC pre-stimulation with
cytokine cocktails that have been demonstrated to enhance transduction (Santoni et al.,
2006; Millington et al., 2009) but typically result in a loss of gene modified cells
following transplantation potentially due to diminished multipotentiality of the HSCs
(Zhang et al., 2005). RNAI technology, on the other hand, does not disrupt the
multipotentiality of HSCs and could potentially be a more advantageous addition to
preclinical transduction protocols. In this manner, the multipotentiality of HSCs could

remain undisrupted while being more susceptible to transduction.

The studies presented in this chapter depict attempts to overcome some of the previously
mentioned pitfalls plaguing the field of gene therapy. VSVG pseudotyped lentivirus
production is limited to a transient transfection procedure in which virus is produced for
only 3 days. In order to avoid toxicity associated with the overexpression of VSVG in
HEK-293T cells, an alternative cell line was assessed for recombinant lentiviral
production. In addition, lentiviral transduction enhancement was attempted using two

separate methods based off previous reports.
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3.2— Materials and Methods

Spinoculation

Spinoculation was performed on K562 and sca-1+ cells in 24 well plates coated with
retronectin (1pg pl™). Cells were plated at a density of 10° cells per well and transduced
by spinoculation in minimal volume (300 ul) in the presence of polyberene.
Spinoculation was performed at 1000g for 2 hours. The effect of spinoculation on
lentiviral transduction of K562 cells was assessed with recombinant virus containing
either a GFP or HP-fVIII transgene. Transduction with a GFP containing recombinant
lentivirus was assessed by flow cytometry, while the effect of spinoculation on the
transduction of a recombinant lentivirus containing the HP-fVIII was assessed by the

APTT reagent-based one stage coagulation assay as described below.

In vitro fVIII expression

fVIII activity was measured from the supernatant of cells transduced previously with a
lentiviral vector containing the high expressing HP-fVIII transgene. The cells were
cultured in serum-free media for 24 hours before the assay as previously described in
chapter 2. In short, the APTT one stage coagulation assay was performed in duplicate for
each supernatant on a ST art Coagulation Instrument (Diagnostica Stago, Asnieres,
France) in human fVIII-deficient plasma (George King Biomedical, Overland Park, KS).
The clot time for each sample was compared to a standard curve based on dilutions of

pooled normal citrated human plasma (George King Biomedical, Overland Park, KS).
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Isolation of murine stem cell antigen-1" (sca-1") cells

fVIII knockout mice with hemophilia A due to disruption of exon 16 (as previously
described in Bi et al, 1995) were treated with 5-FU (150 mg kg™) intraperitoneally two
days prior to bone marrow isolation. The bone marrow was extracted from the femurs
and tibias of 9-week old hemophilia A mice upon being flushed with PBS (supplemented
with 2% FBS). The flushed bone marrow was then filtered through a 0.7 pmol I filter
and pelleted at 300g for 5 minutes. Red blood cells were then lysed for 10 minutes with
the addition of RBC lysis buffer (Sigma, St. Louis, MO, USA). The remaining cells of
the bone marrow were then assessed for purity by flow cytometry utilizing a Ly-6 A/E
antibody (clone E13-161.7) conjugated to FITC (BD Pharmingen, San Diego, CA). The
purity of the population was found to be 85% positive for sca-1". Upon confirmation, the
sca-1* cells were cultured at a density of 10° cells per well in a 24 well tissue culture
treated plate previously coated with retronectin (1ug pl™). Sca-1* cells were cultured in
StemPro media supplemented with L-glutamine (29ug mL™), murine stem cell factor
(100ng mL™), murine interleukin-3 (20ng mL™), human interleukin-11 (100ng mL™), and
human FIt-3 ligand (100ng mL™). Transduction began the same day as isolation in the
presence of polyberene. Cells were transduced twice, 12 hours apart by spinoculation at
a MOI of 15. An in vivo assessment of spinoculation was made by transplanting 4x10°
sca-1" cells via tail-vein injection into lethally irradiated (11Gy TBI using a Gammacell
40 Exactor) 8-week-old recipient hemophilia A mice (n = 3). Transplantation occurred 4
days after initial sca-1" isolation, 2 days following the second transduction. Blood was
collected from the transplanted mice every two weeks beginning one week after

transplantation via retro-orbital capillary insertion. HP-fVIII was measured using an
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ELISA specific for HP-fVIII. The ELISA only detects properly folded HP-fVIII in that
the primary antibody detects the heavy chain (human A2 domain) and the secondary

antibody detects the light chain (porcine A3 domain).

Colony-forming Unit Assay

Colony-forming cell assay was performed per manufacturer’s protocol (Stemcell
Technologies, MethoCult® GF M3434 Optimum with EPO). Briefly, a 10X
concentration (2x10” cells/mL) of sca-1" cells was prepared in Iscove’s MDM with 2%
FBS. A total of 0.3 mL of 10X cell mixture was then added to 3 mL of MethoCult® and
mixed by vortexing. MethoCult®/cell mixture was allowed to sit for 5 minutes to allow
bubbles to rise followed by dispensing 1.1 mL onto 35 mm dishes in duplicate using a 16
gauge blunt-end needle. The methylcellulose was evenly distributed into the dish by
rotation and dishes were placed in a 100 mm culture dish alongside a third dish
containing sterile water to maintain proper humidity. Cultures were incubated at 37°C in
5% CO? for 14-16 days for optimal CFC growth. CFU-GM colonies were counted at 5X
under an inverted microscope using a 60 mm gridded dish. GFP-positive colonies were

scored under fluorescence microscopy.

3.3— Results

3.31— Toxicity of VSVG in BHK-M cells

Lentiviral vector is predominantly produced by transient transfection of the highly
transfectable HEK-293T cells. This method of vector production is sufficient to produce

vector titers appropriate for laboratory use. However, vector production is limited to 3
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days due to toxicity associated with the accumulation of VSVG at the surface of HEK-
293T cells (Burns et al., 1993). This drawback has prevented the generation of a stable
lentiviral vector-producing HEK-293T cell line in which clinical-grade vectors would
ideally be manufactured. BHK-M cells are a suitable alternative for viral production as a
highly transfectable cell line. In addition, BHK-M cells are already being used clinically
for a portion of the commercial production of recombinant fVIII. BHK-M cells are able
to efficiently synthesize recombinant fVIII with all the proper post-translational
modifications (see Figure 1.2). And, if not susceptible to VSVG toxicity, the production
abilities of BHK-M cells could be used to generate substantial amounts of lentiviral
vector or even be used to create a packaging cell line. For this reason, the toxicity of

VSVG was first assessed in BHK-M cells.

As a transfectable unit, PEI condenses DNA into positively charged particles in order to
be brought into the cell via endocytosis upon binding anionic cell surface residues. Once
inside the cell, the amines are protonated resulting in osmotic swelling of the vesicle
which then bursts releasing the DNA into the cytoplasm. However, PEI is also very
cytotoxic and could be the cause of the cell death. Therefore, PEI concentrations were
varied to determine the extent of toxicity in BHK-M cells. At a concentration of 3.5 pg
ml™, transfection was not achieved as observed by a lack of expression of GFP (Figure
3.1 A). A concentration of 17.67 pg ml™ PEI, however, was tolerable by BHK-M cells
(Figure 3.1 B). Concentrations higher than 17.67 pg ml™ were followed by a decrease in

cell number suggesting cytotoxicity at these higher concentrations (Figure 3.1 C-E).
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Thus, the optimal concentration of PEI transfection in BHK-M cells appears to be less

than 17.67 pug ml™ PEI.
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Figure 3.1 PEI toxicity assessment in BHK-M cells. A GFP encoding plasmid was
transfected in BHK-M cells in order to assess transfection efficiency by fluorescence
microscopy. The following concentrations of PEI were in order to determine the optimal
concentration of PEI for BHK-M cellular transfection: (A) 3.5 ug ml™ PEI (B) 17.67 pg
ml™ PEI (C) 35.34 pug ml™ PEI (D) 176.7 pg ml™ PEI (E) 353.4 ug ml™ PEL. Images

were taken seventy-two hours after transient transfection.
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The plasmid containing the VSVG envelope protein was transiently transfected into
BHK-M cells using the transfection reagent polyethylenimine (PEI). VSVG plasmid
concentrations ranged from 0 to 3200 ng. Fluorescence microscopy images were taken
seventy-two hours following transfection in order to assess cell viability (Figure 3.2 A-
F). Although each well initially contained the same quantity of cells, less cells were
adherent at the higher concentrations (Figure 3.2 D-F) of VSVG as compared to the well
undergoing a mock transfection (Figure 3.2 A). In some instances syncytia formation is
apparent (Figure 3.2 F). This suggests that VSVG is toxic to BHK-M cells. The BHK-
M fluorescent images were compared to similar images taken on HEK-293T cells
assessed for VSVG toxicity in the same manner. At concentrations as high as 3200 ng,
no syncytia formation was observed and cell numbers appeared to be similar to the mock

transfection control (Figure 3.3 A-F).
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Figure 3.2 VSVG toxicity assessment in BHK-M cells. The VSVG containing

lentiviral production plasmid was transiently transfected into BHK-M cells at the
following concentrations: (A) no vsvg (B) 200 ng VSVG (C) 400 ng VSVG (D) 800 ng
VSVG (E) 1600 ng VSVG (F) 3200 ng VSVG. 6 pg ml™ PEI was used for the

transfection to reduce toxicity associated with the transfection agent.



114

Figure 3.3 VSVG toxicity assessment in HEK-293T cells. VSVG containing plasmid
was added to HEK-293T cells at the following concentrations utilizing the transfection
reagent PEI: (A) no VSVG (B) 200 ng VSVG (C) 400 ng VSVG (D) 800 ng VSVG (E)
1600 ng VSVG (F) 3200 ng VSVG. Microscopic images were taken seventy-two hours

after transfection.



115

3.32— Effect of alternatively pseudotyping an HIV-based lentiviral vector

Due to the toxicity associated with VSVG in BHK-M cells, three alternative envelopes
were assessed for the production of an HIV-based lentiviral vector encoding a GFP
transgene in BHK-M cells. Virus was produced by transient transfection in 10cm well
plates. Transfection efficiency was assessed seventy-two hours later by fluorescence
microscopy. The expression of GFP was similar among all wells despite the
concentration or the viral envelope utilized (Figure 3.4 A-C). The only exception is that
of the BHK-M cells transfected with a VSVG encoding plasmid. As expected, the
expression of VSVG diminished BHK-M cell viability as observed by a decrease in
BHK-M cells per well in addition to the presence of syncytia formation (Figure 3.4 D).
Overall, the transfection efficiency appeared to be very low. Conditioned media
containing recombinantly produced virus was used to transduce HEK-293T cells to
determine viral infectivity. Viral transduction was assessed seventy-two hours after viral
addition by examining the presence of GFP positive cells via fluorescence microscopy.
GFP expression was not observed in the HEK-293T cells treated with the alternatively
pseudotyped viruses (Figure 3.5 A-D). This would suggest that the alternatively
pseudotyped viruses were not adequately produced, probably due to low transfection

efficiency.



116

400ng 800ng

Figure 3.4 Transfection efficiency assessment. BHK-M cells were used to make
recombinant HIV-based virus containing a GFP transgene. Four separate envelope
plasmids were transfected into the BHK-M cells in order to produce alternatively
pseudotyped recombinant virus. Three different concentrations of the (A) Eco (B) pHit
(C) 10A1 and (D) VSVG envelope plasmids were transfected into the BHK-M cells using

PEI.
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Figure 3.5 Viral infectivity assessment of alternatively pseudotyped HIV-based
lentiviral vectors. Conditioned medium containing viral particles was added to HEK-
293T cells. Virus was pseudotyped with either (A) Eco (B) pHIT (C) 10Al or (D)
VSVG glycoproteins. In addition, three different concentrations of the envelope plasmid
were used to produce the alternatively pseudotyped recombinant virus. Fluorescence

microscopy images were taken seventy-two hours after viral addition.
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3.33— Knocking down p21

It has been suggested that lentiviral transduction can be enhanced by silencing p21. An
HIV-based lentiviral vector was used to transduce human bone marrow-derived CD34"
cells in which p21 had been silenced using RNAI technology. As a result, a 2- to 4-fold
increase in GFP positive cells was observed (Zhang et al., 2005). An enhancement of
that magnitude could be useful in the context of HSC gene therapy for hemophilia A.
Therefore, siRNA specific to p21 was obtained and preliminary experimentation was

performed.

K562 cells were plated in a 96 well plate at a density of 5x10* cells / well. p21 was
silenced by transfecting p21 siRNA into cells using the HiPerfect Transfection Reagent.
The K562 cells were transduced forty-eight hours later with an HIV-based lentiviral
vector encoding a GFP transgene at an MOI of 1 in the presence of polyberene.
Transduction was assessed seventy-two hours after viral addition by flow cytometry. An
MOI of 1 transduced approximately 60% of the K562 cells. No significant difference
was observed between K562 cells treated with p21 siRNA and nonspecific sSIRNA
(Figure 3.6 A). However, a slight increase in mean fluorescent intensity (MFI) was
observed in K562 cells treated with p21 siRNA (Figure 3.6 B). This suggested a
potential to enhance lentiviral transduction of K562 cells, which may not be seen utilizing
an MOI of 1. For this reason, the experiment was repeated using lower MOIs. However,
no enhancement in transduction efficiency was noted as seen by the percentage of

positive GFP cells (Figure 3.7 A, C, E). It is unclear why an increase in MFI as seen



119

with an MOI of 1 (Figure 3.6 B) was not observed at the lower MOIs (Figure 3.7 B, D,

F).
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Figure 3.6 Utilizing p21 siRNA to enhance lentiviral transduction. (A) K562 cells
were treated with 150nM siRNA (either specific for p21 or nonspecific as a control). An
HIV-based lentiviral vector encoding a GFP transgene was used to transduce the cells
forty-eight hours after SiRNA treatment. Transduction efficiency was assessed seventy-
two hours later by flow cytometry. As a result, the percentage of GFP positive cells was
quantified and (B) the intensity of fluorescence for each positive cell was recorded as
mean fluorescent intensity. A mock transfection control was included (no siRNA just

HiPerFect Reagent) as well as an untransduced and an untransfected control.
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Figure 3.7 The effect of p21 silencing to enhance lentiviral transduction. p21 was

silenced forty-eight hours prior to lentiviral transduction. An HIV-based lentiviral vector

encoding a GFP transgene was added to K562 cells at three different MOls as indicated:

(A) (B) 0.03. (C) (D) 0.1 and (E) (F) 0.3. Transduction efficiency was quantified by flow

cytometry seventy-two hours after viral addition.
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3.34— Utilizing spinoculation as a means for enhancing sca-1" transduction

A recent report demonstrated therapeutic levels of fVIII as high as 225 mU mL™ in
hemophilia A mice (Ramezani et al., 2011). Few apparent differences were found
between the in vivo protocol used in the report and the one used in chapter 2. In both
cases, sca-1" cells were transduced with an SIV-based lentiviral vector containing an
enhanced fVIII transgene engineered for high expression. In addition, both protocols
included transplanting a limited number of cells in hemophilia A mice after being
transduced at a low MOI. Despite the similarities between the protocols, drastically
different results were observed. Ramezani et al. (2011) achieved average fVIII levels
equating to 23% of normal fVIII as compared to an average of 4.5% of normal fVIII

observed in chapter 2.

One main difference between the protocols was the addition of a spinoculation step via
centrifugation immediately following viral addition to sca-1" cells. For this reason, the
effect of spinoculation was evaluated in regards to the transduction efficiency of the
optimized vector outlined in chapter 2. Preliminary analysis was performed in vitro using
the myeloid erythroid-leukemic K562 cell being that K562 cells are an immortalized cell
line as compared to sca-1" cells obtained upon isolation from the bone marrow. In
addition, initial analyses included the use of an SIV-based lentiviral vector containing the

GFP transgene in order to assess transduction efficiency rapidly by flow cytometry.

K562 cells were transduced at an MOI of 15 and either immediately spun at 1000g for 2

hours or placed in the incubator overnight (n = 3). In addition, three separate wells were
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transduced by spinoculation on two consecutive days at an MOI of 15 each day.
Transduction was assessed over time by quantifying the percentage of GFP positive cells
in each well. However, an MOI of 15 yielded approximately 100% GFP positive cells in
the absence of spinoculation, eliminating the possibility of seeing any enhancement in
transduction as a result of spinoculation (Figure 3.8 A). However, an enhancement in
mean fluorescent intensity (MFI) was noted suggesting some benefit to including a
spinoculation step in the transduction protocol (p = 0.0055 at 5 days post transduction; p
= 0.0332 at 7 days post transduction as assessed by the Student’s t test between the no
spinoculation group and the spinoculation group) (Figure 3.8 B). This could be either
due to enhanced expression of GFP from the cells transduced by spinoculation or due to
an increase in integrated vector copies due to enhanced viral transduction. To determine
if the increase in MFI was due to enhanced viral transduction, the analysis was repeated
utilizing 1/3™ the amount of virus equating to a lower MOI of 5. In the first week, the
percentage of GFP positive cells was significantly increased from an average of 68.6% to
89.2% as a result of including a spinoculation step in the transduction protocol (p =
0.0398 one week after transduction) (Figure 3.9 A). This enhancement was maintained
throughout the analysis suggesting an enhancement in lentiviral transduction due to
spinoculation. A comparison between the single transduction group and the group
transduced twice by spinoculation revealed no significant enhancement in percentage of
GFP positive cells over time (Figure 3.9 A). However, a significant increase in MFI was
observed in the double transduction group as compared to the single transduction group
(Figure 3.9 A). Once again, this suggests some benefit to transducing K562 cells twice

by spinoculation.
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Figure 3.8 The effect of spinoculation on transduced K562 cells with an MOI of 15.
(A) An SIV-based lentiviral vector containing a GFP transgene was utilized to transduce
K562 cells at an MOI of 15. Transduction was assessed over time by flow cytometry.
The percentage of GFP positive cells was compared between K562 cells without
spinoculation (dark grey circles), with spinoculation (black squares). K562 cells were
transduced twice under spinoculation conditions as a positive control (grey diamonds).
(B) The mean fluorescent intensity of the GFP positive cells was quantified by flow

cytometry.
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Figure 3.9 The effect of spinoculation on transduced K562 cells with an MOI of 5.

(A) Transduction of K562 cells by an SIV-based lentiviral vector containing a GFP

transgene (MOI 5) was assessed by flow cytometry. The percentage of GFP positive cells

was determined over time and compared among K562 cells without spinoculation (dark

grey circles), with spinoculation (black squares) and transduced twice under

spinoculation conditions as a positive control (grey diamonds). (B) In the same manner,

the mean fluorescent intensity of the GFP positive cells was quantified by flow

cytometry.
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The enhancement in lentiviral transduction due to spinoculation was then assessed for the
optimized lentiviral vector containing the HP-fVIII transgene outlined in chapter 2.
K562 cells were transduced with an SIV-based lentiviral vector expressing HP-fVIII
from the CMV internal promoter at an MOI of 15. HP-fVIII protein levels were assessed
overtime by an APTT reagent-based one stage coagulation assay. K562 cells that
underwent spinoculation consistently expressed HP-fVIII at greater levels for a total of
eleven days compared to the K562 cells that were not spun after viral addition (p = 0.003
three weeks after transduction as determined by a Student’s t test) (Figure 3.10). This
data suggests that SIV-based lentiviral transduction with an HP-fVIII transgene can be

enhanced by spinoculation.
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Figure 3.10 HP-fVIII expression overtime in K562 cells. Spinoculation was assessed
following transduction of K562 cells with an SIV-based lentiviral vector containing a
high-expressing HP-fVIII hybrid transgene expressed from the CMV internal promoter.
K562 cells were transduced at an MOI of 15. Immediately following viral addition the
cells were either spun for 2 hours at 1000g (black squares) or returned to the incubator

(gray circles).
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Sca-1" cells represent the hematopoietic stem and progenitor population in the mouse. In
order to assess the effect of spinoculation on these target cells, sca-1" cells were isolated
from the bone marrow of the tibias and femurs of 5-FU treated hemophilia A mice.
Following isolation, the sca-1" cells were transduced with an SIV-based lentiviral vector
encoding the GFP transgene. Recombinant virus was added so as to yield an MOI of 15.
Transduction was assessed by fluorescent microscopy (Figure 3.11 A) and flow
cytometry 9 days after transduction. The percentage of GFP positive cells increased from
35% to 68.8% suggesting that SIV-based lentiviral transduction of sca-1" can be
enhanced by spinoculation (Figure 3.11 B). A similar enhancement in transduction was

observed in the sca-1" cells transduced by spinoculation as was observed in K562 cells.
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Figure 3.11 The effect of spinoculation on sca-1" cells. (A) Sca-1" cells were isolated
from hemophilia A mice and transduced with an SIV-based lentiviral vector encoding
GFP. Fluorescence microscopy images were taken prior to quantification (B) by flow

cytometry.
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Due to the results above, an attempt was made to translate these findings in vivo. Sca-1"
cells were isolated and transduced the same day with the optimized lentiviral vector, an
SIV-based lentiviral vector containing the HP-fVIII transgene with expression directed
from a CMV internal promoter. An identical transduction protocol was utilized as above
(Figure 3.12 A). Four days after isolation 4x10° cells per mouse were transplanted into
lethally irradiated (11Gy TBI using a Gammacell 40 Exactor) 8-week-old recipient
hemophilia A mice following total body irradiation (n = 3). Despite encouraging
preliminary in vitro results, minimal HP-fVIII was observed one week after
transplantation as assessed by an ELISA assay (Figure 3.12 B). In addition, only one
mouse remained in the cohort three weeks after transplantation. Although 4 x 10° cells
were transplanted per mouse, the fatalities may be due to limited engraftment as a result
of transplanting less than optimal sca-1* cells. This could also explain the lack of HP-
fVIII detected in these mice. A follow-up methyl cell assay confirmed a reduction in sca-

1" viability following spinoculation (Table 3.1).
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Figure 3.12 The effect of adding spinoculation to the transduction protocol. (A) The
transduction protocol was performed as outlined schematically. (B) HP-fVIII was
quantified from the peripheral blood of the transplanted mice every two weeks starting

one week after transplantation. An ELISA assay was used to quantify HP-fVIII.



Table 3.1 — Sca-1" viability following spinoculation
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Colonies GFP
Spinoculation +
No Spinoculation +++ ++

+ <10 colonies
++ 10-30 colonies
+++ > 30 colonies
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3.4— Discussion

In the field of gene therapy, lentiviral vector production is constrained to a transient
transfection procedure. HEK-293T cells are predominantly used as a highly transfectable
cell line. However, VSVG expression in HEK-293T cells yields syncytia formation
followed by a loss in cell viability. Therefore, vector production in this manner is
limited. In addition, a transient transfection procedure is not an ideal manufacturing
procedure for vector to be utilized in human clinical trials. A stable vector producing cell
line would be more appropriate being able to be scaled up and scrutinized as a
nonvariable source of vector. For these reasons, BHK-M cells were assessed as an
alternative vector producing cell line. Before attempting to create a stable producing cell
line, the plasmids required for lentiviral vector production were transfected transiently in
order to assess the ability of BHK-M cells to produce a recombinant lentiviral vector.
BHK-M cells, however, experienced toxicity associated with VSVG expression. Cell
viability was significantly diminished and syncytia formation was evident. In
comparison to HEK-293T cells, BHK-M cells appear to be more susceptible to VSVG
toxicity. Specifically, HEK-293T cells were found to withstand VSVG expression as a
result of transfecting 3200 ng of the envelope plasmid as opposed to the 200 ng threshold
observed in BHK-M cells. The increased toxicity in BHK-M cells was not found to be
associated with the transfection reagent PEI.  Therefore, BHK-M cells are not a viable
alternative for VSVG pseudotyped lentiviral production and should not be utilized to

generate a stable vector producing cell line.
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Many envelopes are currently being evaluated in the field of gene therapy. Since VSVG
pseudotyped lentiviral production is not attainable in BHK-M cells, three alternative
envelopes to VSVG (Eco, pHit and 10A1), were acquired and assessed for viral
production. No apparent toxicity was observed due to the expression of the Eco, pHit or
10A1 glycoproteins. This confirmed a lack of PEI toxicity experienced by BHK-M cells.
In addition, cell viability appeared to be unaltered during viral production, potentially
overcoming the limitation in days in which lentivirus can be secreted and collected.
However, the conditioned medium containing the secreted recombinant virus was unable
to sufficiently transduce HEK-293T cells. Recombinant lentivirus virus was not
efficiently produced from BHK-M cells. Thus, an improvement was not made to the
current HEK-293T transient transfection procedure currently used to produce lentiviral
vector. However, if transfection efficiency can be increased vector production may be

enhanced in BHK-M cells.

A second limitation in the field of gene therapy is the inability to overcome the inherent
resistance of HSCs to lentiviral infectivity. Low transduction efficiencies have been
observed clinically and in many cases greater transduction will be required to achieve a
therapeutic effect. Therefore, two methods were assessed for the ability to enhance
lentiviral transduction. A previous report revealed enhanced expression of bone-marrow
derived CD34" stem and progenitor cells due to the silencing of p21. p21 was suggested
to interact with the preintegration complex of HIV inhibiting the integration of the
provirus into the genome of the host cell. Silencing p21 would then provide a mechanism

in which provirus integration could proceed uninhibited. Therefore, the siRNA to p21
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utilized in the report was acquired and assessed on the transduction of K562 cells as an
initial indicator of hematopoietic cellular transduction. Three different MOIs were
utilized to transduce K562 cells. However, no enhancement in HIV-based lentiviral
transduction was observed. This result may be due to cell-type specific pleiotropic
effects of p21. For example, depending on cell type, p21 has been attributed to both the
inhibition and the progression through the cell cycle. In addition, an opposing role for
p21 has been reported in macrophages in regards to HIV infection. p21 levels were
found to be upregulated in macrophages as a result of HIV infection and were unable to
repress the replication of HIV in this cell type. Therefore, a pleiotropic effect of p21 may
account for the lack of enhancement noted in K562 cells following p21 siRNA treatment.
However, insufficient knockdown of p21 cannot be eliminated since knockdown was not

confirmed.

The use of RNAI technology as a means to enhance lentiviral transduction was ideal in
that the effects were transient and were unable to disrupt the multipotentiality of HSCs as
is the case with the use of cytokine cocktails. However without an observable
enhancement in K562 cells another means of enhancing transduction is required.
Spinoculation has been utilized by other groups in the field in the preclinical transduction
protocol of sca-1" cells. Sca-1" cells represent the hematopoietic stem and progenitor
population of the mouse. A mechanism providing lentiviral enhancement in this cell
could potentially be extrapolated to the CD34" human bone marrow-derived
hematopoietic stem and progenitor cell. Therefore, spinoculation was evaluated for its

inclusion into the current transduction protocol utilized in our laboratory. Spinoculation
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was found to enhance the lentiviral transduction of K562 cells regardless of the inclusion
of a GFP or fVIII transgene. Similarly, the transduction of sca-1" cells was enhanced 2-
fold with the inclusion of a spinoculation step. However, when included into an in vivo
transplantation transduction protocol, spinoculation at 1000g for 2 hours diminished the
viability of the sca-1" cells as evidenced by a lack of hematopoietic reconstitution and
gene expression in the lethally irradiated mice. Although spinoculation improved
lentiviral transduction, the addition of a spinoculation step did not improve the

transduction protocol.

The studies presented in this chapter represent a series of attempts to overcome two of the
major hurdles present in the field of gene therapy. Lentiviral production limitations were
not able to be overcome by utilizing BHK-M cells as an alternative vector producing cell
line. In addition, the transduction protocol was unable to be improved in regards to
lentiviral transduction efficiency of the HSC. Silencing p21 did not enhance the
transduction efficiency of an HIV-based lentiviral vector. Spinoculation, although able to
enhance the percentage of cells infected by the lentiviral vector was unable to disrupt the
viability of the stem cell. Therefore, new methods are needed in order to overcome these
limitations confronted by the field of gene therapy such as that presented in the next

chapter.
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Chapter 4.
Pharmacologic Enhancement of Lentiviral

Transduction
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4.1— Introduction

Hematopoietic stem cells (HSCs) are an attractive cellular target for ex vivo gene therapy
applications for the correction of several inherited diseases. The reason for their
attractiveness is that HSCs have the ability to self-renew as well as differentiate into all
lineages of the hematopoietic system. In addition, the use of HSCs is well characterized
and these cells are routinely used clinically. However despite their appeal, limited
transduction efficiency has been observed in clinical trials (Cartier et al., 2009; Boztug et
al., 2010; Cavazzana-Calvo et al., 2010; DiGiusto et al., 2010). For example, in a recent
phase | clinical trial using HSC gene therapy to treat X-linked adrenoleukodystrophy,
CD34" cells modified with a self-inactivating (SIN) HIV-based lentiviral vector ex vivo
achieved genetic modification in only 9-14% of blood cells after transplant (Cartier et al.,
2009). Similarly, in a clinical trial for AIDS, transduction efficiencies were reported to
be as low as 1% vector copies per genome in engrafted CD34" cells (DiGiusto et al.,
2010). In many scenarios, especially one in which a growth advantage is not expected,

greater transduction efficiencies will be needed to achieve therapeutic potential.

Further complicating the issue of limited transduction, high titer viral preparations are not
always possible, especially in a scenario in which a large transgene or expression cassette
is being utilized. As insert size increases the lentiviral particles recovered by
ultracentrifugation have been shown to decrease (Kumar et al., 2001; Yacoub et al.,
2007). A prime example of this can be observed when considering gene therapy
applications for the treatment of hemophilia A (for review see Johnston et al, 2011).

Even after significant reductions in the size of the cDNA encoding fVIII, low viral titer
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has been observed (Radcliffe et al., 2008). This can limit the amount of virus available to
acquire desired multiplicity of infections (MOI) that may be necessary to achieve high
transduction efficiencies. Therefore, new strategies would be useful to maximize the

transduction efficiency of HSCs.

Multiple attempts have been made towards increasing lentiviral transduction through the
use of small molecules and cytokines. In addition, retronectin was shown to enhance the
transduction of c-kit" Lin" bone marrow cells 3-fold (Lee et al., 2009) and is thought to
act as a bridge for the co-localization of stem cells and viral particles. Small molecules
such as ABC transport inhibitors and proteasome inhibitors also have been used with
some success (Davis et al., 2004; Leuci et al., 2011). Both classes of compounds were
found to enhance lentiviral transduction of CD34" cells. Similar effects are observed
following pre-stimulation with cytokines (Santoni et al., 2006). However, a series of
comparisons were performed in order to determine an optimal clinically relevant
lentiviral transduction protocol using various cytokine combinations and concentrations
as well as combining pre-stimulation with the use of retronectin. Overall, low levels of

gene-modified cells were observed (Millington et al., 2009).

To overcome the transduction barrier, a high-throughput screen was performed to identify
compounds that enhance lentiviral transduction. Among the positive compounds
identified by the screen were camptothecin and etoposide, which have been shown
previously to be enhancers of lentiviral transduction (Groeschel and Bushman, 2005).

However, as topoisomerase inhibitors they also are known to cause DNA strand breaks
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(Pommier et al., 2010). A potentially safer compound identified was phorbol 12-
myristate 13-acetate (PMA). PMA stimulates protein kinase C (PKC), a family of
closely related serine/threonine kinases involved in signal transduction pathways
regulating an array of cellular processes. The PKC family consists of 10 isoforms
classified into three subfamilies according to which secondary messengers are required
for PKC activation. Two of the subfamilies, the conventional (PKCa, PKCp;, PKCpy,
and PKCy) and novel PKCs (PKCos, PKCO, PKCg, and PKCn) require diacylglycerol
(DAG) for activation. PMA, an analog of DAG, activates isoforms in these two
subfamilies and associates at the same binding site as DAG in the C1 regulatory domain
(Stahelin et al., 2005) (Steinberg, 2008). In the current study, PMA was confirmed as a
positive enhancer of lentiviral transduction, enhancing the transduction of hematopoietic

cell lines and human CD34" cells.

4.2— Materials and Methods

Lentiviral VVector Production

SIV-based and HIV-based lentiviral vectors pseudotyped with VSVG were produced
from HEK-293T cells upon transient co-transfection utilizing polyethylenimine (6 pg PEI
/ 1 ug DNA) (Fisher Scientific, Pittsburg, PA). HIV-based lentiviral vectors were
manufactured utilizing the LentiMax production system which consists of a 2:1:1 ratio of
expression plasmid to packaging plasmids (expression plasmid:psPAX2:pVSVG). A
ratio of 1.3:1:1:1.6 of expression plasmid to packaging plasmids (expression
plasmid:pCAG4:pVSVG:pSIV) was used to manufacture SIV-based lentiviral vectors.

The media was replaced twenty-four hours after transfection with DMEM/F-12
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(Invitrogen Life Technologies, Carlsbad, CA) containing 10 % fetal bovine serum
(Atlanta Biologicals, Atlanta, GA) and 1 % penicillin / streptomycin (Mediatech,
Manassas, VA). No antibiotics were present during the time of transfection. For the
following three days, conditioned medium was collected from the HEK-293T viral
producing cells, passed through 0.45 pmol I filter and stored at -80°C until
concentration by velocity sedimentation upon centrifugation at 10,000 x g (4°C)
overnight. Viral pellets were resuspended in 1/100™ of the original volume of StemPro
media (Invitrogen life technologies, Carlsbad, CA), and filtered through a 0.22 pmol I
filter. Viral titer was assessed on HEK-293T cells with increasing vector volumes by
real-time quantitative PCR seventy-two hours after viral addition. Virus was stored in

1mL aliquots at -80°C.

High-throughput Screening

Compounds from the LOPAC™?® library (Sigma, St. Louis, MO, USA) were screened in
384 well tissue culture treated clear bottom plates. Each well contained 10* K562 cells
cultured in phenol-red free DMEM/F-12 media. For each plate, two columns of sixteen
wells were used as a baseline for fluorescence containing only K562 cells and virus at an
MOI of 0.5. Another set of two columns was used as a positive control containing K562
cells transduced at an MOI of 5. The remaining wells contained K562 cells treated with
one compound per well three hours prior to viral addition. Compounds were added at a
concentration of 20 uM. Virus was added at an MOI of 0.5. The following day, media in
the wells was exchanged for fresh DMEM/F-12 supplemented with 10% fetal bovine

serum and 1% penicillin / streptomycin. Fluorescence intensity was assessed seventy-
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two hours following viral transduction with the use of a fluorescent imager, the Image
Xpress. Compounds able to demonstrate a fold increase of 2.5 or higher than the average
fluorescence emitted from the baseline columns were identified as positive hits. The
positive hits were then confirmed utilizing ten different doses of the compound under the
same conditions as the initial screen. Doses ranged from 0.1 uM to 60 uM. Compounds
that were able to demonstrate a fold increase in fluorescence intensity a second time were

denoted as positive hits.

Culture, treatment and transduction of K562, EU1, BHK-M, HEK-293T, NIH-3T3 and

U937 cell lines

K562, EUl, BHK-M, HEK-293T, NIH-3T3 and U937 cell lines were cultured in
DMEM/F-12 supplemented with 10% FBS and 1% penicillin / streptomycin. Cells were
plated in twenty-four well tissue culture plates and treated with PMA (Fisher Scientific,
Pittsburg, PA). Prior to treatment, PMA was dissolved in DMSO to yield an initial
concentration of 10 mg mL™. Subsequent dilutions were performed in DMEM/F-12
supplemented with 10% FBS and 1% penicillin/streptomycin. Following a two hour
treatment with PMA, cells were transduced in minimal volume (300 pL) with a lentiviral
vector in the presence of polybrene (8 ng uL™). Transduction efficiency was assessed
seventy-two hours by flow cytometry unless otherwise noted. The percentage of GFP
positive cells was compared to the percentage of GFP positive cells from cells transduced

in the absence of PMA.
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Isolation, treatment and transduction of murine stem cell antigen-1" cells

The femurs and tibias of 8 to 10 week old exon 16-disrupted hemophilia A mice (as
previously described in Bi et al, 1995) were flushed with PBS supplemented with 2%
FBS. The flushed bone marrow was then subjected to positive immunomagnetic bead
selection using magnetic separation columns purchased from Miltenyi Biotec (Auburn,
CA\) as previously described (Gangadharan et al., 2006). The isolated sca-1* cells were
then assessed for purity by flow cytometry utilizing a Ly-6A/E antibody (clone E13-
161.7) conjugated to FITC (BD Pharmingen, San Diego, CA). The purity of the
population was found to be 96% positive for sca-1*. Upon confirmation, the sca-1* cells
were cultured at a density of 10° cells per mL in StemPro media supplemented with L-
glutamine (29ug mL™) and stimulated for three days with murine stem cell factor (100ng
mL™), murine interleukin-3 (20ng mL™), human interleukin-11 (100ng mL™), and human
FIt-3 ligand (100ng mL™). Following stimulation, sca-1* cells were plated onto a twenty-
four well tissue culture treated plate at a density of 2x10° cells per well and treated with
PMA for two hours. Sca-1" cells were then transduced in the presence of 8ng pL™
polybrene with a lentivirus containing the GFP transgene. Transduction efficiency was

assessed by flow cytometry seventy-two hours following transduction.

Isolation, treatment and transduction of CD34" cells

+

CD34" cells were purchased from AllCells (Emeryville, CA). Prior to arrival, CD34
cells were mobilized from human bone marrow and isolated from the peripheral blood of
3 individual subjects. Flow cytometry was used to assess the purity of the sample which

ranged between 97 and 99 percent of the population found to be positive for CD34. Cells
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were shipped over night on dry ice and upon arrival stimulated for 24 hours with
recombinant human Flt-3 ligand (300ng mL™), human recombinant stem cell factor
(300ng mL™), human recombinant thrombopoietin (100ng mL™), human interleukin-3
(60ng mL™). CD34" cells were cultured in GMP serum-free stem cell growth medium
(Cell Genix, Portsmouth NH) supplemented with 1% penicillin / streptomycin. After
stimulation, the purity of the population was confirmed by flow cytometry. Upon
confirmation, CD34" cells were cultured in a twenty-four well tissue culture treated plate
at 2x10° cells per well and treated with PMA for two hours prior to transduction. CD34*
cells were transduced in minimal volume (300 pL) and initially assessed for GFP
seventy-two hours following transduction by flow cytometry. The continued purity and
transduction efficiency of the CD34" cells was assessed up to twelve days following

transduction.

Colony-forming Unit Assay

Colony-forming cell assay was performed per manufacturer’s protocol (Stemcell
Technologies, MethoCult® H4035 Optimum without EPO). Briefly, a 10X
concentration (2x10* cells/mL) of CD34" cells was prepared in Iscove’s MDM with 2%
FBS. A total of 0.3 mL of 10X cell mixture was then added to 3 mL of MethoCult® and
mixed by vortexing. MethoCult®/cell mixture was allowed to sit for 5 minutes to allow
bubbles to rise followed by dispensing 1.1 mL onto 35 mm dishes in duplicate using a 16
gauge blunt-end needle. The methylcellulose was evenly distributed into the dish by
rotation and dishes were placed in a 100 mm culture dish alongside a third dish

containing sterile water to maintain proper humidity. Cultures were incubated at 37°C in
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5% CO? for 14-16 days for optimal CFC growth. CFU-GM colonies were counted at 5X
under an inverted microscope using a 60 mm gridded dish. GFP-positive colonies were

scored under fluorescence microscopy.

fVI11 Copy Number Analysis

Copy number analysis was performed as outlined in chapter 2. In short, were harvested
by centrifugation at 300g for 5 minutes and used to isolate total genomic DNA using the
DNeasy® Blood & Tissue Kit (QIAGEN, Valencia, CA). A quantitative PCR reaction
was performed utilizing primers specific for the high expressing chimeric fVIII
transgene. Ct values for each sample were compared to Ct values produced from plasmid
standards of known copy quantities. The equivalent copy number was then divided by
8333, the predicted number of diploid genome equivalents in 50 ng of DNA assuming a

haploid genome weight of 3 pg.

fVIII expression

fVIII expression was measured as previously outlined in chapter 2 from the supernatant
of cells. In short, the cells were cultured in serum-free media for 24 hours prior to the
activated partial thromboplastin reagent-based one stage coagulation assay. The analysis
was performed in duplicate for each supernatant on a ST art Coagulation Instrument
(Diagnostica Stago, Asnieres, France) in human fVIII-deficient plasma (George King
Biomedical, Overland Park, KS). The clot time for each sample was compared to a
standard curve based on dilutions of pooled normal citrated human plasma (George King

Biomedical, Overland Park, KS).
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Statistical analysis

All values are reported as mean = standard deviation. A student’s t-test was used for

comparisons between two groups. For comparisons between more than two groups, a

one way ANOVA was used. Significance was defined as a p value of less than 0.05.

4.3— Results
4.31— High-throughput screen identifies lead compounds

Protocol Optimization of a High-Throughput Screen

In collaboration with Emory’s Chemical Biology Discovery Center, a high-throughput
screen was performed to identify compounds that could enhance the lentiviral
transduction of hematopoietic cells. A library of 1280 pharmacologically active
compounds (LOPAC') was screened. This library was chosen because it covers the
major drug target classes and impacts most cellular processes. Although the screen was
performed to determine compounds that could enhance the transduction of HSCs, the
myeloid erythroid-leukemic K562 cell line was chosen as an initial indicator of enhanced
transduction, as K562 cells are less difficult to culture than the cytokine requiring murine
sca-1" or human CD34" cells. In addition, a lentivirus containing the GFP transgene was
used in order to assess transduction efficiency in a high-throughput manner with the use

of a fluorescent imager, the Image Xpress.

The screening protocol was optimized in regards to culturing conditions and endpoint

time frame. In order to determine the appropriate culturing condition, a range of K562
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cellular densities was tested in a 144 well tissue culture treated clear bottom plate. For
each density, cells were transduced with recombinant lentivirus (n = 6) at increasing
MOIs. Fluorescent intensity was then assessed seventy-two hours following transduction
and compared to nontransduced wells. As shown in Figure 4.1 A, the culture of 10* cells
per well produced the greatest separation in relative fluorescent intensity among wells
transduced with increasing MOls. Therefore the cellular density of 10* K562 cells/well
yielded an appropriate condition in which to measure transduction enhancement. In order
to assess the appropriate endpoint of the screen, 10* K562 cells were plated per well and
virus was added to each well at increasing amounts (n = 8). Transduction efficiency was
assessed at multiple time points after transduction. Well to well variability improved 72
hours following transduction as compared to an assessment at 48 hours (data not shown).
In this manner, an appropriate assay window was produced in order to assess enhanced
transduction as a fold-increase from the baseline of an MOI of 0.5 (Figure 4.1 A). Upon
identifying an optimal culturing condition and post transduction read out time for the
screen, a total cell image was taken with the use of a Hoechst dye. Minute holes were
found in the monolayer of K562 cells that may be the cause for variability among wells
(Figure 4.1 B). However a distinct difference in fluorescence is clearly noted between an
MOI of 0.5 and 4 (Figure 4.1 C). This obvious enhancement in fluorescence validates
the effectiveness of the screen in being able to determine enhanced transduction as a
result of the addition of more virus. It is postulated that a similar increase could be

observed as a result of the presence of a molecular compound that enhances transduction.
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Figure 4.1 Optimization of the high-throughput screening protocol. (A) In order to
identify the appropriate cell density at which to yield an appropriate assay window, K562
cells were plated at varying densities (n = 6) and transduced with MOIs increasing from
0 to 4. Fluorescence intensity was quantified seventy-two hours following transduction
with the use of a fluorescence imager, the Image Xpress. (B) Cells were stained with a
Hoechst dye. (C) Representative fluorescence microscopy image demonstrating

observable increases in GFP positive cells as a result of increasing MOI.
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High-Throughput Screen

The high-throughput screen was then performed in a tissue culture treated plate in which
10* K562 cells were plated per well. The compounds were added at a concentration of 20
puM three hours before viral addition at an MOI of 0.5. Media was exchanged the
following day and fluorescence was assessed seventy-two hours following transduction.
Fluorescence intensity was compared to baseline fluorescence intensity as determined in
the first two columns of the plate, which only contained K562 cells transduced at an MOI
of 0.5 (Figure 4.2 A). As a positive control, the last two columns of the plate were
transduced with 8-fold more virus to confirm increase in fluorescence intensity (Figure
4.2 A). Compounds that yielded a fold induction of 2.5 or higher over baseline
fluorescence were denoted as positive hits (for example, H22 and O5 of Figure 4.2 A)
while obvious autofluorescent compounds were not further analyzed (for example, L10 of
Figure 4.2 A). The screen was performed for both an SIV-based and an HIV-based
lentiviral vector. For the SIV-based lentiviral vector, thirty-four compounds were
identified that yielded a fold induction in fluorescent intensity of 2.5 or higher. Similarly,

thirty-two compounds were identified with the use of an HIV-based lentiviral vector.
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Figure 4.2 Visual representation of the high-throughput screen. (A) Sample
fluorescence microscopy image of 1 of 4 plates run during the high-throughput screen.
Columns are denoted numerically from 0 to 24. Rows are denoted alphabetically from A
to P. The first and last two columns did not contain test compounds. Columns 1 and 2
acted as a baseline from which to assess fold-induction in fluorescent intensity whereas
columns 23 and 24 contained K562s transduced with 10 times more virus (positive
control).  Well L10 represents an autofluorescent compound. Wells H22 and 05
represent compounds identified as positive hits yielding a fold induction greater than 2.5

from that of the first two column means.
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4.32— High-throughput screen identifies false positives

Forskolin: False positive

As an FDA approved drug, forskolin was included in the LOPAC*?® library. Forskolin
was initially identified as a positive hit of the high-throughput screen, which yielded a 6.8
fold induction in fluorescence. A 10-point dose response was then performed utilizing
the optimized K562 cellular culturing condition and the optimized endpoint time frame.
Forskolin was added at the indicated doses (Figure 4.3 A) 3 hours prior to viral
transduction at an MOI of 0.5. The results of the 10-point dose assay were promising in
that a similar fold induction (7-fold) in fluorescence was observed at 20 uM Forskolin,
the concentration used in the initial screen. In addition, a dose response was observed
indicating the potential of forskolin to enhance lentiviral transduction (Figure 4.3 A).
During the validation process, the assay was repeated in a twenty-four well tissue culture
treated plate and compared to the initial assessment performed at the screening center in
which a three hundred eighty-four well plate was used. K562 cells were plated at a
density of 10° cells/well and treated with the indicated doses of forskolin in triplicate. An
SIV-based lentiviral vector containing a GFP transgene was added to each well at an
MOI of 0.5. The percentage of GFP positive K562 cells was quantified by flow
cytometry seventy-two hours following viral transduction. However despite the initial
observation of forskolin-induced enhanced transduction in a high-throughput format, an
increase in GFP positive cells was not able to be reproduced (Figure 4.3

B).
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Figure 4.3 Forskolin as an example of a false positive identified from the high-
throughput screen. (A) A 10-point dose response curve was performed in the screening
center. K562 cells were plated at a cell density of 10* cells/well and treated with
forskolin at the indicated concentrations for 3 hours prior to viral addition (MOI of 0.5).
(B) To validate the 10-point dose response a second dose response analysis was
performed utilizing the same concentrations as the screening center with the addition of
500 uM forskolin (n = 3). A twenty-four well plate was seeded with K562 cells at a

density of 10° cells/well and treated with forskolin at the indicated concentrations and
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transduced at an MOI of 0.5. Transduction efficiency was assessed by flow cytometry
seventy-hours following viral addition. A DMSO control was added in which the
maximum amount of DMSO (used to solubilize forskolin) present in the highest dose of

forskolin was added prior to viral addition.
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SB 205384: False Positive

The high-throughput screen included the GABAA, partial agonist, denoted as SB 205384.
Initially, SB 205384 yielded a fold induction of 7.5 in fluorescence intensity as compared
to the control wells transduced in the absence of compound. The 10-point dose response
curve performed at the screening center suggested that the enhancement seen in
transduction with SB 205384 on K562 cells had yet to be observed at its fullest (Figure
4.4 A). Therefore, greater concentrations of SB 205384 were tested on K562 cells plated
in a 24 well plate at a density of 10° cells/well. K562 cells were treated with SB 205384
at the indicated concentrations (Figure 4.4 B - C). Minimal virus was added to each well
either in the presence (Figure 4.4 B) or absence (Figure 4.4 C) of polyberene.
Transduction was assessed seventy-two hours later by flow cytometry. Although
concentrations greater than 100 pM were used no enhancement in transduction was
observed (Figure 4.4 B - C). The enhancement in transduction observed at the screening

center was unable to be repeated identifying SB 205384 as a false positive.



155

A 25
20 | /
s )
g 151 /
= /
2 10 /
=z, /
g J
0_““‘—0-—&/”_\—0—-0—&/'
0.1 1 10 100
SB 205384 (pM)
B C
25 35
30 -
S -
257 T [ ] /1 [ ]
e 15 = 20
o o
= 10 = 15
104
5
5,
0 0
0 1 50 100 150 300 0 1 50 100 150 300
SB 205384 (uM) SB 205384 (uM)

Figure 4.4 SB 205384: a false positive identified from the high-throughput screen.
(A) In the screening center, a 10-point dose response curve of SB 205384 was performed
in order to verify SB 205384 as a positive hit. As previously described above, 10* K562
cells were plated per well and treated with SB 205384 at the indicated concentrations for
3 hours prior to viral addition (MOI of 0.5). Fluorescence intensity was measured using
the Image Xpress seventy two hours later in which the treated wells were compared to the
non-treated wells. (B) Similarly, SB 205384 was analyzed in the Spencer laboratory in a
dose dependent manner utilizing the same concentrations as the screening center with the
addition of 150 and 300 uM SB 205384. Virus was added immediately following
compound addition either in the presence or (C) absence of polybrene. Transduction
efficiency was assessed by flow cytometry seventy-two hours following viral addition.

Cytosine-1-B-D-arabinofuranose hydrochloride: False positive
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Cytosine-1-B-D-arabinofuranose hydrochloride was denoted as a positive hit from the
screen yielding a 3.1 fold induction in fluorescence intensity from the baseline
fluorescence observed from the non-treated wells of the high-throughput screen. The
compound was included in the LOPAC screen as an FDA approved drug. Clinically,
cytosine-1-fB-D-arabinofuranose hydrochloride is used to treat leukemia. As a pyrimidine
analog, cytosine-1-p-D-arabinofuranose hydrochloride becomes incorporated into the

DNA during synthesis and inhibits cycling through the S phase resulting in apoptosis.

Following the initial high-throughput screen, a 10-point dose response analysis on
cytosine-1-B-D-arabinofuranose hydrochloride was performed at the screening center.
Fluorescence intensity was increased in a fold dependent manner from the baseline
fluorescence of non-treated wells at concentrations up to 15 puM (Figure 4.5 A).
Concentrations of cytosine-1-B-D-arabinofuranose hydrochloride higher than 15 puM
demonstrated a decrease in fluorescence intensity. For this reason, lower concentrations
were used to verify cytosine-1-B-D-arabinofuranose hydrochloride as an enhancer of
lentiviral transduction in the Spencer laboratory. Cytosine-1-B-D-arabinofuranose
hydrochloride was added to K562 cells plated in a 24 well plate at a density of 10° cells /
well at the indicated concentrations (Figure 4.5 B - C). Minimal virus was added the
treated and non-treated K562 cells immediately following treatment either in the presence
(Figure 4.5 B) or absence (Figure 4.5 C) of polyberene. The enhancement observed at
the lower concentrations of the 10-point dose response analysis performed at the

screening center was not able to be repeated.
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Figure 4.5 Cytosine-1-g-D-arabinofuranose hydrochloride: a false positive of the
high-throughput screen. (A) The result of a 10-point dose response assay performed at
the screening center for the compound Cytosine-1-B-D-arabinofuranose hydrochloride.
The analysis was performed on K562 cells (plated at a density of 10* cells/well) treated
with the indicated concentrations for 3 hours prior to viral addition (MOI of 0.5). The
Image Xpress was used to determine fold induction in fluorescence intensity seventy-two
hours after viral addition. (B) Cytosine-1-pB-D-arabinofuranose hydrochloride was
evaluated in a similar fashion in the Spencer laboratory. K562 cells were plated in 24
well plates at a density of 10° cells/well and treated at concentrations similar to those
used by the screening center (n = 2). Transduction was assessed by flow cytometry

seventy-two hours after viral addition in the presence or (C) absence of polybrene.
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4.33— High-throughput screen identifies previously confirmed enhancers

Camptothecin: True positive

Camptothecin, etoposide, and taxol were also identified from the screen as positive hits
yielding a fold increase in fluorescent intensity of 3.2, 2.6, and 2.7 respectively.
Encouragingly, all 3 compounds were previously shown to enhance the transduction of
HEK-293T and HelLa cells (Groeschel and Bushman, 2005). In the current study,
camptothecin was confirmed as an enhancer of lentiviral transduction of HEK-293T cells.
Increasing concentrations of camptothecin were added to HEK-293T cells while
simultaneously being transduced with an SIV-based lentiviral vector containing a GFP
transgene. Each concentration was performed in triplicate. Transduction efficiency was
determined seventy-two hours following transduction by quantifying the percent of GFP
positive cells by flow cytometry. As observed by Groeschel and Bushman (2005),
transduction efficiency peaked at 0.4 uM camptothecin (Figure 4.6 A). Higher
concentrations of camptothecin resulted in diminished transduction efficiency, which
may be a result of toxicity to the cells. Camptothecin was found to inhibit cell division at
concentrations as low as 3 nM (Figure 4.6 B), which is likely due to cell cycle arrest in

the G2/M phase (Groeschel and Bushman, 2005).

In addition to confirming a previous report identifying camptothecin as a positive
enhancer of HEK-293T cell lentiviral transduction, K562 cells were analyzed in order to
validate camptothecin as a positive effector of transduction of hematopoietic cells. A
similar protocol was performed in which increasing concentrations of camptothecin were

added to the cells in triplicate while being transduced with identical amounts of lentiviral
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vectors. In this analysis, both HIV and SIV-based lentiviral vectors were used. Similar
transduction efficiency curves were noted for both lentiviral vectors. K562 cells yielded
a peak in transduction efficiency at 0.08 uM (Figure 4.6 A). An inhibition in cellular
division as a result of camptothecin was observed with K562 cells as was observed with
HEK-293T cells (Figure 4.6 C). Because camptothecin and other cytotoxic agents
identified in the screen induce DNA damage, they are not considered ideal compounds

for clinical use.
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Figure 4.6 Camptothecin enhances lentiviral transduction. (A) In a twenty-four well

plate, K562 cells were plated at a density of 10° cells/well and treated with the indicated

doses of camptothecin (n = 3). K562 cells were transduced with either an SIV-based
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(solid squares) or HIV-based (open triangles) lentiviral vector at an MOI of 5. In the
same manner, 5x10* HEK-293T cells were plated in a twenty-four well plate twenty-four
hours prior to transduction yielding approximately 10° cells/well (solid circles). The
percentage of GFP positive cells was assessed by flow cytometry seventy-two hours
following transduction. (B) HEK-293T cell counts were performed throughout the
experiment in which only viable cells were counted after Trypan Blue staining. (C)

Viable K562 cell counts were obtained up to 3 days after treatment with camptothecin.
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4.34— Enhancement of the Positive Hit, PMA is cell dependent

PMA as an enhancer of K562 lentiviral transduction

PMA is an analog of diacylglycerol and is able to bypass the signal transduction pathway
leading to PKC activation. PMA was identified from the SIV-based screen as an
enhancer of lentiviral transduction and yielded the highest increase in fluorescence
intensity observed, which was a 10 fold-increase from the baseline fluorescence. The
compound was confirmed as a positive enhancer of lentiviral transduction in a 10-point
dose response testing assay. At high nanomolar concentrations, a morphological change
is evident (Figure 4.7 A), similar to that previously reported (Papayannopoulou et al.,
1982). Decreasing the concentration of PMA to 2.5 nM diminished this effect (Figure
4.7 A). In addition, at the lower doses of PMA a dose response was observed indicating
the potential of PMA to enhance lentiviral transduction. This was observed with both the
use of an SIV-based (Figure 4.7 B) and an HIV-based lentiviral vector (Figure 4.7 C).
Although no morphological change occurs with PMA treatment at 2.5 nM, a 3.5-fold
enhancement in transduction is apparent (Figure 4.7 B). Cell proliferation was found to
be halted in a dose-dependent manner being completely inhibited at 2.5 nM and higher
concentrations (Figure 4.7 D). In addition, a time course analysis was performed in
order to determine an optimal time at which to add virus after PMA incubation. Virus
was added either simultaneously or after a 2, 4, 8, 24 or 48 hour incubation. The analysis
was performed under similar culturing conditions in triplicate. Consistently, a 2 hour
pre-incubation yielded the greatest enhancement in viral transduction as apparent by the
percentage of GFP positive cells determined by flow cytometry seventy-two hours

following transduction (Figure 4.7 E).
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Figure 4.7 PMA enhances lentiviral transduction of K562 cells. (A) Representative
microscopy images reveal a morphological change in K562 cells occurring in a dose-
dependent manner with PMA treatment. (B) K562 cells were plated at 10° cells/well in a
twenty-four well plate and treated with PMA at the indicated doses (n = 3) prior to

transduction with either an SIV-based or an (C) HIV-based lentiviral vector at an MOI of
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0.5. Seventy-two hours post-transduction was assessed by flow cytometry of GFP
positive cells. As a positive control, virus was added at an MOI of 5 to the K562 cells in
the absence of PMA. (D) Viable cell counts were performed up to 3 days after PMA
treatment utilizing a Trypan Blue exclusion assay. (E) In the same manner, a time course
analysis was performed in which K562 cells were treated with 162 nM PMA for the
indicated hours prior to transduction with an SIV-based lentiviral vector. Transduction

efficiency was assessed seventy-two hours later.
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PMA enhances lentiviral transduction of EU1 cells

A second human hematopoietic cell line, EUL cells, which are derived from a B cell
acute lymphoblastic leukemia, was analyzed for the effect of PMA. Cells were plated in
a twenty-four well tissue culture treated plate at a density of 10° cells/well and transduced
at an MOI of 5. The analysis was performed with both an SIV-based and an HIV-based
lentiviral vector. The cells were treated with PMA at the indicated dose (Figure 4.8 A) 2
hours prior to transduction and compared to cells transduced under the same conditions in
the absence of PMA. Flow cytometry was performed seventy-two hours following
transduction in which the percentage of GFP positive cells was quantified. Non-
transduced cells cultured in the presence of PMA were also analyzed as a negative
control.  Fluorescence microscopy images taken seventy-two hours following
transduction demonstrated morphologically unchanged EU1 cells following culture with
PMA up to 25 nM and an enhancement in GFP positive EUL cells was observed by
fluorescent microscopy (data not shown). The enhancement in lentiviral transduction of
EUL cells treated with PMA was confirmed by flow cytometry (Figure 4.8 A). Using an
SIV-based lentiviral vector, transduction of EU1 cells was enhanced almost 3-fold
yielding a percentage of GFP positive cells greater than that achieved by adding three
times the amount of virus (Figure 4.8 A). The percentage of GFP positive cells
increased from an average of 43% in the absence of PMA to 75% in the presence of PMA
when an HIV-based lentiviral vector was used (Figure 4.8 B). As was apparent with
K562 cells, EU1 cell proliferation was inhibited by PMA in a dose-dependent manner

(Figure 4.8 C).
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Figure 4.8 PMA enhances the transduction of EU1 cells. (A) EUL cells were treated
with PMA at the indicated doses after being plated at 10° cells/well in a twenty-four well
plate (n = 3). Transduction was performed 2 hours later at an MOI of 5 with an SIV-
based or an (B) HIV-based lentiviral vector. Transduction efficiency was quantified by
determining the percentage of GFP positive cells seventy-two hours after transduction by
flow cytometry. (C) Viable cell counts were performed throughout the assay up to three

days after PMA treatment by a Trypan Blue exclusion assay.
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PMA enhances the transduction of a lentiviral vector containing a high-expressing fVIII

transgene

A high-expression B domain deleted human/porcine fVIII hybrid was previously used to
effectively cure a murine model of hemophilia A using HSC transplantation gene therapy
(Doering, 2009). This high-expressing fVIII transgene was incorporated into an HIV-
based lentiviral vector (Figure 4.9 A) and used in this study to assess the enhancement
properties of PMA with the use of a therapeutic transgene. K562 cells were plated at a
density of 5x10° cells per well of a twenty-four well plate and transduced at an MOI of 5
(n = 3). The K562 cells were transduced following a 2 hour PMA incubation and
compared to K562 cells not transduced in the presence of PMA. Media was exchanged
twenty-four hours prior to a one-stage coagulation assay which was performed 12 days
following transduction. FVIII activity was significantly greater from K562 cells treated
with 10 nM PMA prior to transduction (p = 0.002) (one way ANOVA)(Figure 4.9 B).
DNA was isolated from the transduced cells and assessed for vector copies per genome
by qPCR. Enhanced transduction was noted for K562 cells treated with 10 nM PMA
prior to transduction as shown by an increase in vector copies per genome (p = 0.003)

(one way ANOVA)(Figure 4.9 C).
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Figure 4.9 PMA enhances the transduction of a lentiviral vector encoding a high-
expressing fVIII transgene. (A) Schematic representation of the HIV-based lentiviral
vector utilized to transduce K562 cells. (B) fVIII expression was quantified by an aPTT
reagent-based one-stage coagulation assay. Twenty-four hours prior to isolation, the
conditioned media was exchanged for serum-free AIM-V in order to assess the fVIII
activity. Bars represent the mean * the standard deviation of three transduced wells with

each well measured in duplicate. (C) DNA was isolated twelve days following
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transduction and assessed for integrated vector copies per genome by gPCR. Bars
represent the mean * the standard deviation of 3 transduced wells measured in duplicate.
A one way ANOVA was utilized to determine the significance between groups treated
with and without PMA.

Abbreviations: HPFVIIL, high expressing porcine/human chimeric fVIII; EF1a,

elongation factor la.
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The effect of PMA on U937, HEK-293T, NIH-3T3 and BHK cell lentiviral transduction

A panel of cell lines was assessed for the effect of PMA on lentiviral transduction.
Included in the panel was a third hematopoietic cell type, the U937 cell line originating
from a monocytic lymphoma.  As with the K562 and EU1 cell lines, 10° cells were
transduced per well in a twenty-four well tissue culture treated plate. The analysis was
performed with both an SI1V-based (MOI of 5) and an HIV-based lentiviral vector (MOI
of 1). The cells were treated with PMA at the indicated dose (Figure 4.10 A) 2 hours
prior to transduction and compared to cells transduced under the same conditions in the
absence of PMA. Flow cytometry was performed seventy-two hours following
transduction in which the percentage of GFP positive cells was quantified. Non-
transduced control cells cultured in the presence of PMA were also analyzed as a
negative control. No enhancement was noted even upon increasing the concentration of
PMA to 700 nM. This observation was noted with both SIV and HIV-based lentiviral
vectors (Figure 4.10 A). Despite the lack of enhancement, cell proliferation was

inhibited over time in a dose-dependent manner (data not shown).

Three adherent cell lines were also included in the panel to be analyzed. HEK-293T
(human embryonic kidney cells), NIH-3T3 (mouse fibroblasts) cells, and BHK (baby
hamster kidney cells) were plated at a density of 2.5x10* cells per well of a twenty-four
well tissue culture treated plate a day prior to transduction. Cells approached 5x10* the
following day and were transduced at an MOI of 0.5 with either SIV or HIV-based
lentiviral vectors. Cells were treated with the indicated doses of PMA two hours prior to

transduction. Transduction was assessed by fluorescence microscopy and quantified by
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flow cytometry seventy-two hours after transduction. The percentage of GFP positive
cells as compared to those cells transduced with a lentivirus in the absence of PMA. No
enhancement was observed upon addition of PMA in HEK-293T cells transduced with an
SIV-based or an HIV-based lentiviral vector (Figure 4.10 B). A similar observation was
apparent for NIH-3T3 cells (Figure 4.10 C). As expected, the transduction efficiency of
BHK cells was less than that observed with HEK-293T and NIH-3T3 cells at the same
MOI. The percentage of GFP positive cells following PMA treatment was not enhanced
in BHK cells with either SIV-based and HIV-based lentiviral vectors (Figure 4.10 D). In
addition, proliferation of HEK-293T, NIH-3T3 or BHK cells was not inhibited in the

presence of PMA (data not shown).
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Figure 4.10 Assessment of the effect of PMA on a panel of cell lines. (A) U937 (B)

HEK-293T (C) NIH-3T3 and (D) BHK-M cells were treated with the indicated doses of

PMA. Two hours later, the cells were transduced with either an SIV-based or an HIV-

based lentiviral vector (n = 3). Transduction efficiency was assessed by flow cytometry

seventy-two hours after transduction.
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PMA effect on murine stem cell antigen-1" cells

Murine preclinical models of genetic disease are common. Sca-1" cells represent the
HSC early and late progenitor population. PMA was tested on sca-1" cells isolated from
the tibia and femurs of C57BL/6 mice. Sca-1" cells were stimulated with cytokines for 3
days. Cell counts during stimulation showed cell growth indicative of typical sca-1" cell
functioning (data not shown). Following stimulation, 2x10° cells were plated per well of
a twenty-four well tissue culture treated plate and treated with PMA at the indicated
doses 2 hours prior to transduction. The percentage of GFP positive cells was quantified
by flow cytometry seventy-two hours later. Despite increasing the concentration of PMA
to 1 uM, no enhancement was observed with sca-1" cells transduced with an SIV-based
lentiviral vector in the presence of PMA as compared to those cells transduced in the
absence of PMA (Figure 4.11 A). A similar observation was noted with the use of an
HIV-based lentiviral vector (data not shown). In addition, no inhibition of cell

proliferation was observed at concentrations up to 100 nM (Figure 4.11 B).
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Figure 4.11 Lack of PMA effect on murine hematopoietic stem and progenitor cells.

(A) Sca-1" cells isolated from the femurs and tibias of C57BL/6 mice were stimulated

with cytokines for 3 days prior to PMA treatment. Sca-1" cells were treated with PMA at

the indicated doses for a total of 2 hours prior to viral transduction at an MOI of 5 with an

SIV-based lentiviral vector encoding GFP (n = 3).

Transduction efficiency was

quantified seventy-two hours following transduction by flow cytometry. (B) Viable cell

counts were obtained up to 2 days following PMA treatment utilizing a Trypan Blue

exclusion assay.
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PMA effect on bone marrow-derived CD34" cells

The most important clinical target to be evaluated in the presence of PMA is the CD34"
cell population which includes hematopoietic stem and early progenitor cells. Similar
protocols as above were used to assess the effect of PMA on CD34" cells mobilized and
isolated from human peripheral blood. CD34" cells were plated in twenty-four well
tissue culture treated plate at a density of 2x10° cells per well. Following a 2 hour
incubation with PMA at the indicated doses, cells were transduced with either an SIV-
based or an HIV-based lentiviral vector at an MOI of 20. Transduction efficiency was
initially assessed seventy-two hours following transduction and quantified by flow
cytometry. With both an SIV (Figure 4.12 A) and HIV-based lentiviral vector (Figure
4.12 B), the percentage of GFP positive cells was increased from 5% to greater than 20%
in the presence of PMA. A significant enhancement in lentiviral transduction was
observed at as low as 1 nM PMA (Figure 4.12 A-B). Initial assessments were performed
at seventy-two hours, however prolonged culture revealed similar percentages of GFP
positive cells 5 days after transduction (Figure 4.12 C). In order to assess longer term
transgene expression, the CD34" cells were cultured for a total of 2 weeks. Over time,
the percentage of CD34" cells positive for GFP was found to have diminished. Yet the
fold-induction as a result of PMA treatment was preserved (Figure 4.12 D). In addition,
CD34" cells were found to retain the CD34 and CD45 markers after culture with PMA.
Flow cytometry was performed seventy-two hours after the cells were transduced with
the HIV-based lentiviral vector. Cells not treated with PMA were 97.2% positive for
CD34 and CD45 while cells treated with PMA were found to be 95.6% (0.1 nM PMA)

and 93.0% (1 nM PMA) positive for both markers (Figure 4.12 E). In regards to cellular
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proliferation, PMA was found to inhibit cellular proliferation of CD34" cells over the
expanse of 4 days (Figure 4.12 F). In addition, CD34" cells were transduced with a
clinical grade HIV-based lentiviral vector following a 2 hour incubation with 1nM PMA.
CD34" cells treated with PMA were found to exhibit colony forming units (CFU) 2-fold
greater than those cells not treated with PMA however this is in the range of standard
error as outlined in the manufacturer’s protocol (Figure 4.12 G). Total DNA was
extracted from the colonies and analyzed for copy number by real-time quantitative PCR
utilizing primers that bind to the rev responsive element of HIV. In the absence of PMA,
the copies/cell averaged 0.06 whereas the number of copies/cell for the PMA treated

colonies averaged 0.29.
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Figure 4.12 PMA enhances lentiviral transduction of CD34" cells. (A) Mobilized

CD34" cells isolated from human peripheral blood were treated with PMA at the
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indicated doses for 2 hours prior to viral addition at an MOI of 20 with an SI1V-based and
(B) an HIV-based lentiviral vector (n = 3). The percentage of GFP positive cells was
quantified seventy-two hours after transduction assessing transduction efficiency in the
presence of PMA. The persistence of gene modification was assessed by flow cytometry
5 (C) and 13 days (D) following PMA treatment. Anti-CD45 antibody conjugated to
APC-CY’ was used to identify the population. (E) The persistence of CD34 and CD45
markers was assessed by flow cytometry seventy-hours following PMA treatment. Anti-
CD34 antibody conjugated to PE-Cy7 was used. (F) Viable cell counts were performed
up to 4 days following PMA treatment by a Trypan Blue Exclusion assay. (G) In
addition, the appearance of CFUs was quantified from CD34" cells transduced with a
clinical grade HIV-based lentiviral vector encoding a codon-optimized GFP transgene.

Fluorescence microscopy was used to determine genetically-modified colonies.
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4.35— Mechanism for PMA effect on K562 cells

As a phorbol ester, PMA binds to the C1 domain of PKC resulting in PKC translocation
and activation (Stahelin et al., 2005; Steinberg, 2008). Eight PKC isoforms are activated
by PMA and have been implicated in an array of cellular processes. The lack of
enhanced lentiviral transduction in HEK-293T, NIH-3T3, BHK, U937 and sca-1+ cells
may be due to the different PKC isoform found in these cells as compared to those found
in K562, EU1 and CD34" cells. However, PMA may be acting on more than just PKC.
Approximately 50 amino acids located in the C1 domain are responsible for PMA/DAG
binding (Ono et al., 1989; Kazanietz et al., 1994, 1995; Quest et al., 1994). These amino
acids have been found to constitute similar C1 domains on nonkinase phorbol ester
receptors which include chimaerins (a family of Rac GTPase activating proteins),
RasGRPs (exchange factors for Ras/Rapl), and Muncl3 isoforms (scaffolding proteins
involved in exocytosis) (Ron and Kazanietz, 1999; Kazanietz, 2000). Further analysis is

needed to assess the mechanism by which PMA is enhancing lentiviral transduction.

Enhanced Transduction as a result of DNA damage

To access DNA damage as a result of PMA treatment, DNA fragmentation was measured
by a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method.
By this method, a free 3’-hydroxyl residue generated during DNA fragmentation is
labeled by a biotinylated nucleotide via the enzyme terminal deoxynucleotidyl
transferase.  The biotinylated nucleotides are then quantified with the use of a

streptavidin-FITC conjugate by flow cytometry.
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In this manner, K562 cells were treated with PMA for 6, 4, 2 or zero hours prior to
enzyme and biotinylated nucleotide addition. As a positive control, K562 cells were
treated with nuclease for thirty minutes to generate DNA breaks in every cell.
Immediately following the labeling reaction, flow cytometry was performed in order to
quantify the amount of incorporated biotinylated nucleotides at the site of a DNA nick
with the use of a streptavidin-FITC conjugated antibody. Extensive DNA fragmentation
was observed in the nuclease treated K562 cells, in that seventy-six percent were positive
for FITC (Figure 4.13). However, less than 1% of the K562 cells treated with PMA
were found to be positive for FITC. In addition, no significant difference was observed
between the PMA treated and non-treated K562 cells (Figure 4.13). Therefore, breakage

in the DNA does not appear to be increased as a result of PMA treatment.
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Figure 4.13 Assess of DNA fragmentation as a result of PMA treatment. A TUNEL
assay was performed in order to quantify the amount of DNA nicks present as a result of
PMA treatment. K562 cells were plated at a density of 10° cells / well in a 6 well plate
and treated with 10nM PMA at the indicated times (n = 4). Cellular pellets were acquired
and fixed with a 3.7% formaldehyde solution. DNA nicks were labeled with biotinylated
nucleotides by the enzymatic activity of terminal deoxynucleotidyl transferase. As a
mock control, the terminal deoxynucleotidyl transferase enzyme was omitted.
Quantification of the incorporated nucleotides was performed with the addition of a
streptavidin-FITC antibody measured by flow cytometry. In addition to the mock
control, a subset of K562 cells was treated with nuclease prior to the labeling reaction as
a positive control in order to fragment the DNA. Non PMA-treated K562 cells were

utilized as a baseline for comparison.
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Enhanced Transduction as a result of PKC activation

In order to assess the involvement of PKC in the transduction enhancing process of PMA
on K562 cells, a PKC inhibitor was utilized. Calphostin C targets the regulatory domain
of PKC inhibiting translocation and activation. With an 1Csq of 50nM, K562 cells were
treated with calphostin C (50nM) for 4 hours prior to PMA addition (10 nM). Two hours
following PMA addition, an SIV-based lentivirus encoding the GFP transgene was used
to transduce the treated K562 cells at an MOI of 0.5. Flow cytometry was performed
seventy-two hours later to assess transduction efficiency. The average percentage of
K562 cells positive for GFP as a result of PMA treatment averaged 76.9 percent while
K562 cells pretreated with 50 nM calphostin C prior to PMA treatment averaged 45.4
percent. A significant reduction in the enhancement achieved by the addition of PMA
was inhibited following calphostin C treatment at 50 nM (Figure 4.14 A). This suggests
that PKC is involved in the mechanism whereby which PMA enhances lentiviral
transduction in K562 cells. To determine which isoform of PKC was involved, inhibitors
selective for PKC isoforms were utilized in the same manner as calphostin C. K562 cells
were treated with the inhibitors for 4 hours prior to PMA treatment for 2 hours. After
treatment, cells were transduced with a GFP containing lentivirus at an MOI of 0.5.
Transduction was determined seventy-two hours after viral addition by flow cytometry.

(Figure 4.14 B)
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Figure 4.14 Use of a PKC inhibitor as a means to determine the mechanism whereby
which PMA enhances the lentiviral transduction of K562 cells. (A) K562 cells were
treated with the 50 nM calphostin C for 4 hours prior to PMA treatment at 10 nM. An
SIV-based lentiviral vector encoding a GFP transgene was used to transduce the K562
cells at an MOI of 0.5 two hours following PMA treatment. Transduction efficiency was
assessed by flow cytometry seventy-two hours after viral addition. In the same manner,
K562 cells were treated with selective inhibitors specific for the (B) B2 (N-(2-ethyl-2H-
1,2,3-triazol-4-yl)-2-[4-(4-methoxypyrimidin-2-yl)-1H-pyrazol-1-yl]lacetamide) isoform
and (C) the A (1-(3-methylphenyl)-5-{[(2-methylphenyl)amino]methylene}-2-
thioxodihydro-4,6(1H,5H)-pyrimidinedione) isoform of PKC for 4 hours prior to PMA

treatment at 10 nM.
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Assessment of LEDGF expression as a result of PMA treatment

HIV infection has been found to be expedited by the transcriptional co-activator
identified as the lens epithelium-derived growth factor (LEDGF). LEDGF interacts with
the lentiviral integrase facilitating integration of the transgene into the genome of the
target cell. LEDGF contains a zinc-finger in the N-terminal region of the protein which
has been determined to bind to cellular DNA. Despite as the name infers, LEDGF is
ubiquitously expressed at all stages of life (Nishizawa et al., 2001). Yet its role in
development is significant, being that mice born with an inactivated LEDGF gene die
perinatally upon experiencing severe skeletal abnormalities (Sutherland et al., 2006).

However, the complete biological function of LEDGF remains unknown.

LEDGF expression was evaluated in the context of PMA due to a report demonstrating
LEDGF interaction with HIV integrase. In this manner, LEDGF directs viral integration
into the genome more efficiently (Ciuffi, 2008; Shun et al., 2008). Thus K562 cells were
treated with PMA and assessed for the levels of LEDGF protein by Western blot analysis.
LEDGEF protein levels were not increased in K562 cells as a result of PMA treatment
(Figure 4.15 A-B). This suggests that an enhancement in lentiviral transduction as a

result of PMA treatment is not due to increased levels of LEDGF.
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Figure 4.15 Western Blot detecting LEDGF levels following PMA treatment. (A)
K562 cells were treated with PMA (10 nM) and harvested 12 hours later for protein.
Protein concentration was analyzed by a BCA assay. Equivalent amounts of protein (75
Hg) were added to each lane of an SDS-PAGE gel. Following transfer to a 0.2 micron
membrane, LEDGF and B-actin levels were detected by a chemiluminescent Western
Blot. (B) The p75 LEDGF and B-actin bands were quantified using ImageJ. The p75

LEDGF band was normalized to (3-actin as graphically. A t-test was utilized to determine

significance.
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4.4— Discussion

Limiting transduction of hematopoietic stem cells has been observed clinically with the
use of lentiviral vectors (Cartier et al., 2009; Boztug et al., 2010; Cavazzana-Calvo et al.,
2010; DiGiusto et al., 2010). This obstacle is compounded among other things by the
loss of modified cells after transplantation. This was observed in a previous HSC gene
therapy phase | clinical trial designed to treat X-linked adrenoleukodystrophy. Prior to
transplantation, 50% of the CD34" population was genetically modified, but only 9-14%
of blood cells were found to be positive after transplantation (Cavazzana-Calvo et al.,
2010). This discrepancy could either be a result of culturing parameters ex vivo that may
significantly reduce the repopulation potential of CD34" cells (Kustikova et al., 2009) or
due to the difficulty surrounding the transduction of pure HSCs as opposed to
differentiated progenitor cells in the CD34" population. Enhancing the transduction of
HSCs would prove beneficial for many gene therapy applications that utilize HSCs for

gene delivery.

A library of 1280 pharmacologically active compounds was screened for the purpose of
identifying enhancers of SIV and HIV-based lentiviral transduction. One apparent
shortcoming of the performed high-throughput screen would be that the LOPAC?*°
library was not entirely inclusive. The proteasome inhibitor, MG132, was not a part of
the library and thus not included in the screen despite the previous demonstration of
MG132 to enhance lentiviral transduction of CD34" cells and T lymphocytes (Leuci, et
al., 2011). Camptothecin, etoposide and taxol, on the other hand, were included in the

LOPAC™® library. All three compounds have been previously identified to enhance the
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transduction of an HIV-based lentiviral vector (Groeschel and Bushman, 2005). In the
high-throughput screen, these 3 compounds were noted as positive hits. However,
validation of camptothecin as a positive hit independent of the high-throughput screen
showed an enhancement in the transduction of K562 cells with both a SIV and an HIV-
based lentiviral vector. Thus camptothecin represents a false negative of the HIV-based
lentiviral vector screen. Therefore, false negatives are an issue for identifying
compounds with the use of a high-throughput screen as well as false positives, such as

described for forskolin, SB 205384 and cytosine-1-f-D arabinofuranose hydrochloride.

Despite the ability of camptothecin or other topoisomerase inhibitors to enhance lentiviral
transduction, these compounds are not ideal for clinical use because they induce DNA
damage (Pommier et al., 2010). Therefore, our focus was on non-DNA damaging agents
such as PMA. PMA, another positive hit from the high-throughput screen, represents a
potentially safer compound than topoisomerase inhibitors. Initial assessment was
performed with K562 cells in which a 4-fold increase in modified cells was apparent
when culturing with PMA prior to transduction. This increase was achieved at a
concentration as low as 2.5 nM PMA, where no morphological change was evident
(Papayannopoulou et al., 1983). On the other hand, inhibition of cellular proliferation, on

the other hand, was observed at 2.5 nM PMA.

In addition to enhancing the transduction efficiency of K562 cells, PMA also enhanced
the transduction of the human hematopoietic cell line, EU1. EUL cells are derived from

the lymphoid lineage as opposed to K562 cells which are of the myeloid lineage. Once
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again, an inhibition of cellular proliferation was apparent following PMA treatment,
suggesting that inhibition of the cell cycle might be a method whereby PMA is exhibiting
its effects. This is consistent with the observation that G,/M arrest was responsible for
the increased efficiency of HIV infection in HEK-293T, HelLa and IMR90 cells treated
with camptothecin (Groschel and Bushman, 2005). The exact method whereby arresting
cellular proliferation results in a favorable cellular condition for lentiviral gene transfer is
unknown. Transduction could be enhanced at one or possibly multiple steps during
lentiviral infection. If transduction is enhanced at the entry phase, a simple explanation
would be to conclude that G,/M arrest provides a greater surface area for which a
lentivirus can attach being that the surface area of a cell stalled prior to division is
expected to be 2-fold (Mitchison, 2003). However, this scenario is unlikely in that
transduction was not enhanced with U937 cells or cytokine deprived sca-1" cells in which
proliferation was inhibited (data not shown). A more likely explanation would be that a
molecular event is occurring in the cell as a result of PMA treatment resulting in a

cellular change more conducive to lentiviral infection.

As a phorbol ester, PMA binds to the C1 domain of PKC resulting in PKC translocation
and activation (Stahelin et al., 2005; Steinberg, 2008). Eight PKC isoforms are activated
by PMA and have been implicated in an array of cellular processes. The lack of
enhanced lentiviral transduction in HEK-293T, NIH-3T3, BHK, U937 and sca-1+ cells
may be due to the different PKC isoform found in these cells as compared to those found
in K562, EU1 and CD34" cells. However, PMA may be acting on more than just PKC.

Approximately 50 amino acids located in the C1 domain are responsible for PMA/DAG
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binding (Ono et al., 1989; Kazanietz et al., 1994, 1995; Quest et al., 1994). These amino
acids have been found to constitute similar C1 domains on nonkinase phorbol ester
receptors which include chimaerins (a family of Rac GTPase activating proteins),
RasGRPs (exchange factors for Ras/Rapl), and Muncl3 isoforms (scaffolding proteins
involved in exocytosis) (Ron and Kazanietz, 1999; Kazanietz, 2000). Further analysis is

needed to assess the mechanism by which PMA is enhancing lentiviral transduction.

A novel finding of this study is the ability of PMA to enhance the lentiviral transduction
of CD34" cells, a clinical target of gene therapy applications. Transduction was
enhanced 3-fold with both an SIV-based and an HIV-based lentiviral vector, where at a
concentration as low as 1 nM PMA increased the percentage of modified cells from 7 to
22 percent. This 3-fold difference remained apparent two weeks after transduction. Cells
treated with PMA retained the CD34 and CD45 markers in a similar fashion to cells not
treated with PMA. In addition, these cells were able to give rise to a subset of lineage
committed cells as evidenced by the ability of CD34" cells treated with PMA to produce
colonies in methylcellulose. Similar to the enhancement in transgene copy number using
a fVIII transgene and K562 cells, the increase in percentage of GFP positive cells
observed with PMA treatment of CD34" cells is due to an enhancement in lentiviral
transduction as opposed to simply an enhancement in GFP expression. Additional
studies are needed to determine the engraftment potential of CD34" cells following

treatment with PMA.



190

Despite recent preclinical and some clinical progress with the use of HSC gene therapy,
the transduction efficiency of HSCs remains a critical hurdle. Limited transduction often
results in limiting expression of the transgene, which could result in little to no
therapeutic benefit. In the current study, a high-throughput screen identified PMA as an
enhancer of lentiviral transduction. Furthermore, PMA was shown to enhance the
transduction of hematopoietic cell lines from both the myeloid and lymphoid lineages.
PMA enhanced the transduction of a clinically relevant population of hematopoietic stem
and progenitor cells. PMA has been approved for use in a phase | clinical trial to treat
hematological malignancies in which the doses used (ie systemic UM concentrations)
were tolerable without any apparent renal, hepatic or hematological toxicity establishing
the feasibility of utilizing phorbol esters in humans (Strair et al., 2002). Therefore, the
use of PMA clinically to enhance the transduction of CD34" cells ex vivo is a viable

option.
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Chapter 5:

Conclusions and Future Perspectives
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5.1— Conclusions

Optimization of the Lentiviral Vector

To date, three hemophilia A gene therapy clinical trials have been initiated. However the
results of all three trials resulted in limited transient fVIII levels unable to circumvent the
bleeding episodes experienced in these patients. Limited fVIII expression demonstrated
in these trials could potentially be due to the inefficient transport of the human fVIII
cDNA from the endoplasmic reticulum to the Golgi apparatus. fVIII is retained in the
endoplasmic reticulum via a resident protein chaperone, BiP, which binds to a
hydrophobic cluster in the A1 domain. In addition, efficient secretion of fVIII has been
associated with carbohydrate-facilitated transport via the protein, lectin mannose binding-
1 (LMAN1) which binds mannose residues attached to the B domain posttranslationally.
With this in mind, several high-expression fVIII transgene sequences have been
postulated in order to overcome the low level transgene expression. We recently
compared these sequences to that of a B domain deleted porcine fVIII sequence.
Enhanced expression of the B domain deleted porcine fVIII sequence was demonstrated
both in vitro and in vivo (Ide et al., 2007; Doering et al., 2007; Dooriss et al., 2009). The
responsible domains for the high expression characteristics of porcine fVIII were found
to be attributed to the Al and A3 domains (Doering et al., 2004). In addition, the
immunogenicity of fVIII was found to be reduced by the addition of the porcine C1
domain and three alanine substitutions in the A2 domain (Healey et al., 2009; Lubin et
al., 1997). Thus a hybrid human/porcine B domain deleted fVIII transgene containing
the human A2 and C2 domains and the porcine Al, A3 and C1 domains was constructed

(HP-fVIII). The bioengineered construct contains 91% human amino acid sequence and
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has been shown to maintain the high expression characteristics of porcine fVIII (Doering

etal., 2009).

As outlined above, much effort has been focused towards the optimization of the fVIII
transgene. However, little attention has been directed towards the lentiviral vector itself
in regards to fVIII expression. For this reason, the components of the lentiviral vector
were evaluated and optimized for enhanced expression of fVIII. Three components were
specifically assessed as a part of the lentiviral vector (1) the WPRE sequence (2) the

lentiviral backbone and (3) the internal promoter.

The WPRE, although originally observed to increase the expression of GFP, was not
found to exert any effect on the expression of HP-fVIIl. A panel of cell lines was
assessed for lentiviral vectors differing only in the presence or absence of a WPRE
sequence. For all cell lines considered, no increase in HP-fVIII was observed at both the
transcript and protein level. In addition, the WPRE was not found to be beneficial in
regards to the amount of transcriptional read-through observed. Thus without any benefit
to HP-fVIII expression or safety, the WPRE was eliminated from the lentiviral vector.
Of note prior to these studies, the inclusion of a WPRE sequence in a gene therapy viral
vector was considered a standard operation. Direct evidence confirming enhanced
transgene expression as a result of a WPRE sequence was not required by the
Recombinant DNA Advisory Committee prior to clinical application. However, due to

this report as well as that of Klein et al. (2006) and Kingsman et al. (2005) it has been
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advised that the utility of the WPRE sequence be scrutinized more closely in regards to

enhanced transgene expression and safety

The second component of the lentiviral vector to be evaluated was the lentiviral backbone
itself. A total of three different lentiviral backbones were evaluated. As a result, the
SIV-based lentiviral vector was found to be superior in regards to HP-fVIII expression.
Interestingly, this was not the case with a GFP transgene. The reason for this discrepancy
is unknown. It is possible that the integrase associated with the SIV-based lentiviral
vector has an integration profile that favors the expression of a large transgene such as
HP-fVIII. However an integration analysis will need to be performed in order to affirm
such a hypothesis. If this is the case, this information could be useful for future gene
therapy applications for hemophilia A utilizing non-viral vectors able to integrate the
transgene at specific sites in the genome such as zinc finger nucleases and tal effector
nucleases. These non-viral vectors could be designed to incorporate the fVIII transgene
at safe harbors or locations in the genome conducive to efficient fVIII expression.
However, the technology associated with these non-viral vectors is not advanced enough
for human application. Therefore the use of an SIV-based lentiviral vector for the
treatment of hemophilia A by gene therapy is a viable first-generation clinical vector.
However before this can become a reality, clinical-grade SIV-based lentiviral vectors will
need to be produced in large quantities as is currently available for HIVV-based lentiviral
vectors. Until this is accomplished, an HIV based lentiviral vector is a suitable choice to
begin treating individuals with hemophilia A via gene therapy and could serve as a

substitute first-generation clinical vector. The SIV-based lentiviral vector may then serve
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as a second-generation vector aimed at treating the subpopulation of individuals with
hemophilia A living with AIDS (estimated to be between 6000 to 10,000 in the United
States alone) (Meier, 1996). A large portion of adults with hemophilia A are HIV-1
positive due to receiving plasma derived fVIII as a means of protein replacement therapy
prior to routine testing of blood-borne pathogens from donated blood products.
Therefore, an SIV-based lentiviral vector may be a safer lentiviral vector since utilizing
an HIV-based lentiviral vector in these individuals could potentially result in unsafe
recombination events between the vector and wild-type HIV in the genome. Regardless
of the limitations associated with the production of a clinical-grade SIV-based lentiviral
vector, the SIV-based lentiviral backbone was used to analyze the third component of the

lentiviral vector, the internal promoter.

Three ubiquitous promoters were assessed. In terms of HP-fVIII expression, the CMV
internal promoter was found to be most efficient in HEK-293T cells. This result was not
unexpected due to the strong enhancer found in the CMV promoter. However, the use of
a CMV internal promoter clinically is constrained by the potential transactivation of
nearby genes as a result of the strong enhancer found in the CMV promoter as compared
to the enhancers associated with the EFla and PGK internal promoters. This raises
safety concerns surrounding the use of a CMV promoter in humans. In addition, the
CMYV promoter has been associated with methylation-induced inactivation which could
result in transient expression of HP-fVIII. Therefore, further analysis may need to be
performed in order to determine a more suitable internal promoter for clinical gene

therapy applications designed for the treatment of hemophilia A. This may include the
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clinically applicable EFla internal promoter, demonstrating levels of HP-fVIII in HEK-
293T cells greater than that of the PGK internal promoter. However, a larger panel of
internal promoters including cell-specific promoters needs to be evaluated. Regardless of
the drawbacks to utilizing a CMV internal promoter, as a result of these studies, a
lentiviral vector was optimized for HP-fVIII expression and demonstrated therapeutic
levels of HP-fVIII in a fVIII deficient mouse model. The results of this study was used to
help delineate a lentiviral vector that received approval by the Recombinant DNA

Advisory Committee (Figure 5.1).
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Gene Therapy for the Treatment of Hemophilia A
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Figure 5.1 Viral vectors proposed for gene therapy protocols for the purpose of
treating hemophilia A. Two types of viral vectors have been proposed for gene transfer,
the nonintegrating and integrating vectors. Adenoviral vectors were one of the first
vectors to be used clinical to treat hemophilia A. However, the trial was abruptly halted
due to an adverse immune response to the vector. Thus adeno-associated vectors have
been utilized preclinically to transfer the fVIII gene to the liver of mice. Yet
encapsidation limitations are the major setback associated with the use of adeno-
associated vectors for hemophilia A. Integrating vectors, on the other hand, provide a
means for stable integration. The y-based retroviral vectors were the first retroviral
vectors to be utilized in the field. However, their use in the context of hemophilia A has
been hindered by the presentation of insertional mutagenesis as seen in the clinical trial
for X-SCID. The lentiviral vector, able to package a large transgene such as fVIII, has a
safer integration profile than the y-based retroviral vectors. In addition, the transfer of
fVIII has been achieved preclinically in a hemophilia A mouse in which therapeutic
levels were observed. Thus, a lentiviral vector is an appropriate vector to use for the

treatment of hemophilia A.
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Alternate Lentiviral Production Protocol

The delineation of an optimized lentiviral vector for HP-fVIII expression was
demonstrated above. However, the production limitations associated with such a
lentiviral vector remain a concern in the field. Lentiviral production is currently confined
to a transient transfection procedure in HEK-293T cells due to the toxicity associated
with the VSVG viral envelope. Lentiviral vectors are pseudotyped with the VSVG
envelope protein in order to increase the range of host cells capable of being genetically
modified. However, the VSVG protein accumulates at the cell surface of HEK-293T
cells forming syncytia and ultimately leading to diminished cell viability. HEK-293T
cells are viable for approximately three days following the onset of VSVG expression.
Thus the generation of a stable packaging cell line for the mass production of VSVG-
pseudotyped lentiviral vectors has yet to be delineated. Production of lentiviral vectors in
this manner would be ideal for lentiviral vectors utilized in human clinical trials, in that
the lentiviral vector could not only be produced in mass quantities but could also come
from an extensively characterized nonvariable source. In order to establish a stable
lentiviral packaging cell line an alternative cell line was analyzed for VSVG pseudotyped
lentiviral production. BHK-M cells were chosen as a highly efficient clinically
applicable protein producing cell line. The production of lentivirus was assessed in
BHK-M cells following transient transfection. However, it was apparent that VSVG was
more toxic in BHK-M cells than in HEK-293T cells. This observation is probably due to
an increase in VSVG expression in BHK-M cells as compared to HEK-293T cells. Thus

BHK-M cells are not a viable option for the production of lentiviral vectors pseudotyped
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with VSVG. Therefore, other avenues will need to be explored in order to overcome the
production limitation of lentiviral vectors, especially those encompassing large
transgenes such as fVIII. This includes establishing a stable producing cell line in which
VSVG expression is induced. This would diminish toxic side effects associated with the
expression of VSVG until lentiviral production is required. In addition, alternative

nontoxic envelopes may be utilized.

Enhancement of HSC transduction by a lentiviral vector

Another obstacle encountered in the field of gene therapy with the use of a lentiviral
vector is the inefficient transduction of HSCs by lentiviral vectors. HSCs are innately
resistant to lentiviral transduction by a yet unknown mechanism. However, the
transduction of a self-renewing and fully capable differentiating CD34" cell is pertinent
to the success of ex vivo gene therapy applications for the treatment of hemophilia A.
Therefore, several attempts were made to enhance the transduction efficiency of lentiviral

vectors.

The most progress was made as a result of a high-throughput screen. 1280 compounds
were screened as a part of the LOPAC library. Three previously identified enhancers of
lentiviral transduction were fortuitously included in the LOPAC library. The high-
throughput screen confirmed all three compounds as enhancers of HIV-based lentiviral
transduction as well as identifying the compounds as enhancers of SIV-based lentiviral
transduction. However, these compounds induce DNA damage and are not ideal for

clinical use. PMA, on the other hand, was also identified as an enhancer of lentiviral
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transduction as a positive hit of the high-throughput screen yet not found to induce DNA
damage. Initially, PMA was found to enhance the transduction of K562 cells. However,
further analysis revealed that PMA was also able to enhance the transduction of the
hematopoietic EU1 and most importantly the clinically therapeutic target, the CD34"
population of hematopoietic stem and early progenitor cells. PMA was not able to
enhance all cell lines assessed. The adherent HEK-293T and BHK-M cells, as well as the
hematopoietic U937 and sca-1" cell line were resistant to the positive effects of PMA on
lentiviral transduction. The discrepancy associated with the positive and negative effects
of PMA is postulated to be due to the specific isoform of PKC prevalent in each

individual cell type. However, at this time it is unclear which isoform PMA is acting on.

The ability of a universal PKC inhibitor (Calphostin C) to prevent the effect of PMA does
suggest that PKC is the route in which PMA enhances transduction. Although the
involvement of PKC in the mechanism whereby PMA enhances transduction has only
been experimentally portrayed in K562 cells, potentially this same pathway is being
utilized in EU1 and CD34" cells. PKC activation depending on the cell type can result in
a multitude of downstream effects. The identification of this pathway will aid in the

incorporation of PMA into a clinical transduction protocol.

The incorporation of a molecule that behaves in the same manner as PMA into a
transduction protocol would ensure adequate genetic manipulation. Since PMA was
revealed to enhance the transduction of the clinically relevant CD34" population of

hematopoietic stem and progenitor cells, it is likely that transduction would be efficient
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enough to result in adequate expression of a transgene such as fVIII. In regards to safety,
reports following a phase | clinical trial designed for the treatment of hematological
malignancies revealed that PMA was well tolerated following administration of PMA at
UM concentrations without the appearance of any renal, hepatic or hematological toxicity
(Strair et al., 2002). Therefore, PMA can act as a lead compound for the determination of
a chemical with improved potency and/or selectivity for enhanced lentiviral transduction
of the clinically relevant CD34" cells. This compound can then be utilized in a gene
therapy clinical trial (Figure 5.2). However, it is likely that the transduction protocol

will include such a compound during a second-generation clinical trial.
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Figure 5.2 Schematic of gene therapy protocol for the treatment of hemophilia A. A
clinical trial to be conducted at Emory University has been reviewed and approved by the
Recombinant DNA Advisory committee. In addition, the protocol which includes the
components involved have been deemed as a viable candidate for further development
following a preinvestigational new drug and biosafety review. Following submission of
and approval from the institutional review board and investigational new drug
application, subjects with hemophilia A will be admitted into a gene therapy clinical trial
in which CD34" cells will be mobilized from the hematopoietic stem cell compartment
by G-CSF administration. G-CSF stimulates the bone marrow to produce and release
granulocytes and stem cells into the bloodstream. Upon collection, the CD34" cells will

be genetically modified ex vivo with a first-generation HIV-based lentiviral vector
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lacking a WPRE sequence while encoding the high expressing human/porcine fVIII
transgene expressed from the clinically approved EFla internal promoter. The CD34"
cells will then be removed from the viral containing medium prepping the cells for
transplantation back into the patient in order to deliver a renewable supply of fVIII.

Abbreviation: G-CSF (Granulocyte colony-stimulating factor)
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5.2— Future Perspectives

In my opinion, the field of gene therapy is migrating away from utilizing integrating viral
based vectors as a means of gene replacement. This is mainly due to the risk of
insertional mutagenesis.  Although insertional mutagenesis has not been observed
clinically with the use of lentiviral vectors (Cartier et al., 2009; Cavazzana-Calvo et al.,
2010; Biffi et al., 2011), the potential of the integrated lentiviral cDNA to activate a
protooncogene or disrupt a tumor suppressor gene is still a major concern in the field.
One avenue explored as a means to eliminate insertional mutagenesis has capitalized on
the fact that lentiviruses and lentiviral vectors, in addition to integrating in the genome,
produce circular extrachromosomal forms of DNA. Two types of circular episomes can
be formed. The first consists of 2 adjacent long terminal repeats (LTR) formed as a result
of nonhomologous end joining of the linear reverse transcribed viral cONA. The second
type of circular episome contains one LTR following homologous recombination. As
with AAV-based vectors, gene transfer of this nature is lost overtime as cells divide due
to a lack of origin of replication in the 1- and 2-LTR episomal circles. However, these
circular viral episomes may persist in terminally differentiated cells such as hepatocytes.
For this reason, integrase-defective lentiviral vectors have been established in order to

eliminate the potential risk of insertional mutagenesis associated with integration.

The lentiviral integrase protein consists of three domains, two zinc-finger binding
domains (one in the N-terminal region which binds the viral DNA and another in the C-
terminal region of the protein which binds the host DNA) and a catalytic core domain.

Three amino acids of the core domain have been found to be highly conserved among the



205

retroviral integrase proteins and have thus been denoted as the catalytic triad. Therefore,
the majority of the missense mutations introduced to produce an integrase-defective
lentiviral vector occur at one of these three amino acids. These mutations prevent the
integration of the transgene and if utilized to modify non-dividing cells can potentially

persist for the lifetime of the host.

Integrase-defective lentiviral vectors could be an ideal route of transferring the fVIII gene
into hepatocytes, the endogenous producer of fVIII. The route of administration would
be similar to that of an AAV-based vector containing fIX for hemophilia B recently
performed clinically. Likewise, insertional mutagenesis would not be a concern since the
genome would not be disrupted by an integrase-defective lentiviral vector. But unlike
AAV-based vectors, an integrase-defective lentiviral vector would not be constrained by
the size of fVIII. Thus, integrase-defective lentiviral vectors encompass all of the
advantages that AAV-based vectors offer while providing a means to overcome their
shortcomings. However, as is a major concern in most gene therapy applications, the
level of fVIII expression driven from the 1- and 2-LTR episomal circles is questionable.
VI will need to be equivalent if not superior to those applications utilizing a lentiviral
vector. Unfortunately, the integrase-defective lentiviral vector is not able to overcome
the production limitations associated with lentiviral vectors. Up to this point, integrase-
defective lentiviral vector titers for the most part have been reported to be similar to those
of integrating lentiviral vectors (Saenz et al., 2004; Nightingale et al., 2006; Negri et al.,

2007; Coutant et al., 2008). However, some reports have indicated lower titers than those
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of integrating lentiviral vectors (Vargas et al., 2004; Philippe et al., 2006; Apolonia et al.,

2007).

Integrase-defective lentiviral vectors are promising tools for providing a safer method of
achieving gene transfer of fVIII. However, another method in which safer integration
can be achieved is by utilizing a vector that provides a means for site-directed integration.
Integrating viruses, such as the HIV and SIV lentiviruses, integrate into the host genome
in a somewhat nonspecific manner, showing preference for active transcriptional units
(Mitchell et al., 2004). Although this is a safer integration profile than that of the y-
retroviral vector utilized in the X-SCID clinical trial which favored integration near
transcription start sites, an ideal vector would integrate at a specific location in the
genome recognized as a safe harbor. This can be achieved with the use of either zinc

finger nucleases or tal effector nucleases.

Zinc finger nucleases (ZFN) are fusion proteins comprised of a nonspecific Fokl
endonuclease domain and a zinc finger DNA-binding domain. Integration specificity
comes from the ZFN DNA-binding domain which can be engineered to recognize a
specific sequence. With 3-6 zinc finger DNA-binding domains arranged in tandem, a 9-
18 base-pair target site can be achieved since each domain recognizes three base pairs.
When two Fokl endonuclease domains dimerize, a double strand break is formed. This
double strand break can then be repaired naturally by the cell via nhonhomologous end
joining or homologous recombination. In the case of homologous recombination, the cell

uses the undamaged sister chromatid to repair the break by copying the sequence across
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the break. However, an exogenous donor DNA template consisting of a transgene
flanked by homologous regions could also be used to repair the double strand break while

at the same time transferring the gene encoding fVI1I into the cell (Porteus, 2011).

Tal effector nucleases (TALENS) perform site-directed integration of a transgene in a
similar manner as ZFNs. Like ZFNs, TALENS contain a Fokl endonuclease domain
fused with a DNA-binding domain. To achieve integration at a specific location in the
genome of the target cell, the DNA-binding domain takes advantage of the ability of TAL
effector proteins to specifically recognize a DNA sequence. TAL effector proteins
contain a series of repeating subunits each thirty-four amino acids in length. The amino
acid residues at position twelve and thirteen determine the recognition of a single nucleic
acid. These residues can be modified in each repeat to engineer a TAL effector that is

able to recognize a specific piece of DNA (Moscou et al.., 2009).

Both ZFNs and TALENs have been utilized to target endogenous disease-related
mammalian genes (Urnov et al., 2005; Zou et al., 2009; Connelly et al., 2010; Mussolino
et al., 2011). However, the frequency of gene targeting with the use of these nucleases is
not yet substantial enough in primary patient-derived cells. In addition, toxic side effects
have been observed with the use of ZFNs (Porteus and Baltimore, 2003). This is
probably due to the production of off-target double-strand breaks which is not only
concerning in regards to cytotoxicity but would also pose questions as to the safety

profile of a ZFN. TALENS, on the other hand, have been shown to be less toxic and may
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be a more ideal platform to accomplish site-directed gene targeting (Mussolino et al.,

2011).

Until these technologies are improved, the utilization of a lentiviral vector for the
treatment of hemophilia A is appropriate (Figure 5.2). One of the major limitations with
the utilization of lentiviral vectors for ex vivo HSC modification has potentially been
overcome by the results of this dissertation. Lentiviral transduction of CD34" cells has
been enhanced by treatment prior to viral addition with the phorbol ester, PMA. The
mechanism whereby PMA enhanced transduction has been delineated to be a result of
PKC. Before PMA can be clinically applicable as a part of the gene therapy protocol for
hemophilia A, the effects on integration will need to be adequately explored in regards to
safety. Enhancing the transduction of CD34" cells with PMA is unfavorable if the
likelihood of an insertional mutagenic event is increased as a consequence of an
integration preference towards transcription start sites. This has yet to be analyzed. In
addition, the effect of PMA on the multipotentiality of CD34" cells will need to be
addressed. As demonstrated in chapter 4, CD34" cells treated with PMA produced
colonies in methycellulose indicative of having the potential to give rise to lineage
committed cells. However, the colonies were not specifically analyzed for the exact
lineage that the CD34" cells differentiated into. Without this assessment, it is unclear
whether the PMA treated CD34" cells have maintained the ability to differentiate into all
hematopoietic lineages necessary for reconstitution and not just a subset. However,
transplantation of PMA treated CD34" cells into irradiated NOD-SCID mice could

answer this question as well as confirming that PMA does not affect the transplantation
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efficiency of CD34" cells. Transducing the CD34" cells with a GFP containing virus
prior to transplantation would allow one to identify lineage committed transplanted
CD34" cells by identifying GFP positive cells that also contain lineage specific markers
by flow cytometry. In this manner, the multipotentiality of the PMA treated CD34" cells
could be assessed as well as confirming their persistence overtime indicative of a lack of

effect of PMA on transplantation efficiency.
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Future Perspectives:
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Figure 5.3 Modes of gene transfer proposed for the treatment of hemophilia A.

Future perspectives include the use of an integrase-deficient lentiviral vector in which the

transgene would remain episomal in the target cell. In addition, site-directed integration

by zinc finger nucleases and tal effector nucleases will be utilized in the future providing

a safer integration profile. However, until these technologies are improved the use of a

lentiviral vector in a gene therapy protocol is an appropriate mode to transfer fVII1 for the

treatment of hemophilia A.
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Limited expression of fVIII as apparent in all previous clinical attempts to treat
hemophilia A with gene therapy has been potentially overcome by the construction of a
high-expression chimeric fVIII transgene. HP-fVIII was used to genetically modify
hematopoietic stem cells and effectively treat hemophilia A mice in order to overcome
the low expression barrier. Prior to advancing to the clinic, the gene transfer system was
optimized by analyzing the various components of the self-inactivating lentiviral vectors
in terms of viral production, transduction efficiency and transgene expression. The data
outlined in this dissertation was used to help develop a clinical vector that was recently
approved by the Recombinant DNA Advisory Committee. In addition to optimizing the
lentiviral vector, the obstacle associated with the resistance of HSCs to lentiviral
infection was overcome by PMA as identified from a high-throughput screen. Notably,
the viral transduction of CD34" cells was enhanced from 7% to >20%. PMA
enhancement seems to correlate with an inhibition in cell division. Further analysis will
be needed before PMA can be incorporated into a gene therapy protocol. Otherwise, an
efficient lentiviral vector and protocol for the treatment of hemophilia A has been
delineated and is currently being evaluated by the FDA for a phase | clinical trial to treat

and possibly cure hemophilia A.
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of the five patients admitted in the trial. Following initial expansion, the lymphocytes
were modified with a y-retroviral vector (derived from the Moloney murine leukemia
virus) containing a neomycin resistance gene as a marker. No adverse side effects were
noted as a result of the gene transfer. In addition, the neomycin resistance gene was
detected up to two months following cell infusion (Rosenberg et al., 1990). This study
demonstrated successful transfer of a foreign gene to human cells with the use of a
retroviral vector. It also alluded to the safety of these vectors as a means to treat other
diseases by gene therapy. As a result, preclinical research progressed with the use of

similar y-retroviral vectors for the treatment of monogenic diseases.
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In 1990, two children were treated for adenosine deaminase-deficient severe combined
immunodeficiency disorder, a congenital disease resulting in frequent opportunistic
infections as a result of an impaired immune system. T cells were isolated from each
patient, transduced ex vivo with a y-retroviral vector (derived from the Moloney murine
leukemia virus) containing the adenosine deaminase gene and readministered back to the
patient (Blaese et al., 1995). The effectiveness of the trial is debatable due to continued
administration of PEGylated bovine adenosine deamainase as a means of protein
replacement therapy during the trial. However, ten years later, the modified cells appear
to be persisting in the circulation with one of the children exhibiting 20% gene modified
lymphocytes (Muul et al., 2003). In addition, no adverse effects were experienced as a
result of the y-retroviral vector utilized, once again providing confidence as to the
feasibility and safety of gene therapy with the use of these vectors. However, the two
aforementioned trials developed a sense of false security in regards to the safety of a y-
retroviral vector derived from the Moloney murine leukemia virus. This was apparent
following a clinical trial for X-linked severe combined immunodeficiency. In this trial,
CD34" bone marrow stem cells were modified ex vivo to contain a correct copy of the
previously unfunctional yc gene (Hacein-Bey-Adenia et al., 2002). Although nearly all
twenty patients treated have improved immune functioning as quantified by an increase
in T and B cells, five patients developed acute lymphoblastic leukemia due to integration
near the proto-oncogene LMO2 (Hacein-Bey-Adenia et al., 2003). As a result the
clinical use of y-retroviral vectors derived from the Moloney murine leukemia virus has
been restricted. Instead, retroviral vectors derived from an HIV-based lentivirus are

being utilized for the modification of CD34" bone marrow stem cells ex vivo. Much
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clinical progress has been made utilizing this approach for the treatment of X-linked
adrenoleukodystrophy, Wiskott-Aldrich Syndrome, B-thalassaemia and AIDS. This has
been accomplished without any apparent adverse side effects (Cartier et al., 2009; Boztug

et al., 2010; Cavazzana-Calvo et al., 2010; DiGiusto et al., 2010).

In regards to hemophilia A, three gene therapy clinical trials to date have been conducted.
Each utilized the human cDNA fVIII sequence, but all three differed in the manner
whereby the nucleic acid sequence was incorporated into the patients’ cells. The first
trial by Roth et al. (2001) admitted six subjects with severe hemophilia A. Dermal
fibroblasts were biopsied from each patient from the upper arm, expanded in tissue
culture dishes in a laboratory incubator and electroporated (exposed to a voltage shock in
order to perturb the cell membrane layer), resulting in the incorporation of the cDNA
sequence into the fibroblast cells. After culturing, stably modified clones were selected
and implanted into the omentum of each patient. Transient fVIII expression was
observed in three of the patients for up to 6 months, with one patient expressing 4 percent
of the normal amount of fVIII twelve weeks after implanting the genetically modified
cells. However, the levels of fVIII diminished to less than 0.5% of normal a year later.
The second trial included eleven subjects (Powell et al., 2003). Four doses (2.8 x 107, 9.2
x 107, 2.2 x 10 and 4.4 x 10° TU/kg) of a y-retroviral vector based on the Moloney
murine leukemia virus were administered via peripheral vein injection over three
consecutive days. No adverse effects were observed throughout the 53 week study. Yet
once again only a transient expression of fVIII was achieved. Eight of the patients

demonstrated greater than 1% of normal fVIII levels on two or more occasions yet these
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levels were not sustained throughout the study and could be associated with the
administration of exogenous recombinant fVIII. The final trial was performed by
GenStar Therapeutics. One patient was injected intravenously with an adenovirus, which
contained the full-length human fVIII cDNA. The patient acquired an immune reaction
to the virus and the trial was abruptly closed (Berlfein, 2003). Despite promising
preclinical data, hemophilia A gene therapy clinical trials have made little advancement

in the field due to limited expression of fVIII (High et al., 2005).

1.5— Preclinical Gene Therapeutic Applications to Cure hemophilia A

Large transgenes, such as the fVIII transgene, complicate gene therapy applications using
viral vectors by (1) limiting the types of vectors available due to encapsidation limitations
and (2) reducing the titer of viral vector that can be produced (Kumar et al., 2001;
Radcliffe et al., 2008; Yacoub et al., 2007). The different human cDNA transgene
lengths chosen for the clinical trials are a reflection of these limitations. The GenStar
Therapeutics trial, unlike the other two trials, utilized an adenovirus which has fewer
encapsidation constraints than other viral vectors available for gene transfer. As a result,
it was the only trial to utilize the full-length cDNA 7-kb sequence. Incorporating a 7-kb
transgene into a retrovirus, on the other hand, results in diminished viral titer making it
difficult to achieve a high enough number of viral particles to be effective. Reducing the
size of the insert, however, can increase viral titer (Yacoub et al., 2007). For this reason,

many groups using viral vectors have reduced the size of the cDNA to approximately 4.5-
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kb. This can be accomplished by removing sequence that encodes the B domain, which

has been found to be dispensable for the coagulation activity of fVII11 (Toole et al., 1986).

As demonstrated above, the complications associated with the large fVIII transgene has

led researchers to find innovative ways to apply gene therapy techniques to the transfer of
the fVIII transgene. The following sections will discuss the methods that have been
proposed for the pre-clinical testing of gene transfer technologies for fVIII. These
methods will be outlined in reference to which vector is being used, since each vector is
accompanied with its own set of limitations. Both non-viral and viral vectors will be
discussed, highlighting the strategies utilized to overcome the limitations experienced due

to the use of a large transgene.

Preclinical use of non-viral vectors for hemophilia A

Unlike viral vectors, non-viral vectors themselves do not risk evoking an immunological
response, are less expensive to produce, and are less limited by the size of the transgene.
As a result as mentioned above, naked DNA gene transfer was among the first methods to
be utilized in a clinical trial for hemophilia A (Roth et al., 2001). However, this strategy
results in transient gene expression because of limited uptake by target cells and further
limited integration into the genome of these cells (a process that occurs only randomly
through non-homologous recombination) (Essner et al., 2005). This issue can be
overcome by promoting stable integration into the cell’s genome with the use of a
transposable element. Transposable elements, although mostly inactive, are found to be

littered throughout the human genome (Deininger and Batzer, 2002). In an active form,
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transposable elements (transposons) have the ability to jump from one location in the
genome to another by a “cut and paste” method through the enzyme transposase, which is
encoded in the element. In order for a transposon to be utilized as a gene transfer vehicle,
two components must be delivered to the target cell, (1) the transgene flanked by inverted
repeat/direct repeat elements that are recognized for integration, and (2) a transposase
which can be encoded in the same plasmid or in a second plasmid. These plasmids can
be taken up into cells after being complexed to a cationic polymer such as
polyethylenimine (PEI). Although transposons can carry an expansive amount of DNA,
transposons are still somewhat limited by insert size. Integration efficiency has been
shown to decrease with the size of the transgene (Essner et al., 2005). This is due to both
the difficulties in delivering plasmids containing larger inserts as well as the limitations
of the transposase. For example, the transposase enzyme associated with the Sleeping
Beauty transposon, the most notable non-viral gene delivery system currently used, is

only able to transpose up to 10-kb.

Transposons have been utilized as a non-viral vector for gene therapy of hemophilia A by
a number of groups. The Sleeping Beauty transposon system was engineered from an
inactive Tcl-like transposable element found in fish (Ivics et al., 1997). It has since been
used to insert the human B domain deleted fVIII cDNA in vivo. fVIII levels remained at
~12% of normal after intravenous plasmid injection through the temporal vein of
neonatal hemophilia A mice. However, the presence of inhibitors to fVIII resulted in
only partial phenotypic correction (Liu et al., 2006). In order to circumvent the presence

of inhibitors, the Largaespada group tolerized neonatal, one day old, hemophilia A mice
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to fVIII with a facial vein injection of 0.1U/g of recombinant human fVIII. Eight to
twelve weeks later, two high pressure tail vein injections of a Sleeping Beauty transposon
were administered. As a result, 16% of normal fVIII levels were seen in these mice at
eighty-four days after plasmid injection, which was found to be sustained for 6 months.
No inhibitors were detected and an improvement in clotting function was noted (Ohlfest

etal., 2005).

A high-pressure method of delivery is accomplished by injecting a high volume into the
systemic circulation during a short, < 5 min, time frame (termed hydrodynamic
injections). In the mouse, this results in DNA uptake followed by expression from the
liver. Designed to increase the delivery of DNA to the nucleus of a cell, high-volume
high-pressure injection is not yet applicable for humans (Essner et al., 2005). Therefore,
other methods of transposon delivery are being explored. One method that is being
studied is the cell specific delivery of a transposon by encapsulation in a nanocapsule. A
recent report by Kren et al. (2009) engineered a nanocapsule to contain the Sleeping
Beauty transposon system. The nanocapsule was targeted to liver sinusoidal endothelial
cells (LSECs) by coating the capsule with an endogenous ligand for the hyaluronan
receptor found on LSECs. Inside the nanocapsule a single plasmid was encapsulated
containing both a cis-acting transposase as well as the B domain deleted canine fVIII
transgene. Eight-week old hemophilia A mice were injected with 25ug of nanocapsule

via tail vein injection. fVIII levels were measurable for a total of 11 months.

Preclinical use of Adeno-associated viral vectors for hemophilia A
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Hepatocytes have been modified by a number of adeno-associated viral serotypes. For
example, AAV-2, after intraportal administration, transferred a canine B domain deleted
version of fVIII to liver cells, which resulted in partial phenotypic correction of
hemophilia A mice. Although fVIII activity initially peaked to 8% of normal, expression
was not sustained, declining to 2% nine months after injection (Sarkar et al., 2003).
These findings, although confirmed independently by Scallan et al. (2003), are
contradictory to similar preclinical and clinical studies for hemophilia B in which
therapeutically effective levels of fIX are sustained over time (Manno et al., 2005 and
Schuettrumpf et al., 2005). This may be due to the size constraints associated with the
AAYV vector because fIX is a significantly smaller transgene than fVII1 with a cDNA of
2.8-kb. This smaller sequence allows for the inclusion of larger regulatory elements (such
as liver specific promoters and enhancers) in the adeno-associated viral vector that are
not able to be incorporated after the inclusion of the fVIII cDNA sequence. In the
Scallan (2003) and Sarkar (2003) reports, a minipromoter was all that could be
incorporated into the AAV-2 vector to promote fVIII expression. Therefore, it was
concluded that regulatory elements, that were unable to be included in the AAV-2 vector
(due to insert size restraints associated with adeno-associated viral vectors), were
required to enhance fVIII expression. A follow up study evaluated additional adeno-
associated viral serotypes (AAV-5, AAV-7, and AAV-8) to determine if other serotypes
were more efficient at transducing hepatocytes than AAV-2. For the inefficient transfer
of large transgenes, it was hypothesized that by increasing hepatocyte transduction,
limited expression could be overcome without the inclusion of regulatory expression-

enhancement elements. They found that AAV-8 was superior to other serotypes
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regardless of route of administration (intraportally or intravenously) producing near
normal physiological levels of fVIIl (0.58 + 0.2 U ml™) six months post administration
at a vector dose of 1 x 10" vector copies / mouse (Sarkar et al., 2004). A similar
comparison was performed by Jiang et al. (2006), comparing four serotypes (AAV-2,
AAV-5, AAV-6, and AAV-8), in both mice and dogs. In mice, transduction efficiency
was found to be least with AAV-5 and greatest with AAV-8. However, for dogs no
substantial difference was observed among the serotypes. Remarkably though, fVIII
expression was sustained in some dogs (2 to 5% of normal) for up to three years,
resulting in decreased occurrences of spontaneous bleeds (Jiang et al., 2006). This was a
significant contribution to the field being the first multiyear report of therapeutic efficacy
and safety in a large animal. Albeit, high vector doses of 6 x 102 and 2.7 x 10" vector

genomes/kilogram were required to yield these subtherapeutic levels of fVIII.

Despite the phenotypic improvements noted above, the inclusion of regulatory elements
to the vector for enhancing the expression of fVIII would have been the simplest way to
address the limited hepatocyte transduction that was seen with AAV-2. Yet since adeno-
associated viral vectors are restricted in their genetic carrying capacity, other avenues had
to be evaluated to overcome this limitation. Some reports show packaging of genomes
greater than 5-kb in adeno-associated vectors (Alloca et al., 2008; Grieger and Samulski,
2005). For example, it is reported that an AAV-8 viral vector was produced containing
the B domain deleted human fVIII transgene as well as a full length promoter and
enhancer, totaling 5.75-kb (Lu, 2008). However, extensive examination in this report as

well as by Wu (2010) clearly showed that inserts ranging from 4.7-kb to 8.7-kb result in
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heterogenous virons of varying genome lengths, typically containing truncations at the 5’
end. Thus, increasing the size of the adeno-associated vector genome leads to the
formation of defective viral particles encapsulating incomplete transgene sequences

(Dong et al., 1996).

For these reasons, several groups are attempting to overcome the packaging limitation
with the use of two different vectors, one for the heavy chain and one for the light chain
of fVIII. This strategy resulted from the demonstration of secretable biologically active
fVIII following co-transfection in Chinese hamster ovary cells of two plasmids separating
the heavy and light chains (Burke et al., 1986 and Yonemura et al., 1993). In these cells
the two polypeptide chains were able to reconstitute a functional fVIII heterodimer that
was secreted into the cellular media. This strategy was first performed in C57BL/6 mice
by intraportal administration (Burton et al., 1999). These mice, able to secrete
endogenous fVIII, were chosen since this strain has already been presented with fVIII
and potentially would not elicit an immune response to the fVIII transgene. This would
allow for expression to be measured without any contraindications. As a result, greater
than physiological levels of fVIII were produced. These results were then extended into
the hemophilia A mouse model where therapeutic levels of fVIII were achieved in a dose
dependent manner. High levels of transduction were noted with twelve percent of
hepatocytes being modified with both vectors. Complicating the issue, a chain imbalance
was noted with a 25 to 100 fold excess of light chain. This was found to be due to
inefficient translational or posttranslational processing that could not be circumvented by

changing the administration ratio of heavy to light chain vectors (Scallan et al., 2003).
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When extended to the hemophilia A dog model, only partial phenotypic correction was
achieved, irrespective of adeno-associated serotype used. Although only modest levels of
fVIII were observed in the dogs (ranging from 1 to 8% of normal), these levels were

found to be sustained for at least two years (Sarkar et al., 2006).

Another strategy used to overcome the inability of adeno-associated vectors to deliver
large genes is trans-splicing. Trans-splicing attempts to repair the truncated fVIII mRNA
in vivo by delivering the remaining downstream pre-mRNA. In this strategy, a pre-trans-
splicing molecule is delivered by an adeno-associated vector in which complementary
mRNA sequences are located at the 5° end of the molecule designed to be spliced with
the preexisting truncated fVIII mRNA due to a strong splice site at the 3’ end. In this
way, a shortened version of the transgene can be delivered in vivo to restore the disease
phenotype. This method was performed in hemophilia A mice (Chao et al., 2003).
Hemophilia A mice were created by inserting a neomycin resistance gene into the
sixteenth exon of fVIII (Bi et al., 1995). As a result truncated fVIII mRNA is still
expressed in these mice. By delivering a pre-trans-splicing molecule containing
complementary sequence to intron 15, a functional fVIII pre-mRNA was spliced together

in vivo resulting in phenotypic correction in eight of the ten injected mice.

Preclinical use of Lentiviral vectors for hemophilia A

Despite these efforts the fact remains that non-integrating adeno-associated viral vectors
are unable to stably transduce cells. Therefore, many groups are focusing on the use of

integrating vectors. Lentiviral vectors, such as the human immunodeficiency virus (HIV)
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and the simian immunodeficiency virus (SIV), have been analyzed for their use in gene
therapy since 1996 in which Naldini and colleagues revealed the ability of these vectors
to overcome the need for cell division during transduction. Being able to transduce both
dividing and non-dividing cells gives lentiviral vectors the same advantage as adeno-
associated viral vectors. For this reason, lentiviral vectors are likely to make up a second
generation of therapeutic vectors to be tested in clinical trials for the treatment of

hemophilia A.

Lentiviral vectors, however, come with a set of limitations (to be discussed in detail in
the next section). In particular, lentiviral production is limited. Reduction in titers due to
issues associated with transgene size can be overcome by targeting various cell
populations ex vivo then expanding the genetically modified cells. Therefore, despite
diminished titer production, preclinical progress has been made with lentiviral vectors
encoding the 4.5-kb B domain deleted fVIII transgene. And, by targeting specific cells,
viral transduction can be optimized and enhanced, which further overcomes the reduction
in titer due to transgene size. In addition, ex vivo modification of cells is considered safer
than the in vivo delivery of recombinant virus since it eliminates the possible
transmission to germline cells, as well as avoiding any systemic toxicity that can result
due to direct presentation of the vector particle (Van Damme et al., 2004). EX vivo
modification also eliminates the issue of modifying antigen-presenting cells, possibly

eliminating the development of an immune response to the transgene.



256

Ex vivo gene therapy for hemophilia A has been analyzed in a broad range of cell types
(Viiala et al., 2009). Cellular alternatives considered include embryonic stem (ES) cells,
bone marrow derived mesenchymal cells, blood outgrowth endothelial cells (BOECS),
and hematopoietic stem cells. Stem cells are a reasonable alternative in that they have
unlimited replicative potential and contain the ability to differentiate into a wide range of
cells. However, the initial use of stem cells in the field of gene therapy resulted in low
expression levels. This was thought to either be due to gene inactivation as a result of
extensive differentiation (Mclvor, 1987) or an inability to effectively transduce stem
cells. Regardless, promising results were published utilizing an inducible system for
fVIIlI in ES cells. However, both ethical and safety concerns have inhibited the
continuation of these studies (Kasuda et al., 2008). This is due to the controversy
surrounding the generation of ES cells from human embryos, as well as the formation of
teratomas which arose from undifferentiated ES cells used for insulin production
(Fujikawa et al., 2005). Fortunately, induced pluripotent stem cells (iPS) appear to be
comparable to ES cells and have thus been considered to treat monogenic disorders in
order to alleviate the ethical concerns surrounding stem cell usage. iPS cells are derived
from adult somatic cells which have been reprogrammed to have stem cell characteristics.
Significant progress has been made utilizing iPS cell-based therapy for murine
hemophilia A (Xu et al., 2009). However, these methods are fairly new and still do not
address the potential formation of teratomas. Therefore, many obstacles need to be
addressed before this therapy can reach the clinics (for further discussion refer to Liras,
2011). Another cell type, bone marrow derived mesenchymal cells, initially yielded

therapeutic levels of fVIII from transduced human mesenchymal cells in
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immunodeficient mice. Yet fVIII plasma levels deteriorated gradually in spite of the
persistence of gene modified cells, suggesting transcriptional repression in this cell type

(Van Damme et al., 2004).

Human BOECs can be isolated from the peripheral blood of healthy donors and were
considered as fVIII gene transfer targets because they express VWF (Jaffe et al., 1973;
Wagner et al., 1982). VWF binds with high affinity to fVIII in the circulation and
protects fVIII from degradation and uptake by antigen presenting cells (possibly
eliminating the development of an immune response to the transgene) (Dasgupta et al.,
2007). The expression of fVIII in conjunction with VWF has been demonstrated to
enhance efficient transport of fVIII through the secretory pathway (Dorner et al., 1989;
Kaufman et al., 1989). Therefore, it was hypothesized that modifying these cells to also
express fVIII would result in the secretion of fVIII complexed to VWF, which would
result in an increased half-life of fVIII, secreted at sites of injury. After transduction,
BOECs expressed high levels of fVIII measured at 1.6 pmol/million cells/24hrs, which
lasted for over thirty days in culture. fVIII was found to be stored in the same vesicles as
VWEF in the BOECs but was not found to be released upon agonist stimulation, unlike
VWE. Instead, fVIII appeared to be released in a constitutive manner (van den Biggelaar
et al., 2009). When BOECs were implanted into immunocompetent hemophilic mice,
fVIII levels were in the therapeutic range for a total of 27 weeks. Afterwards, the levels
declined to baseline due to loss of the implanted BOECs (Matsui et al., 2007). Although
a benefit for fVIII secretion with VWF was not directly tested, the proof of concept was

shown for the expression of fVIII from BOECs.
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Similarly, platelets are potentially an ideal source of fVIII expression as specialized
secretory cells that endogenously express VWEF. In this manner, fVIII expression and
stability can be improved by being expressed in conjunction with VWF (Dorner et al.,
1989; Kaufman et al., 1989). The following five promoters actively express genes in
both megakaryocytes and platetes: GPIIb (allb), GPIba, GPVI, platelet factor 4 and c-
mpl (Shi and Montgomery, 2010). However among this list, the GPIIb and the GPIba
promoters have been utilized the most to direct expression of transgenes to platelets.
This is due to the high level of expression exhibited by the GPIIb and GPIba promoters
yielding surface densities of approximately 80,000 and 25,000 copies per platelet

respectively (Debili et al., 1992; Wagner et al., 1996).

Two separate lines of transgenic mice were produced in which the B-domain deleted
human fVIII cDNA was expressed solely in platelets as directed by the GPIIb and GPIba
promoter (Yarovoi et al., 2003; Shi et al., 2006). In both cases, fVIII was found to
colocalize with VWF in the a-granules of platelets by immunofluorescent microscopy.
The activity of the fVIII in platelets expressed from the GPI1Ib platelet specific promoter
was assessed by a chromogenic assay. Utilizing platelet lysates as well as plasma
samples following agonist-induced platelet activation, fVIII activity was measured to be
near or slightly above 0.7mU / 108 platelets which was able to correct the hemophilia A
phenotype as determined by a tail-clip assay (Shi et al., 2006). Similarly, fVIII levels
produced as a result of expression directed from the GPIba promoter were able to correct

the phenotype of hemophilia A knockout mice following carotid artery injury. The
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occlusion time was equivalent to that achieved with 20% normal fVIII levels (Yarovoi et
al., 2003). The results of these reports served as proof-of principle analyses in that it
suggested that expression of platelet-derived fVIII by the GPIIb and the GPIba promoter
is efficient for the correction of the hemophilia A phenotype. To address if VWF is
necessary for fVIII storage in the a-granules of platelets, the transgenic GPIba were
crossed onto a VWF™!" background. Despite the lack of VWF, fVIII was localized in the
a-granules and was effective at making an improvement in the phenotype of hemophilia
A fVII1 knockout mice (Yarovoi et al., 2005). In addition, fVIII in the a-granules of
platelets was demonstrated to be protected from inhibitory antibodies to fVIII by 6-fold
(Gewirtz et al., 2008). The restriction of fVIII to platelets has also been observed to
serve as a protective measure in regards to the production of inhibitory antibodies to the
fVIII transgene. No inhibitory antibodies were observed following a bone marrow
transplantation from the transgenic GPlIb mice into fVIII knockout mice that yielded
similar levels of fVIII activity and phenotypic correction (Shi et al., 2006). For these
reasons, this same group designed a lentiviral vector to transduced bone marrow
mononuclear cells as a source of HSCs. The GPIIb promoter was incorporated within
the vector as an internal promoter directing the expression of the B-domain deleted
human fVIII transgene (Shi et al., 2007). In order to assess the effectiveness of platelet-
derived fVIII in the presence of inhibitory antibodies to human fVIII, recipient mice were
preimmunized with fVIII prior to transplantation by receiving weekly intravenous
injections of recombinant human fVIII (50U/kg). Despite the presence of inhibitors to
fVII1, long-term engraftment of the genetically modified HSCs was established following

both myeloblative (1100cGy) and nonmyeloblative conditioning regimens (660cGy).
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Chromogenic assays revealed active fVIII within platelets that was sustained over time
that resulted in phenotypic correction of hemophilia A (Shi et al., 2008). A similar report
was published by the same group recently in which minor changes were made to the
transduction/transplantation protocol. Instead of utilizing bone marrow mononuclear
cells, sca-1" cells were isolated and transplanted into lethally and sublethally irradiated
recipient mice. As compared to a parallel non-inhibitor model, fVIII activity was similar
and found to be sustained over time at approximately 1.56 mU/102 platelets. Phenotypic
correction was found to be achieved at these levels by an electronically induced femoral
injury and tail-clip assay. In addition, nonmyeloblative conditioning regimens were used
which included busulfan (25-12.5 mg/kg at two and one day prior to transplantation) and
anti-(murine)-thymocyte globulin (10mg/kg at two days prior to transplantation)
treatment. fVIII activity was undetectable in busulfan alone treated recipients, however
the inclusion of anti-(murine)-thymocyte globulin to the conditioning regimen boosted
the level of fVIII to that of 1.08 mU/10® platelets (Kuether et al., 2012). Therefore, an
HSC gene therapy protocol utilizing a lentiviral vector enconding the GPIlIb internal
promoter is a viable option for the treatment of individuals with hemophilia A with pre-

existing inhibitors to fVIII.

The utilization of platelet-specific promoters for directed expression of fVIII is a
plausible tool to be incorporated into an HSC gene therapy application for the treatment
of hemophilia A. The GPIIb and the GPlba platelet-specific promoters have
demonstrated efficient expression of fVIII confined in the a-granules of platelets in the

absence of vesicular injury. In both cases, curative levels of fVIII were produced as was
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evident by phenotypic correction of hemophilia A fVIII knockout mice. However,
ectopic expression of fVIII from platelets has been associated with clot instability as a
result of temporal and physical maldistribution of fVIII (Neyman et al., 2008). In order
for fVIII to be available for the process of secondary hemostasis, platelet degranulation
has to occur, a process that begins at the base of the clot and slowly spreads throughout
the clot. Thus fVIII is released from platelets in an unconcerted manner. This may be
the reason for the increased rate of embolism observed upon phenotype analysis
following both a cuticular bleeding model and a cremaster laser arteriole/venule injury
model (Greene et al., 2010). Stability of a clot needs to be addressed before these

promoters can be utilized in the clinic.

Another cell target, which has been considered, is skeletal muscle cells. Skeletal muscles
cells are an ideal target for in vivo gene transfer in that skeletal muscle cells are
terminally differentiated and provide a consistent source of fVIII persisting throughout
the lifetime of an individual. For these reasons, Jeon et al. (2010) injected 10’ lentiviral
particles intramuscularly into the thigh of rats and found plasma fVI1II levels to increase
slightly above that of control mice for up to 4 weeks before deteriorating. Despite the
need for follow up studies in order to achieve therapeutic levels of fVIII with this
strategy, the results suggested that the in vivo administration of a lentivirus targeted at

skeletal muscle cells may be an effective strategy for the treatment of hemophilia A.

Most in vivo strategies, however, are aimed at targeting hepatocytes, an endogenous

producer of fVIII. Lentivirus is administered via either the portal vein or intravenously.
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Unfortunately this strategy in the case of fVIII (a protein with extensive immunogenic
properties), results in the development of anti-fVIII antibodies due to the possible
transduction of antigen-presenting cells. To overcome this, a miRNA sequence was
incorporated downstream of the WPRE sequence which would prevent expression in
hematopoietic cells (including cells which make up the immune system). This method
was found to be very effective in eliminating a fIX immune response (Brown et al.,
2007), but alone was unable to do so with fVIII. Instead the fVIII-miRNA lentivirus had
to be pseudotyped with the baculovirus envelope glycoprotein GP64, which has been
shown to restrict transduction away from hematopoietic stem cells (Schauber et al.,
2004). Combined, the miRNA incorporation and the GP64 pseudotyping were able to
restrict fVIII expression to the liver, eliminating the presence of inhibitors, while
resulting in about 9% of normal levels of fVIII (0.1U ml™), which was sustained in mice
for a total of 60 weeks (Matsui, 2011). This study was significant in that it modified the
current in vivo lentiviral gene transfer of fVVII1 making it safer by restricting expression in

the liver.

In contrast to focusing on transferring the missing or malfunctioning gene, constructs that
encode proteins that can bypass the missing protein can be used to overcome the
difficulties associated with the size of the transgene. In the case of hemophilia A, a
smaller gene such as fVII can be used to bypass the need for fVIII. fVII is an extrinsic
pathway coagulation factor that along with thromboplastin initiates the blood coagulation
proteolytic cleavage cascade (Figure 1.2) and has been shown in a recombinant form to

be an alternative treatment for hemophilia A (Jurlander et al., 2001). For these reasons,
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Ohmori et al. (2008) transduced HSCs ex vivo with a SIV-based lentiviral vector
encoding an activated form of fVII expressed from a platelet specific promoter (the
GPIba promoter). As a result, fVII was found to localize to the cell surface following
platelet activation in transplanted fVIlI-deficient mice. Due to species-specific
interactions, the murine TF was unable to interact with the human form of fVII resulting
in unimproved hemophilia conditions in the fVIII-deficient mice. However, when a
murine fVII was incorporated into the SIV-based lentiviral vector, the clot time and rate
of clot formation were significantly reduced, decreasing the mortality rate after tail
clipping (Ohmori et al., 2008). In addition, fVII was recently incorporated into an adeno-
associated vector (AAV-8) being able to overcome the encapsidation limitations of the
vector due to the shorter size of fVII. Yet it was shown that in hemophilic dogs, large
doses of vector were required to be efficacious (Margaritis et al., 2009). Therefore, a
bioengineered fVII variant with enhanced intrinsic activity was recently utilized in order
to reduce the dose of in vivo administered vector. However, adverse thrombotic effects
were observed in treated mice which limits enthusiasm for this therapy (Margaritis et al.,

2011).

In our laboratory, variations of the fVIII transgene have been studied extensively. It was
found that expression was increased up to 100 fold utilizing a B domain deleted porcine
fVIII transgene (Doering et al., 2002). High level fVIII expression was sustained for ten
months in hemophilia A mice following transplantation of MSCs modified to contain the
porcine fVIII sequence (Gangadharan et al., 2006). A subsequent study revealed that

high level fVIII expression could be achieved even after low-toxicity pretransplantation
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conditioning (lde et al., 2007). Together these studies demonstrated the ability of high-
expression porcine sequence elements to function in vivo for the correction of fVIII
deficiency in the context of ex vivo HSC genetic modification. Human/porcine fVIII
chimeras were then constructed for the purpose of determining which porcine fVIII
domains were responsible for the increased expression. The chimera constructs revealed
sequences in the A1 and A3 domains to be responsible for enhanced secretion of porcine
fVIII (Doering et al., 2004, Dooriss et al., 2009). These findings resulted in construction
of a high expression chimeric transgene that was utilized to genetically modify HSCs ex
vivo via lentiviral vectors. The transplantation of these cells resulted in therapeutic levels
of fVIII in hemophilia A mice (Doering et al., 2009). The chimeric fVIII transgene holds

much promise for the gene therapy field in regards to the treatment of hemophilia A.

1.6— Limitations of Gene Therapy

Since the birth of the concept of gene therapy in the early seventies, the field has
experienced tremendous highs and lows. A significant number of individuals have
experienced clinical benefit as a result of gene therapy. However, these advancements
have been overshadowed by highly publicized setbacks. News feeds associated with the
death of Jesse Gelsinger, an eighteen year old admitted in a gene therapy trial at the
University of Pennsylvania, described the journey of gene therapy as one that has been
tainted with a history of hype and unfulfilled promises. This statement was made despite
successful reports in the same year from an X-SCID clinical trial in Europe
demonstrating improved immune systems in children. It is important to note that this

setback and others including the appearance of insertional mutagenesis as a result of the
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retrovirus utilized in the X-SCID clinical trial have been treated with sensitivity and
resulted in improvements in the current understanding of the technology and methods
used during gene replacement. The public perception of gene therapy, in my opinion, has
been affected by the disparaging reports unfairly represented by the media. Sadly, the
scientific community is not immune to these misconceptions. Upon deciding to join a
gene therapy laboratory, a number of my colleagues questioned my involvement in a
“dying field.” However, these concerns were raised prior to progress made in the field
which has resulted in successful gene therapy trials for hemophilia B, AIDS, cancer, X-
SCID, adenosine deaminase deficiency, Wiskott-Aldrich syndrome, B-thalassemia and

adrenoleukodystrophy (Table 1.2).
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Table 1.2 — Clinically Beneficial Gene Therapy Trials for Monogenic Diseases

Disease Vector Treated

Outcome

X-SCID y-retrovirus 20

ADA-SCID  y-retrovirus 40

WAS y-retrovirus 10

X-ALD SIN-lentivirus 2

B-thalassemia SIN-lentivirus 1

HemophiliaB AAV-8 6

Full or nearly full correction in 17 patients

Normal T-cell subset counts

Normal T-cell-mediated immune functions
Five developed T-cell leukemia

Four in remission following chemotherapy
(Cavazzana-Calvo et al. 2000; Hacein-Bey-Abina et
al., 2008)

Increase of lymphocyte counts

Improvement of cellular and humoral responses
Enzyme replacement therapy halted in 29 patients
No leukemic or oncogenic event

(Aiuti et al., 2009; Gaspar et al., 2011)

Significant clinical benefit
Resolution of hemorrhagic diathesis,
eczema, autoimmunity and predisposition to
recurrent infections

One patient developed T-cell leukemia

(Boztug et al., 2010)

Cerebral demylenation arrested
No clonal dominance or leukemic / oncogenic event
(Cartier et al., 2012)

Stable hemoglobin levels
One-third contains vector encoded [3-globin
Transfusion independent
No leukemic / oncogenic event
(Cavazzana-Calvo et al., 2010)

FIX levels 2-11% of normal

Four discontinued FIX protein replacement therapy
Other two had longer spans between prophylaxis
At highest vector dose, slight and transient liver-
enzyme levels which normalized after
glucocorticoid treatment

(Nathwani et al., 2011)

Abbreviations: X-SCID (X-linked severe combined immunodeficiency), ADA-SCID
(adenosine deaminase deficient severe combined immunodeficiency), WAS (Wiskott-
Aldrich Syndrome), X-ALD (X-linked adrenoleukodystrophy)
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In the field of gene therapy, hemophilia A and B are among the most extensively
researched monogenic diseases. Hemophilia A and B are X-linked bleeding disorders
attributed to the loss of fVIII and fIX respectively. Hemophilia B is not as prevalent as
hemophilia A affecting approximately 1 in 30,000 males. However the size of the fIX
transgene is significantly smaller than fVIII with a cDNA of 2.8-kb. The adeno-
associated viral (AAV) vector is able to withstand the small size of the fIX transgene
which poses as a safer vector existing predominantly as a concatemer of episomes
extrachromosomally in cells. Minimal integration with the use of an AAV-based vector
reduces the risk of insertional mutagenesis. In addition, long-term expression can be
maintained if non-dividing cells are targeted. Since the liver is the main physiological
site of fIX synthesis, liver-directed gene transfer of fIX poses an ideal strategy for the
treatment of hemophilia B. The first clinical trial for hemophilia B utilized the most
prevalent serotype of AAV, AAV-2 which was infused via the hepatic artery. However,
this trial presented a number of obstacles to the therapy including the possibility of
vertical transmission as a result of transient vector DNA present in the sperm of subjects.
This obstacle appeared to be dose-related and could potentially be diminished by the use
of lower doses of administered vector. The presentation of humoral and cellular
immunity to the vector itself, however, presented itself as the greatest obstacle to be
overcome. A number of subjects admitted to the trial prior to admittance contained
neutralizing antibodies to AAV, a consequence of utilizing a vector derived from a
human pathogen. These antibodies blocked the transduction of target cells and have
resulted in the modification of participation requirements for future trials utilizing an

AAV-based vector. In addition, hepatocytes that were transduced were eliminated by
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memory T cells due to the presentation of AAV capsid-derived antigens resulting in
transient fIX expression. Since the first trial, serotypes of AAV have been identified that
are capable of transducing hepatocytes more effectively (AAV-8) and thus eliminate the
destruction of transduced hepatocytes due to diminished T cell activation. Therefore, a
clinical trial was performed utilizing an AAV-8 vector. In addition potential
improvements were made to the vector in regards to transduction, the AAV-8 vector was
engineered to overcome the limiting transduction step of AAV (the conversion of the
single-stranded genome to that of a double-stranded AAV genome) as a self-
complementary, double-stranded AAV-8 vector. A total of six subjects with severe
hemophilia B were included in the trial and all six subjects experienced levels of fIX
above that of a therapeutically relevant increase in fIX (Nathwani et al., 2011). The
increase in fIX in these subjects drastically changed their lifestyle. Yet more importantly,
this was the first trial for hemophilia B that demonstrated sustained levels of fIX
representing a significant advancement in the field of gene therapy. Improvements are
still needed before this therapy can become widespread, since patients admitted into the
trial are still receiving infusions of fIX. Preclinical reports are surfacing in which the
specific activity of fIX is increased due to improvements in the transgene. It is likely that
the next generation of clinical trials for hemophilia B will include the use of an enhanced

fIX transgene.

Gene therapy protocols for the treatment of Hemophilia A, on the other hand, have been
more difficult to manage due to the large size of fVIII. The B domain deleted fVIII

cDNA is 4.5-kb leaving very little room for the inclusion of regulatory elements to be
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packaged in an AAV-based vector. Nonetheless, preclinical attempts have been made to
replace the fVIII gene with the use of an AAV-based vector (Burton et al., 1999; Chao et
al., 2003). However when translated to large animal models, therapeutic levels of fVIII
can only be achieved upon administration of vector ten-fold higher than the highest dose
administered thus far in humans. It is likely that a dose this high will not be tolerated in
humans due to the induction of an immune response to the AAV-based vector. For this
reason and due to the limited carrying capacity of adeno-associated viral vectors, a
lentiviral based vector has been considered for gene therapy applications for the treatment
of hemophilia A. The carrying capacity of lentiviral vectors reaches 7-kb, large enough
to encompass the B domain deleted fVIII cDNA and relevant promoters. A lentiviral
vector is an ideal choice for the genetic modification of HSCs ex vivo. However, the
utilization of a lentiviral vector does not come without obstacles. First, the production of
lentiviral vectors containing an HP-fVIII transgene is limited in HEK-293T cells. For a
yet unknown reason, lentiviral titers from vectors containing an HP-fVIII transgene are
considerably lower than lentiviral vector titers containing a GFP transgene. Consistently
HIV-based lentiviral vectors containing a GFP transgene produced by transient
transfection in HEK-293T cells yield titers of approximately 102 while vectors containing
the HP-fVI111 transgene yield titers of 10°. It has been suggested that the decrease in viral
titer correlates to the size of the transgene. The larger the transgene the less viral
particles produced (Kumar et al., 2001; Yacoub et al., 2007). This obstacle may need to
be overcome in order to produce a significant amount of vector for a gene therapy
protocol aimed at treating a substantial portion of the population affected by hemophilia

A. Compounding upon this obstacle is the inefficiency of a lentiviral vector at
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transducing HSCs. In theory, only one HSC would need to be modified and engrafted in
order to provide a life-long cure to hemophilia A. However the target CD34" population
includes both stem cells and early progenitors of the stem cell. It is possible that the early
progenitors present in the CD34" population are more readily transduced by the lentiviral
vector than the pure stem cell, monopolizing the transduction of the lentiviral vector. The
sole modification of early progenitors would not attribute to expression of the HP-fVIII
transgene over a life-time. Instead, any benefit observed as a result of gene therapy
would only be transient due to the shortened persistence of early CD34" progenitors as
compared to the self-renewing stem cell. Therefore, the modification of self-renewing
CD34" stem cells is vital to the success of a gene therapy protocol aimed at modifying
HSCs. For this reason, much emphasis in the field has been placed on delineating
methods whereby the transduction efficiency of HSCs can be improved. This dissertation
has focused on the obstacles presented by the use of a lentiviral vector in a gene therapy

protocol designed for the treatment of hemophilia A.
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Chapter 2:
Pharmacological Evaluation of Lentiviral VVector

Optimized for fVII1 Expression
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2.1— Introduction

As previously mentioned in chapter 1, hemophilia A is a monogenic disease caused by
mutations in the gene encoding fVIII, resulting in the inability to properly form a clot.
Hemophilia A is a prime candidate for gene therapy in that only a moderate increase in
fVI11 (2-5% of normal equating to 2-5 ng ml™) is required to be therapeutically effective.
In addition, the current treatment, consisting of repetitive prophylactic administration of
recombinant fVIII as a means of protein replacement, is expensive, invasive and does not
always result in patient compliance. Further complicating the current therapy, 30% of
individuals with severe and moderately severe hemophilia develop an immunogenic
response in the form of neutralizing antibodies against the administered fVIII (Ehrenforth
etal., 1992). These inhibitors make managing a bleeding episode extremely complicated.
Therefore, new therapeutic approaches are needed to treat hemophilia A. fVIII gene
therapy attempts to rectify the presence of a mutant F8 gene with either the addition of a
functional gene or correction of the original gene. In the case of gene addition, delivery
of the fVIII gene is not restricted to a certain cell type because, theoretically, any tissue
with exposure to the vasculature is suitable as a cellular target. In addition, the
therapeutic window is large, as fVIII levels as high as 150% of normal have not been
associated with adverse effects such as thrombosis (VandenDriessche et al., 2001). As a

result, a number of viral and non-viral delivery strategies have been postulated.

Despite promising preclinical data, hemophilia A gene therapy clinical trials have not
progressed past phase 1 trials due to limited expression of fVIII (Roth et al., 2001;

Powell et al., 2003; Berlfein, 2003). Although each trial was unique in regards to the cell
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type modified and the viral vector used, all trials yielded less than therapeutic levels of
fVIII. To overcome low level transgene expression, we recently compared several high-
expression fVIII transgene sequences and demonstrated enhanced expression of a B
domain deleted porcine fVIII sequence, both in vitro and in vivo (Ide et al., 2007,
Doering et al., 2007; Dooriss et al., 2009). Upon comparison of a series of hybrid
human/porcine cDNAs, the domains responsible for the high expression characteristics of
porcine fVIII were identified as the A1 and A3 domains (Doering et al., 2004). These
findings resulted in the construction of a high expression human/porcine transgene. The
bioengineered construct was then introduced via lentiviral vectors into hematopoietic
stem cells (HSC) ex vivo and used to effectively treat fVIII knockout mice with
hemophilia A, yielding therapeutic levels of fVIII (Doering et al., 2009). Further
optimization resulted in the inclusion of the porcine C1 domain and three alanine
substitutions in the A2 domain in order to reduce immunogenicity (Healey et al., 2009;
Lubin et al., 1997). The final high expression B domain deleted fVIII transgene (HP-
fVIII) contains human A2 and C2 domains in addition to porcine Al, A3 and C1
domains. This HP-fVIII has been shown to maintain the high expression characteristics

of porcine fVIII (Doering et al., 2009).

Lentiviral vectors are promising vectors for the delivery of the fVIII transgene because
they provide stable integration and are able to transduce both dividing and non-dividing
cells (Naldini et al., 1996). Lentiviral vectors, unlike adeno-associated viral vectors, are
less constrained by the size of the transgene. Vector size constraints are an issue for

fVIII gene therapy since the B domain-deleted fVIII cDNA is approximately 4.4-kb (for
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review see Johnston et al., 2011). For these reasons, lentiviral vectors are reasonable for
gene therapy applications aimed at the treatment of hemophilia A utilizing ex vivo
modification of HSCs. In lentiviral vectors, a woodchuck post-transcriptional regulatory
element (WPRE) is routinely added to the 3° end of the transgene. The inclusion of this
sequence is for increased transgene expression, as it has been demonstrated that a two to
fivefold increase in expression is achieved with a WPRE sequence, which in part is due
to an increased export of mMRNA and possibly due to facilitating transcript processing
(Zuffery et al., 1999; Brun et al., 2003; Gonzalea-Murillo et al., 2010). However, a
recent report showed that enhanced transgene expression in the presence of a WPRE
sequence was dependent on the promoter and cell line used, where in some instances the
inclusion yielded no increase or decreased expression (Gonzalea-Murillo et al., 2010;
Klein et al., 2006). In addition, the WPRE codes for the first 60 amino acids of the
hepadnavirus X protein, a protein that has been linked to oncogenesis (Kingsman et al.,
2005). Therefore, the function of the WPRE appears to be more complex than originally
assumed and may need to be evaluated in conjunction with individual transgenes, which

has not been done for fVIII.

Previous studies have focused on optimizing the fVIII transgene for enhanced fVIII
expression (for review see Doering and Spencer, 2009), but the components of the viral
vector system have not been as well characterized. The studies presented in this chapter
focuses on optimizing the lentiviral vector for virus production, transduction efficiency,

and transgene expression with the use of a fVIII transgene that has been bioengineered
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for high level fVIII expression (HP-fVIII). The optimized lentiviral vector was utilized

in ex vivo HSC transduction studies to determine in vivo HP-fVIII expression.

2.2— Materials and Methods

Reagents

Dulbecco’s Modified Eagle’s medium (DMEM)/F-12, Aim V medium and StemPro-34
serum-free medium were purchased from Invitrogen Life Technologies (Carlsbad, CA).
Heat-inactivated fetal bovine serum was purchased from Atlanta Biologicals (Atlanta,
GA). Penicillin-streptomycin solution was purchased from Mediatech (Manassas, VA).
Cell transfections were performed with polyethyleneimine purchased from Fisher
Scientific (Pittsburg, PA). Plasmids utilized for viral preparation were isolated from
bacterial stocks utilizing QIAGEN Hispeed midiprep plasmid kits (Valencia, CA).
Nucleic acid isolation kits were purchased from QIAGEN. Integration events were
analyzed using a g°PCR SYBR Green Low Rox master mix from Thermo Fisher
Scientific (Waltham, MA) an ABI Prism 7000 sequence detection system (Applied
Biosystems, Foster City, CA) and oligonucleotide primers synthesized by Integrated
DNA Technologies (Coralville, 1A). HP-fVIII RNA was quantifed utilizing fVIII RNA
standards generated with an mMessage mMachine kit (Ambion, Austin, TX). Northern
blots were performed with the digoxigenin nonradioactive nucleic acid-labeling and
detection system (Roche, Indianapolis, IN). Human fVIII-deficient plasma and normal
pooled human plasma (FACT) were purchased from George King Biomedical (Overland
Park, KS). Automated activated partial thromboplastin (APTT) reagent was purchased

from BioMérieux (Durham, NC). Clotting times were measured using an ST art
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Coagulation Instrument (Diagnostica Stago, Asnieres, France). Anti-pfVIIlI and anti-
hfVIII monoclonal antibodies were a kind gift of Dr. Pete Lollar (Aflac Cancer Center
and Blood Disorder Services, Emory University, Atlanta, GA). Sca-1" cells were isolated
using magnetic separation columns purchased from Miltenyi Biotec (Auburn, CA). Exon
16-disrupted hemophilia A mice have been previously described (Bi et al., 1995). All

antibodies for flow cytometry were purchased from BD Pharmingen (San Diego, CA).

Vector production

Expression plasmids containing the HP-fVIII or eGFP gene along with the necessary
packaging plasmids were transiently transfected into HEK-293T cells utilizing
polyethylenimine (6 pg PEI/1 pg DNA). A 2:1:1 ratio of expression plasmid to
packaging plasmids (expression plasmid:psPAX2:pVSVG) was used to manufacture
research-grade HIV-based lentiviral vectors in the LentiMax production system.
Research-grade SIV-based lentiviral vectors were manufactured using a 1.3:1:1:1.6 ratio
of expression plasmid to packaging plasmids (expression
plasmid:pCAG4:pVSVG:pSIV). One day after transfection, the media was replaced with
DMEM-F12 containing 10 % fetal bovine serum and 1 % penicillin/streptomycin.
Conditioned medium from the HEK-293T viral producing cells was collected for the
following three days, passed through 0.45 pmol 1 filter and stored at -80°C until
concentration. Virus was concentrated by velocity sedimentation upon centrifugation at
10,000g (4°C) overnight. Viral pellets were resuspended in 1/100th of the original

volume of StemPro media, and filtered through a 0.22 pmol I filter. Viral titer was
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assessed on HEK-293T cells with increasing vector volumes by real-time quantitative
PCR (gqPCR) seventy-two hours after viral addition. Unconcentrated viral supernatant
had titers ranging from 5x10° to 2x10° transducing units mlI™* (TU ml™Y). Concentrated

virus ranged from 5x10” to 1x10° TU ml™. Virus was stored in 1 ml aliquots at -80°C.

gPCR is a highly sensitive reaction that could overestimate viral titer if residual plasmid
remained as a consequence of viral preparation. Therefore, plasmid contamination as a
was assessed in order to confirm the viral titers generated by qPCR. Virus was pretreated
with 50 units of benzonase per ml of virus for 15 minutes as previously described (Sastry
et al., 2004). Prior to viral transduction, 100,000 HEK-293T cells were plated in a six
well tissue culture treated plate and given 24 hours to adhere to the plate. At the time of
viral addition, approximately 200,000 HEK-293T cells were transduced with viral
containing media with or with benzonase treatment. DNA was isolated from the cells
over time resulting in DNA samples at 24, 48, 72, 240 and 288 hours post transduction.
Each time point was performed in triplicate. qPCR analysis was performed on the DNA
isolated from each condition. Transgene copies/cell were similar despite benzonase
treatment yielding a fold difference near one suggests a lack of plasmid contamination in

the viral containing media (Table 2.1).
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Table 2.1 — The effect of benzonase treatment on copy number analysis

Hours Post Transduction Fold Difference
24 0.729
48 0.668
72 0.805
240 1.012
288 0.818

Transgene copies/cell were determined at the indicated hours post viral addition by gPCR
analysis. The fold difference was determined by dividing the transgene copies/cell from
the nontreated wells by the transgene copies/cell of the benzonase treated wells.
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Measurement of HP-fVVI111 transgene copy number

Total genomic DNA was isolated using the DNeasy Blood & Tissue Kit (Qiagen)
following the manufacture’s protocol for cultured cells. DNA was quantified with a
spectrophotometer at an absorbance of 260 nm. To determine transgene copy number, 50
ng of each sample was added to a 25 pl real-time quantitative PCR reaction containing 1x
SYBR green PCR master mix (Thermo Fisher Scientific, Surrey UK) and 0.01 pM
forward and reverse primers. HP-fVIII specific primers annealing to the Al porcine
domain were utilized: forward primer, 5’- CAG GAG CTC TTC CGT TGG -3’ at
position 164 and reverse primer, 5’- CTG GGC CTG GCA ACG C -3’ at position 239.
C: values for each sample were compared to C; values produced from plasmid standards
of known copy quantities. The equivalent copy number was then divided by 8333, the

predicted number of genome equivalents in 50 ng of DNA.

To assess the appropriate time following transduction in which to perform the in vitro
copy number analyses, a time course analysis of copy number was performed in EUL,
BHK-M and HEK-293T cells. Approximately 250,000 EU1 (Figure 2.1 A) and BHK-M
cells (Figure 2.1 B) were transduced with SIV-based lentiviral vectors at an MOI of 5.
DNA was isolated throughout the analysis as indicated. Each time point was performed
in triplicate. Transgene copies/cell were determined by gPCR as previously described.
Grey arrows represent when cells were passaged. A gradual decay in copy number is
apparent in both EU1 and BHK-M cells that stabilizes 72 hours post transduction (Figure
2.1 A-B). The decay observed is consistent with the loss of non-integrated vector over

time. A similar protocol was used to assess copy number over time in K562 cells
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(performed previously by Kerry Dooriss). A similar decay profile was apparent in K562

cells as was observed in EU1 and BHK-M cells (data not shown).
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Figure 2.1 Copy number analysis over time reveals loss of non-integrated lentiviral
vector by seventy-two hours following viral transduction. (A) EUL and (B) BHK-M
cells were transduced with an SIV-based lentiviral vector at an MOI of 5. DNA was
isolated at the indicated time points and assessed for transgene copy number by gPCR.

Each time point was performed in triplicate.
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Measurement of HP-fVV111 transcript expression

Total RNA was isolated using the RNeasy Mini Kit (Qiagen) following the
manufacture’s protocol for animal cells 72 hours post transduction. RNA was then
quantified spectrophotometrically at an absorbance of 260 nm. HP-fVIII transcripts were
measured by quantitative RT-PCR (gRT-PCR) utilizing a porcine fVIII RNA standard as
previously described (Doering et al., 2002). qRT-PCR reactions were carried out in 25 pl
containing 1x SYBR green PCR master mix, 300 uM forward and reverse primers, 12.5
units MultiScribe, 10 units RNase inhibitor, and 5 ng of sample RNA. Reactions
containing the porcine fVIII RNA standard also included 5 ng of yeast tRNA, mimicking
the RNA environment of the sample RNA. The oligonucleotide primers utilized for the
gRT-PCR reaction annealed in the A2 domain of the the fVIII cDNA sequence at
positions 1897-1917 for the forward primer (5’-ATGCACAGCATCAATGGCTAT-3’)
and at positions 2044-2063 for the reverse primer (5’-GTGAGTGTGTCTTCATAGAC-
3’). One-step real-time gRT-PCR was performed by incubation at 48°C for 30 min for
reverse transcription followed by one cycle at 95°C for 10 min and 40 amplification
cycles of 90°C for 15 sec and then at 60°C for 1 min. Postreaction dissociation was
performed to confirm single-product amplification. C; values for each sample were
compared to C; values produced from the porcine fVIII standards having known

transcript quantities.

Measurement of HP-fVII11 activity from cell lines

fVIII activity was measured from the supernatant of cells cultured in AIM V media for 24

h before the assay as previously described (Doering et al., 2002). In short, the APTT
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reagent-based one stage coagulation assay was performed in duplicate for each
supernatant on a ST art Coagulation Instrument in human fVIII-deficient plasma. The

clot time for each sample was compared to a standard curve based on dilutions of FACT.

Animals

Exon-16 deleted hemophilia A mice were originally obtained from Dr. Leon Hoyer
(Holland Laboratories, American Red Cross, Rockville, MD) by Pete Lollar. The colony
has been maintained at Emory University (Atlanta, GA) since 1998. B6.SJL (CD45.1)
mice were acquired from Dr. David Archer (Emory University, Atlanta, GA). Both
strains were maintained at the animal care facility of Emory University. All procedures

were approved by the Institutional Animal Care Committee at Emory University.

Isolation and transduction of murine stem cell antigen-1+ cells

Whole bone marrow was flushed from the femurs and tibias of 8- to 10-week-old CD45.1
mice and then subjected to positive immunomagnetic bead selection. The isolated sca-1*
cells were cultured at a density of 10° cells per ml in StemPro media supplemented with
L-glutamine (29 pg ml™). For 3 days before transduction, the cells were stimulated with
murine stem cell factor (100 ng ml™), murine interleukin-3 (20 ng ml™), human
interleukin-11 (100 ng ml™), and human FIt-3 ligand (100 ng ml™%). Cells were
transduced twice (MOI 15), 8 hours apart, and transplanted via tail-vein injection the
following day into lethally irradiated (11Gy TBI using a Gammacell 40 Exactor) 8- to 10-
week-old recipient hemophilia A mice (CD45.2). Blood was collected from the

transplanted mice every two weeks retro-orbitally and fVIII was measured using an
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ELISA specific for HP-fVIII. The ELISA only detects properly folded HP-fVIII in that
the primary antibody detects the heavy chain (human A2 domain) and the secondary
antibody detects the light chain (porcine A3 domain). In addition, HP-fVIII was detected
from the plasma using a commercially available chromogenic substrate assay (COATEST

SP FVIII) as previously described (Doering et al., 2007).

Statistical analysis

Results are presented as mean = standard deviation. A student’s t-test was used to

evaluate a significance of difference between two groups. For comparisons between
more than two groups, a one way ANOVA was used. A p value less than 0.05 was

considered to be statistically significant.

2.3— Results
2.31— Assessment of the WPRE sequence

Assessment of the requirement for a WPRE element for the production of virus

containing an HP-fVIII transgene

A recent report revealed that enhanced transgene expression as a result of a WPRE is
dependent on both the promoter and cell line used, and should thus be assessed for
individual transgene scenarios (Kingsman et al., 2005). The WPRE was evaluated in the
context of an optimized HP-fVIII transgene. Both SIV and HIV expression plasmids
were constructed with and without a WPRE sequence (Figure 2.2 A) and used to produce
recombinant viral vector from HEK-293T cells. Virus, with and without a WPRE, was

generated in triplicate under identical conditions. Unconcentrated viral supernatant then
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was used to transduce HEK-293T cells to assess viral titer. In this manner, viral
production was analyzed from the context of a highly transducible cell line. DNA was
extracted from the transduced cells and analyzed for viral copy number by qPCR. For
both lentiviral vectors, assuming equal transduction efficiency, the absence of a WPRE

did not affect viral production (P = 0.436 for SIV and P = 0.309 for HIV) (Figure 2.2 B).
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Figure 2.2 Evaluation of the WPRE sequence in SIV and HIV vector systems in

regards to viral production. (A) Schematic representation of SIV- and HIV-based

lentiviral vectors. (B) Recombinant virus was produced under identical conditions (n =

3). Unconcentrated viral supernatant (0.5 ml) was used to transduce HEK-293T cells.

Seventy-two hours later, genomic DNA was isolated from the transduced cells and used

to assess viral copy number by gPCR. Each bar represents the mean = standard deviation

of three wells measured in duplicate. P values were derived from a student’s t test.
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Evaluation of the expression of the HP-fVI1I1 transgene from lentiviral vectors containing

a WPRE element

Two independent internal promoters and vector systems were used to evaluate the effects
of a WPRE on expression, a human elongation factor-1 alpha (EF1a) promoter in an HIV
lentiviral system and a cytomegalovirus (CMV) promoter in a SIV lentiviral system. The
HP-fVIII expression constructs were transiently transfected into HEK-293T cells. Forty-
eight hours later, HP-fVI1I expression was quantified using an APTT reagent-based one-
stage coagulation assay. Comparison of HP-fVIII expression showed that the WPRE did
not enhance expression of the transgene driven from either a CMV (P = 0.757) internal
promoter or an EFla (P = 0.405) (Figure 2.3 A). The lack of effect was further analyzed
in a hematopoietic context in which two hematopoietic cell lines (EU1 and K562 cells)
were transduced with the SIV-based lentiviral vector system. HP-fVIII expression was
assessed at both the transcript and protein level. To correct for transduction efficiency,
transcript and fVIII activity levels were normalized to copy number for each viral
preparation. No enhancement in HP-fVIII transcripts was observed when a WPRE was
included in the lentiviral vector (Figure 2.3 B). As shown in Figure 2.3 C, a similar
observation was noted for the activity of expressed HP-fVIII from transduced K562 cells
when normalized to copy number. However, significantly more activity was observed
from EU1 cells that were transduced with a SIV viral vector devoid of a WPRE sequence
than those that were transduced with a SIV virus containing a WPRE sequence (P =
0.009) (Figure 2.3 C). This relative enhancement was not observed upon normalization
of HP-fVIII activity to transcripts (Figure 2.3 D). We have previously demonstrated a

correlation between fVIII transcript number and fVIII activity (Doering et al., 2009).
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However, less correlation has been documented between copy number and fVIII
expression and would account for the lack of enhancement seen as a result of HP-fVIII

activity normalization to transcripts (Spencer et al., 2011).
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Figure 2.3 Evaluation of the WPRE sequence in regards to HP-fVIII expression.
(A) To assess HP-fVIII activity, the expression plasmids were transiently transfected into
HEK-293T cells. HP-fVIII activity was detected by an APTT-reagent based one-stage
coagulation assay 48 hours post transfection. Twenty-four hours prior to the APTT-
reagent based one-stage coagulation assay, conditioned media was replaced with AIM-V
(serum-free). Each bar represents the mean * standard deviation of six wells measured in
duplicate. (B) An SIV-based lentivirus also was used to assess HP-fVIII expression in
EUL and K562 cells (MOI 1). Seventy-two hours post-transduction, genomic DNA and
total RNA were isolated from the cells. HP-fVIII transcripts and HP-fVIII copy number
was assessed by qRT-PCR and gPCR, respectively. (C) HP-fVIII activity was assessed

24 hour after exchange of conditioned media with serum-free AIM-V media by an
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APTT-reagent based one-stage coagulation assay. (D) HP-fVIII activity was normalized

to transcript levels. Each bar represents the mean = standard deviation of three wells

measured in duplicate. P values were derived from a student’s t test.
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Quantification of transcriptional read-through as a result of the presence of a WPRE

seguence

It was suggested that the WPRE sequence provides a protective feature in viral vectors by
safe guarding against insertional mutagenesis by reducing transcriptional read-through
(Higashimoto, 2007). However, none of the constructs tested contained a transgene
comparable to the length of HP-fVIII. Therefore, | designed constructs in which an
internal ribosomal entry site (IRES) was placed after the 3’ viral long terminal repeat
(LTR) so that the green fluorescent protein (eGFP) could be expressed only as a result of
transcriptional read-through (Figure 2.4 A). The IRES eGFP constructs, produced with
and without a WPRE, were transiently transfected into HEK-293T cells and assessed for
eGFP expression (96 hours after transfection) (Figure 2.4 B and 2.4 C). Although
minimal transcriptional read-through was apparent, no statistically significant difference
was found in the amount of transcriptional read-through when a WPRE sequence was
present as compared to when it was removed (P = 0.905) (Figure 2.4 C). This
observation was noted despite similar expression of HP-fVIII (P = 0.891) (Figure 3.4 D).
Taken together, these data demonstrate that the WPRE does not enhance viral titer,
transduction or HP-fVIII expression, and led to the removal of the WPRE element from

both the HIV-based and SIV-based lentiviral vectors in subsequent studies.
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Figure 2.4 Evaluation of transcriptional read-through in the absence of a WPRE
sequence. (A) Schematic representation of HIV-based expression plasmids transiently
transfected into HEK-293T cells. (B) Fluorescent microscopy images taken 96 hours
after transfection. (C)Transcriptional read-through was quantified by flow cytometry.
(D) HP-fVIII activity was assessed 24 hours after exchange of conditioned media with
serum-free AIM-V media by an APTT-reagent based one-stage coagulation assay. Each

bar represents the mean = the standard deviation of three wells measured in duplicate. P

values were derived from a one-way ANOVA.
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2.32— Comparison of three lentiviral vectors

Comparison of the transduction efficiency and HP-fVIII expression of SIV- and HIV-

based lentiviral vectors containing the HP-fVIII transgene

To determine if there are inherent differences in HP-fVIII expression between SIV and
HIV gene transfer systems, SIV- and HIV-based expression plasmids were produced in
which the only differences were derived from the vector system itself (Figure 2.5 A).
The HP-fVIII transgene was expressed in both lentiviral vectors from the EFla internal
promoter. Expression plasmids were used to produce virus from HEK-293T cells under
identical conditions three separate times. Virus was quantified by assessing viral titer
using 1 ml unconcentrated viral supernatant, which was added to the highly transducible
HEK-293T cell line as a baseline for comparison. Viral copy number was determined
utilizing qPCR with primers specific for the HP-fVIII transgene and compared between
SIV- transduced and HIV- transduced cells. Unconcentrated viral vector titers were
significantly higher with the SIV vector system (P = 0.014) (Figure 2.5 B). Recombinant
SIV and HIV then was used to transduce BHK-M, K562 and HEK-293T cells at a MOI 5.
Seventy-two hours after viral addition, transduction efficiency was measured by
analyzing the copy number of HP-fVIII by gPCR. As previously observed in the lab,
BHK-M and K562 cells are transduced less efficiently with lentiviral vectors than HEK-
293T cells, as noted by lower HP-fVIII copy numbers (Figure 2.5 C). Comparison of the
two vector systems in cell lines, on the other hand, did not show any difference with
respect to the transduction efficiency in both K562 cells (P = 0.837) and HEK-293T cells
(P = 0.120) (Figure 2.5 C). Identical copy numbers in HEK-293T cells were observed

and expected as these cells were used to calculate viral titer (Figure 2.5 C). However, a



294

slight difference was seen with BHK-M cells. Greater copy numbers were noted when a
SIV-based vector was used to transduce BHK-M cells compared with the HIV-based

vector (P = 0.045).
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Schematic representation of the SIV and HIV expression plasmids generated to encode

HP-fVIII. (B) Recombinant virus was produced under identical conditions (n = 3) and

titered on HEK-293T cells.

(C) Each viral preparation was utilized to transduce two

wells of BHK-M, K562 and HEK-293T cells at an MOI of 5. Seventy-two hours post-

transduction, genomic DNA was isolated and assessed for copy number by gPCR. P

values were derived from a student’s t test.
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RNA was extracted and fVIII transcripts were quantified using gRT-PCR from the BHK-
M, K562 and HEK-293T cells transduced with either SIV- or HIV-based vectors. BHK-
M cells were included in this analysis as a high-expressing fVIII cell line. It was
expected that the expression of the transgene would be similar between the two viral
vectors, as similar MOIs were used and similar copy numbers were determined.
However, there was enhanced HP-fVIII RNA expression by the SIV system, which was
evident in both BHK-M (P < 0.001) and K562 (P = 0.019) cell lines (Figure 2.6 A and
2.6 B). Enhanced HP-fVIII RNA levels were confirmed by Northern blot analysis
(Figure 2.6 D upper panel). Supernatants from the transduced cells were used to assess
HP-fVIII activity by an APTT reagent-based one-stage coagulation assay. HP-fVIII
activity was significantly increased for BHK-M (P < 0.001) and K562 (P = 0.006) cells
transduced with SIV (Figure 2.6 C). In BHK-M and K562 cells, greater RNA levels led
to greater protein production. This is consistent with previous findings that showed a
strong correlation between RNA and fVIII activity (Doering et al., 2009). Based on this

set of data, the SIV-based vector system was selected for further studies.
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Figure 2.6 Comparison of SIV- and HIV-vector systems encoding HP-fVIII. (A)
Seventy-two hours post-transduction, total RNA was isolated and transcript levels were
quantified by qRT-PCR. (B) Transcript levels were normalized to copy number. (C)
Twenty-four hours prior to isolation, the conditioned media was exchanged for serum-
free AIM-V in order to assess the HP-fVIII activity by an APTT reagent-based one-stage

coagulation assay. Bars represent the mean + the standard deviation of three sets of virus

each added to two wells, while each well was measured in duplicate. (D) Enhanced
transcript levels were confirmed by Northern Blot analysis. Equivalent amounts of
ribosomal RNA were apparent among each sample (lower panel). P values were derived

from a student’s t test.
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Comparison of the transduction efficiency of SIV- and HIV-based lentiviral vectors

containing an eGFP transgene

In order to determine if enhanced expression from the SIV-based lentiviral vector was
specific to the HP-fVIII transgene, expression plasmids were constructed in which both
SIV- and HIV-based lentiviral vectors contained the eGFP transgene (Figure 2.7 A). In
both gene transfer systems, the eGFP transgene was driven from the EFla internal
promoter. In this manner differences in eGFP expression could be assessed as a
consequence of differences derived from the vector system itself. As described earlier,
expression plasmids were used to produce virus from HEK-293T cells under identical
conditions. Following ultracentrifugation, virus was concentrated and quantified by viral
titer using flow cytometry. Titers were comparable among the two viral preparations

yielding TU ml™ near 2 x 10’

Transduction efficiency was assessed in BHK-M, K562 and HEK-293T cells.
Approximately 200,000 cells were transduced with either the SIV- or HIV-based
lentiviral vector at an MOI of 1. The percentage of eGFP positive cells was quantified by
flow cytometry. The transduction efficiency of the HIV vector system was greatest with
an eGFP transgene in K562 (P < 0.001) and HEK-293T cells (P < 0.001) (Figure 2.7 B).
Conversely, the SIV vector system exhibited greater transduction efficiency in BHK-M

cells (P =0.017) (Figure 2.7 B).
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Figure 2.7 Comparison of SIV- and HIV- vector systems encoding eGFP. (A)

Schematic representation of the SIV and HIV expression plasmids used to produce

recombinant virus containing the eGFP transgene. (B) Single viral preparations were

used to transduce three wells of BHK-M, K562 and HEK-293T cells at an MOI of 1.

Transduction efficiency was assessed seventy-two hours following transduction by flow

cytometry. P values were derived from a student’s t test.
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Comparison of the transduction efficiency of an SIV and EIAV-based lentiviral vectors

encoding an eGFP transgene

Alternative non-primate lentiviruses have been proposed as vectors for gene transfer.
Specifically, a vector has been derived from the equine infectious anemia virus (EIAV)
(Olsen, 1998). The EIAV-based vector was previously optimized for eGFP expression
(O’Rourke, et al. 2005) and obtained as a generous gift from Manji Patel of the
University of North Carolina. The optimized EIAV-based vector contained an internal

promoter consisting of elements from the CMV and B-actin promoter (CP) and included a

WPRE sequence (Figure 2.8 A).

Transduction efficiencies were compared between the SIV- and EIAV-based lentiviral
vectors in sca-1" cells. Since expression is not being compared between the two
lentiviral vectors, only that of transduction efficiencies, different promoters governing
expression of eGFP between the two lentiviral vectors is irrelevant. Sca-1+ cells were
isolated from a hemophilia A mouse and stimulated with cytokines for 3 days. Cell
counts during stimulation exhibited cell growth indicative of typical sca-1" cell
functioning (data not shown). Sca-1" cells were transduced at an MOI of 20. Seventy-
two hours after transduction the sca-1* cells were analyzed for eGFP by fluorescent
microscopy images (Figure 2.8 B) and flow cytometry. Sca-1" cells transduced with an
SIV-based lentiviral vector yielded 10% GFP positive cells, whereas cells transduced
with an EIAV-based lentiviral vector yielded 1.4% GFP positive cells. To confirm the
superior transduction efficiency of SIV to EIAV, the titer of the EIAV-based lentiviral

vector was reevaluated on HEK-293T cells. Due to the differences in titering protocols,
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the EIAV-based lentiviral vector was shown to be tenfold less than originally designated
with a titer of 4.6x10° TU ml™. It is predicted that a ten-fold difference would not
increase the percentage of GFP positive cells above that of the SIV-based lentiviral

vector, suggesting that the EIAV-based lentiviral vector is not superior.
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Figure 2.8 Comparison of SIV- and EIAV- based vector systems encoding eGFP.
(A) Schematic representation of the SIV and EIAV expression plasmid used for viral
preparations in HEK-293T cells. (B) Fluorescence microscopy images were taken prior
to flow cytometry. Images depict increased transduction efficiency of an SIV-based

vector.



303

2.33— Analysis of three internal promoters

Self-inactivating (SIN) vectors require internal promoters for transgene expression due to
the inactivation of the viral 5’ long terminal repeat (LTR) upon transfer of the U3
deletion during integration. A balance between adequate transgene expression and the
elimination of transactivation of nearby genes must be maintained by the internal
promoter. Three ubiquitous heterologous promoters, varying in enhancer activity, were
evaluated in transduced HEK-293T cells. The human EFla promoter, the CMV
promoter, and the yeast phosphoglycerate kinase (PGK) promoter were incorporated into
the SIV expression plasmid and used to produce virus under identical conditions (Figure
2.9 A). Viral titer was determined for each vector by gPCR. Vector then was added to
HEK-293T cells at an MOI of 3. HEK-293T cells, although unable to accurately depict
the transcription profile of HP-fVIII in sca-1" cells, were chosen due to the inherent
superior transduction capabilities as compared to the hematopoietic EU1 and K562 cell
lines. Transgene expression was greatest when driven by the CMV promoter and least by
the PGK promoter as evaluated by the level of HP-fVIII transcripts from transduced cells
(Figure 2.9 B). In addition, HP-fVIII activity normalized to copy number showed that
HP-fVIII activity is greatest when expression is driven by the CMV promoter and least

by the PGK promoter (Figure 2.9 C).
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Figure 2.9 Effects of various internal promoters on HP-fVIII activity in vitro. (A)
Schematic representation of SIN SIV-based expression vectors constructed with the
PGK, EFla or CMV internal promoter to make recombinant lentivirus. (B) HEK-293T
cells were transduced at an MOI of 3. Seventy-two hours post-transduction, total RNA
and genomic DNA were isolated from the cells and quantified by gPCR for transcript
levels. (C) Twenty-four hours before isolation, the conditioned media was exchanged for
serum-free AIM-V to assess HP-fVIII activity, which was normalized to copy number to

correct for transduction efficiency. Each bar represents the mean = the standard deviation

of three wells. P values were determined by a one way ANOVA.
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2.34— Hematopoietic stem cell gene therapy for hemophilia A utilizing the
optimized lentiviral vector

Based on the above analyses, an SIV-based lentiviral vector containing the HP-fVIII
transgene expressed from a CMV promoter without the inclusion of a WPRE was
predicted to be optimal for HP-fVIII expression in vitro. This construct then was
evaluated in vivo in hemophilia A mice. Sca-1" cells were isolated from CD45.1 mice
and transduced with the optimized SIV vector encoding HP-fVIII. CD45.1 sca-1" cells
were transduced twice, 24 h between transductions, at an MOI of 15 each time, which
resulted in 30-60% transduction efficiency with similar eGFP encoding vectors.
However, with fVIII-containing vectors, only 3-10% is expected as previous findings
showed a ten-fold lower transduction efficiency when using a vector encoding fVIII as
compared to eGFP (data not shown, Doering et al., 2009). Transduction protocols were
designed to ensure that transduced cells would only contain, on average, one or fewer
copies of the vector. The transduced sca-1" cells then were transplanted into lethally
irradiated (11 Gy split dose total body irradiation) hemophilia A mice. Three months
after transplantation, donor cell engraftment was measured by flow cytometry. Average
engraftment in the peripheral blood and spleen was shown to be approximately 90%
(Figure 2.10 A). Every two weeks HP-fVIII levels were quantified by an ELISA assay.
HP-fVIII levels persisted for the duration of the study (4 months) with a range between 2
and 20 ng ml™ (Figure 2.10 B). A Coatest activity assay showed a similar HP-fVIII
expression profile (Figure 2.10 C). Copy numbers in six mice remained below the

detectable level of five percent gene-modified cells by qPCR with one each having 0.07,
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0.10, 0.11 and 0.14 vector copies per genome. No correlation between copy number and

HP-fVIII expression was observed in these mice.
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Figure 2.10 In vivo expression of the optimized vector in transplanted hemophilia A
mice. Sca-1" cells were isolated from CD45.1 mice and transduced with the optimized
vector with an MOI of 15 (x 2). Approximately 1 x 10° cells were transplanted into
Hemophilia A mice (CD45.2) (n = 14). (A) Engraftment was measured from peripheral
blood and splenocytes of three mice and was assessed three months after transplant by
flow cytometry. (B) HP-fVIII expression levels were assessed in the mice every two
weeks following transplantation by an ELISA. (C) A chromogenic test (Coatest assay)

was used to assess HP-fVIII activity in a subset of mice (n = 3).
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2.4— Discussion

To date, three clinical trials have been initiated for gene therapy applications to treat
hemophilia A (Roth et al., 2001; Powell et al., 2003; Berlfein et al., 2003). However,
each trial failed to yield sustained therapeutic levels of human fVIII. To overcome the
obstacle of limited expression, a human/porcine fVIII hybrid has been constructed
exhibiting expression 19-fold higher than human B domain-deleted fVIII (Doering et al.,
2009). Further optimization of the transgene resulted in a theoretically less immunogenic
high expression fVIII transgene. With the production of an extensively optimized
transgene, efforts can now be directed towards optimizing the viral vector for transgene

delivery and expression.

A number of viral vectors have been considered for the modification of cells including
both non-integrating and integrating vectors. Non-integrating vectors, such as the
adenoviral and adeno-associated viral vectors, exist in cells extrachromosomally and are
limited by potential vector genome loss. Yet, adenoviral vectors and adeno-associated
viral vectors are appealing in that they efficiently transduce both dividing and non-
dividing cells. With respect to the treatment of hemophilia A, adenoviral vectors have
been utilized in neonates to produce tolerance (Hu et al., 2011; Hu and Lipshutz, 2011)
but currently are less clinically desirable due to toxic side effects experienced in clinical
trials (Aruda, 2006). However, adeno-associated viral vectors are being extensively
evaluated for use in gene therapy, especially for hemophilia B. Unfortunately, adeno-
associated viral vectors are limited by their genetic carrying capacity. The vector cassette

associated with the 4.4-kb of the B domain deleted fVIII cDNA, including regulatory
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elements, is at and above the carrying capacity of an adeno-associated viral vector for the
treatment of hemophilia A. Several groups are attempting to overcome this limitation by
separating the genetic payload, that is, the heavy chain and light chain of fVIII, into two
different vectors (Hu and Lipshutz, 2011; Scallan et al., 2003; Sarkar et al., 2006). Other
groups are attempting to minimize the regulatory elements by utilizing smaller internal
promoters (Scallan et al., 2003; Sarkar et al., 2004; Jiang et al., 2006; Lu et al., 2008;

Sabatino et al., 2011).

Several groups have focused on the use of integrating viral vectors such as lentiviral
vectors.  Lentiviral vectors are suitable vectors for hemophilia A gene therapy
applications in that they (1) stably integrate in the host genome, (2) are able to transduce
quiescent cells and (3) can encapsulate large transgenes such as HP-fVIII. Although
insertional mutagenesis was observed clinically with the use of integrating y-retroviral
vectors (Wu et al., 2003; Hacein-Bey-Abina et al., 2003), to date similar issues have not
been observed with lentiviral vectors (Cartier et al., 2009; Cavazzana-Calvo et al., 2010;
Biffi et al., 2011). This may be due to integration site preferences between the two
vectors. In addition, clinically used lentiviral vectors contain safety measures that are
now routinely incorporated, including a 133-bp deletion in the U3 region of the 3° LTR
that self-inactivates the vector, creating a replication incompetent or SIN vector (Miyoshi
et al., 1998; lwakuma et al., 1999), (for review see Pauwels et al., 2009). Comparative
studies have shown that SIN lentiviral vectors are less oncogenic than y-retroviruses

(Montini et al., 2006; Montini et al., 2009).
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A WPRE often is incorporated into lentiviral vectors since the demonstration of two to
fivefold enhanced eGFP and luciferase expression (Zuffery et al., 1999; Brun et al.,
2003; Gonzalea-Murillo et al., 2010). However, a recent report showed that the
enhanced expression was dependent on the promoter and cell line used, and in some
scenarios, the presence of a WPRE resulted in a decrease in transgene expression (Klein
et al., 2006). It is apparent that the WPRE is more complex than originally assumed and
requires individual transgene evaluation. With the HP-fVIII transgene, the WPRE was
found to be negligible in regards to viral production, transgene expression and
transcriptional read-through. For our high expression construct, there appears to be no
benefit to include a WPRE. Thus, based on these results confirmed by Gabriela Denning
at Expression Therapeutics, the WPRE was removed from the clinical vector. However,
it may be useful for lower expressing fVIII constructs and should be tested in conjunction

with each.

The SIV- and HIV-based vector systems were also analyzed in this study in regards to
HP-fVIII expression. The production of SIV and HIV lentiviral vectors were optimized
separately. Using standard production conditions, higher viral titers routinely were
achieved with the SIV system compared with HIV. After each viral preparation was
quantified with respect to viral titer, transduction at identical MOIs yielded integration
events that were not statistically different in K562 and HEK-293T cells. However, BHK-
M and K562 cells transduced with SIV expressed HP-fVIII more efficiently than those

cells transduced with identical amounts of HIV. This suggests that although SIV and
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HIV integrated at similar levels, the integration events of SIV may be in regions of the
genome that promoted greater expression than those regions where HIV integrated. This
potential difference requires further study to test this hypothesis. It is interesting that this
same phenomenon was not observed with an eGFP transgene and that the enhanced
expression of HP-fVIII also was not seen with HEK-293T cells. This suggests a potential
transgene and cell type specificity of SIV enhancement. This data also suggests that SIV
is, at a minimum, as efficient at gene transfer and expression of HP-fVIII as HIV. In
addition, SIV was found to be superior to an EIAV-based lentiviral vector in regards to
transduction efficiency. SIV-based vectors may be a safer option for gene therapy
applications to combat hemophilia A since a number of adults with hemophilia are HIV-1
positive after receiving plasma-derived fVIII infusion products before HIV testing
became routine. The use of HIV vectors can raise safety concerns due to possible
recombination events of the vector and wild-type HIV. SIV, on the other hand, is less

likely to recombine due to sequence differences between HIV and SIV.

Different internal promoters also were tested as a component of the expression vector for
HP-fVIII expression.  SIN-lentiviral vectors require internal promoters to direct
expression of the transgene due to the inactivation of the 5° LTR during integration. This
safety feature removes the enhancer element of the LTRs preventing transactivation of
nearby genes. Therefore, the internal promoter must be sufficiently strong to provide
adequate expression of the transgene without having the capacity to transactivate genes
nearby. The CMV promoter was superior to the EFla and PGK promoters at expressing

HP-fVIII in vitro using the SIV-based vector system. The enhanced expression from the
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CMV promoter in vitro is not unexpected as the CMV promoter contains the strongest
enhancer among the three internal promoters. However, with the stronger enhancer
activity, the transactivation of nearby genes is a concern with the use of CMV, as well as
the possibility of methylation-induced inactivation of the promoter. In hemophilia A
mice under limiting transduction protocols using an SIV vector without a WPRE, the

CMV promoter directed expression of HP-fVII1 at therapeutically relevant levels.

In summary, several fVIII transgenes have been studied extensively for use in gene
therapy applications of hemophilia A. HP-fVIII overcomes low-level expression
obstacles while theoretically reducing the immunogenicity. Although the transgene has
been fairly well described, the expression vector has not been as well characterized. In
the studies presented in this chapter, a lentiviral vector was optimized for HP-fVIII
expression. Under the conditions tested, the SIV-based lentiviral backbone was found to
be more effective for HP-fVIII expression than an HIV-based lentiviral backbone. In the
SIV-based lentiviral backbone, the CMV internal promoter was shown to drive HP-fVIII
expression efficiently, but it is realized that this promoter may have complications due to
possible transactivation and promoter inactivation. The WPRE was found to be
unnecessary and was removed from the lentivector. In vivo data show that the optimized
vector provides sustained HP-fVIII expression in hemophilia A mice, supporting its

further development for hemophilia A.
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Chapter 3:
Assessment of Alternative Approaches to

Lentiviral Production and Transduction
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3.1— Introduction

Upon identifying a lentiviral that is optimized for HP-fVIII expression, two limitations
associated with the utilization of lentiviral vectors for the modification of HSCs in order
to treat hemophilia A were addressed. The first limitation to be confronted is that of the
reduced titer apparent with the addition of a large transgene such as fVIII in the lentiviral
vector. It is apparent that as the size of the transgene increases the production of vector
decreases (Kumar et al., 2001; Yacoub et al., 2007). Thus an alternative approach to
lentiviral production was assessed as an attempt to combat this limitation. The second
limitation is that of the inherent reduction in infectivity of HSCs to lentiviral vectors.
This has been observed clinically in recent gene therapy clinical trials (Cartier et al.,
2009; Boztug et al., 2010; Cavazzana-Calvo et al., 2010; DiGiusto et al., 2010). In one
particular report as low as 1% gene corrected CD34" cells were found to be engrafted
(DiGiusto et al., 2010). In the case of an HSC gene therapy protocol for hemophilia A,
one in which a growth advantage is not expected, greater transduction efficiencies will be

needed to achieve therapeutic potential.

Phenotypically mixed viral particles are routinely formed as a result of the infection of a
cell with two or more separate viruses (Zavada, 1982). This observation along with the
separation of the three retroviral components (gag-pol, viral genome and envelope) onto
separate plasmid constructs (refer to Figure 1.4) led to the development of pseudotyping
methods for lentiviral vectors used in the context of gene therapy. The first alternatively
pseudotyped HIV based viral vector contained the amphotropic glycoprotein of the

murine leukemia virus (MLV) (Page et al., 1990). This study followed the demonstration
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of phenotypic mixing between wild-type HIV and MLV virons (Chesbro et al., 1990;
Spector et al., 1990). The range of host cells transduced by a virus is dependent on the
interaction of a viral envelope glycoprotein with specific cell surface receptors.
Therefore, other glycoproteins were subsequently used to expand the host range of HIV-

based lentiviral vectors (Cronin et al., 2005).

The vesicular stomatitis virus glycoprotein (VSVG) gives viral vectors the broadest of
host-cell range by interacting with what has historically been thought to be an abundant
ubiquitous component of the cellular plasma membrane. The receptor was postulated to
be phosphatidyl serine, phosphatidyl inositol or GM3 ganglioside (Schlegel et al., 1983,
Mastromarino et al., 1987; Conti et al., 1988). Phosphatidylserine, however, has since
been ruled out as the cell surface receptor for VSVG (Coil and Miller, 2004) being
attributed solely to a post-binding step of viral entry (Coil and Miller, 2005). Regardless
of the exact surface receptor utilized by VSVG, three groups in the same year
independently expanded the host range of an HIV-based lentiviral vector by successfully
pseudotyping the vector with VSVG (Akkina et al., 1996; Naldini et al., 1996; Reiser et
al., 1996). In addition to expanding the host range, another advantage to pseudotyping
viral vectors with VSVG is that these vectors can withstand the g-forces of
ultracentrifugation in order to yield concentrated vector with high viral titers. Despite the
advantageous properties associated with pseudotyping lentiviral vectors with VSVG,
VSVG expression is toxic in most cells. Accumulation of VSVG at the surface of HEK -
293T cells leads to syncytia formation followed by cell death (Burns et al., 1993). As a

result, several failed attempts have been made to produce stable packaging cell lines for
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the manufacture of VSVG pseudotyped lentivirus. This is mainly due to diminished cell
survival. For this reason, the production of lentiviral vectors pseudotyped with VSVG is
limited by a transient transfection procedure in HEK-293T cells. By this method, virus
can only be produced for a total of three days before the cells become inviable. In
addition, vector production in this manner is not ideal being unable to offer a nonvariable
source of recombinant virus that can be extensively characterized prior to use in human

clinical trials.

Another limitation encountered in the field of gene therapy includes a diminished
susceptibility of the hematopoietic stem cell (HSC) to ex vivo genetic manipulation.
Lentiviral vectors pseudotyped with VSVG, regardless of an increased host range, do not
transduce HSCs efficiently. This phenomenon appears to be intrinsic to HSCs being that
HSCs are also resistant to wild-type HIV infection regardless of the presence of the
CXCR4 cell surface receptors (Von Laer et al., 1990; Weichold et al., 1998; Lee et al.,
1999; Shen et al., 1999). The exact mechanism responsible for HSC resistance to HIV
remains elusive. Therefore, much effort has been directed towards increasing lentiviral
transduction of HSCs. One such effort was performed with the use of RNAI technology.
p21, a cell cycle checkpoint protein, was transiently silenced in CD34" hematopoietic
stem and progenitor cells. As a result HIV lentiviral transduction was enhanced 2- to 4-
fold (Zhang et al., 2005). Initially, p21 was chosen as a target being a cyclin-dependent
Kinase inhibitor necessary for the maintenance of HSC quiescence (Cheng et al., 2000).
It was stipulated that high efficient gene transduction is cell cycle dependent (Sutton et

al., 1999). However, the enhancement in HIV lentiviral transduction due to p21 silencing
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was independent of a direct effect on cell cycling. Instead, p21 was found to
immunoprecipitate with the HIV preintegration complex and increase the abundance of
2-LTR circles indicative of abortive chromosomal HIV integration. In this manner, p21
was suggested to block HIV viral infection by disturbing the endogenous function of HIV
integrase (Zhang et al., 2007). These reports proposed introducing siRNA to p21 in
preclinical transduction protocols. Current methods include HSC pre-stimulation with
cytokine cocktails that have been demonstrated to enhance transduction (Santoni et al.,
2006; Millington et al., 2009) but typically result in a loss of gene modified cells
following transplantation potentially due to diminished multipotentiality of the HSCs
(Zhang et al., 2005). RNAI technology, on the other hand, does not disrupt the
multipotentiality of HSCs and could potentially be a more advantageous addition to
preclinical transduction protocols. In this manner, the multipotentiality of HSCs could

remain undisrupted while being more susceptible to transduction.

The studies presented in this chapter depict attempts to overcome some of the previously
mentioned pitfalls plaguing the field of gene therapy. VSVG pseudotyped lentivirus
production is limited to a transient transfection procedure in which virus is produced for
only 3 days. In order to avoid toxicity associated with the overexpression of VSVG in
HEK-293T cells, an alternative cell line was assessed for recombinant lentiviral
production. In addition, lentiviral transduction enhancement was attempted using two

separate methods based off previous reports.
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3.2— Materials and Methods

Spinoculation

Spinoculation was performed on K562 and sca-1+ cells in 24 well plates coated with
retronectin (1pg pl™). Cells were plated at a density of 10° cells per well and transduced
by spinoculation in minimal volume (300 ul) in the presence of polyberene.
Spinoculation was performed at 1000g for 2 hours. The effect of spinoculation on
lentiviral transduction of K562 cells was assessed with recombinant virus containing
either a GFP or HP-fVIII transgene. Transduction with a GFP containing recombinant
lentivirus was assessed by flow cytometry, while the effect of spinoculation on the
transduction of a recombinant lentivirus containing the HP-fVIII was assessed by the

APTT reagent-based one stage coagulation assay as described below.

In vitro fVIII expression

fVIII activity was measured from the supernatant of cells transduced previously with a
lentiviral vector containing the high expressing HP-fVIII transgene. The cells were
cultured in serum-free media for 24 hours before the assay as previously described in
chapter 2. In short, the APTT one stage coagulation assay was performed in duplicate for
each supernatant on a ST art Coagulation Instrument (Diagnostica Stago, Asnieres,
France) in human fVIII-deficient plasma (George King Biomedical, Overland Park, KS).
The clot time for each sample was compared to a standard curve based on dilutions of

pooled normal citrated human plasma (George King Biomedical, Overland Park, KS).
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Isolation of murine stem cell antigen-1" (sca-1") cells

fVIII knockout mice with hemophilia A due to disruption of exon 16 (as previously
described in Bi et al, 1995) were treated with 5-FU (150 mg kg™) intraperitoneally two
days prior to bone marrow isolation. The bone marrow was extracted from the femurs
and tibias of 9-week old hemophilia A mice upon being flushed with PBS (supplemented
with 2% FBS). The flushed bone marrow was then filtered through a 0.7 pmol I filter
and pelleted at 300g for 5 minutes. Red blood cells were then lysed for 10 minutes with
the addition of RBC lysis buffer (Sigma, St. Louis, MO, USA). The remaining cells of
the bone marrow were then assessed for purity by flow cytometry utilizing a Ly-6 A/E
antibody (clone E13-161.7) conjugated to FITC (BD Pharmingen, San Diego, CA). The
purity of the population was found to be 85% positive for sca-1". Upon confirmation, the
sca-1* cells were cultured at a density of 10° cells per well in a 24 well tissue culture
treated plate previously coated with retronectin (1ug pl™). Sca-1* cells were cultured in
StemPro media supplemented with L-glutamine (29ug mL™), murine stem cell factor
(100ng mL™), murine interleukin-3 (20ng mL™), human interleukin-11 (100ng mL™), and
human FIt-3 ligand (100ng mL™). Transduction began the same day as isolation in the
presence of polyberene. Cells were transduced twice, 12 hours apart by spinoculation at
a MOI of 15. An in vivo assessment of spinoculation was made by transplanting 4x10°
sca-1" cells via tail-vein injection into lethally irradiated (11Gy TBI using a Gammacell
40 Exactor) 8-week-old recipient hemophilia A mice (n = 3). Transplantation occurred 4
days after initial sca-1" isolation, 2 days following the second transduction. Blood was
collected from the transplanted mice every two weeks beginning one week after

transplantation via retro-orbital capillary insertion. HP-fVIII was measured using an
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ELISA specific for HP-fVIII. The ELISA only detects properly folded HP-fVIII in that
the primary antibody detects the heavy chain (human A2 domain) and the secondary

antibody detects the light chain (porcine A3 domain).

Colony-forming Unit Assay

Colony-forming cell assay was performed per manufacturer’s protocol (Stemcell
Technologies, MethoCult® GF M3434 Optimum with EPO). Briefly, a 10X
concentration (2x10” cells/mL) of sca-1" cells was prepared in Iscove’s MDM with 2%
FBS. A total of 0.3 mL of 10X cell mixture was then added to 3 mL of MethoCult® and
mixed by vortexing. MethoCult®/cell mixture was allowed to sit for 5 minutes to allow
bubbles to rise followed by dispensing 1.1 mL onto 35 mm dishes in duplicate using a 16
gauge blunt-end needle. The methylcellulose was evenly distributed into the dish by
rotation and dishes were placed in a 100 mm culture dish alongside a third dish
containing sterile water to maintain proper humidity. Cultures were incubated at 37°C in
5% CO? for 14-16 days for optimal CFC growth. CFU-GM colonies were counted at 5X
under an inverted microscope using a 60 mm gridded dish. GFP-positive colonies were

scored under fluorescence microscopy.

3.3— Results

3.31— Toxicity of VSVG in BHK-M cells

Lentiviral vector is predominantly produced by transient transfection of the highly
transfectable HEK-293T cells. This method of vector production is sufficient to produce

vector titers appropriate for laboratory use. However, vector production is limited to 3
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days due to toxicity associated with the accumulation of VSVG at the surface of HEK-
293T cells (Burns et al., 1993). This drawback has prevented the generation of a stable
lentiviral vector-producing HEK-293T cell line in which clinical-grade vectors would
ideally be manufactured. BHK-M cells are a suitable alternative for viral production as a
highly transfectable cell line. In addition, BHK-M cells are already being used clinically
for a portion of the commercial production of recombinant fVIII. BHK-M cells are able
to efficiently synthesize recombinant fVIII with all the proper post-translational
modifications (see Figure 1.2). And, if not susceptible to VSVG toxicity, the production
abilities of BHK-M cells could be used to generate substantial amounts of lentiviral
vector or even be used to create a packaging cell line. For this reason, the toxicity of

VSVG was first assessed in BHK-M cells.

As a transfectable unit, PEI condenses DNA into positively charged particles in order to
be brought into the cell via endocytosis upon binding anionic cell surface residues. Once
inside the cell, the amines are protonated resulting in osmotic swelling of the vesicle
which then bursts releasing the DNA into the cytoplasm. However, PEI is also very
cytotoxic and could be the cause of the cell death. Therefore, PEI concentrations were
varied to determine the extent of toxicity in BHK-M cells. At a concentration of 3.5 pg
ml™, transfection was not achieved as observed by a lack of expression of GFP (Figure
3.1 A). A concentration of 17.67 pg ml™ PEI, however, was tolerable by BHK-M cells
(Figure 3.1 B). Concentrations higher than 17.67 pg ml™ were followed by a decrease in

cell number suggesting cytotoxicity at these higher concentrations (Figure 3.1 C-E).



323

Thus, the optimal concentration of PEI transfection in BHK-M cells appears to be less

than 17.67 pug ml™ PEI.
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Figure 3.1 PEI toxicity assessment in BHK-M cells. A GFP encoding plasmid was
transfected in BHK-M cells in order to assess transfection efficiency by fluorescence
microscopy. The following concentrations of PEI were in order to determine the optimal
concentration of PEI for BHK-M cellular transfection: (A) 3.5 ug ml™ PEI (B) 17.67 pg
ml™ PEI (C) 35.34 pug ml™ PEI (D) 176.7 pg ml™ PEI (E) 353.4 ug ml™ PEL. Images

were taken seventy-two hours after transient transfection.
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The plasmid containing the VSVG envelope protein was transiently transfected into
BHK-M cells using the transfection reagent polyethylenimine (PEI). VSVG plasmid
concentrations ranged from 0 to 3200 ng. Fluorescence microscopy images were taken
seventy-two hours following transfection in order to assess cell viability (Figure 3.2 A-
F). Although each well initially contained the same quantity of cells, less cells were
adherent at the higher concentrations (Figure 3.2 D-F) of VSVG as compared to the well
undergoing a mock transfection (Figure 3.2 A). In some instances syncytia formation is
apparent (Figure 3.2 F). This suggests that VSVG is toxic to BHK-M cells. The BHK-
M fluorescent images were compared to similar images taken on HEK-293T cells
assessed for VSVG toxicity in the same manner. At concentrations as high as 3200 ng,
no syncytia formation was observed and cell numbers appeared to be similar to the mock

transfection control (Figure 3.3 A-F).
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Figure 3.2 VSVG toxicity assessment in BHK-M cells. The VSVG containing

lentiviral production plasmid was transiently transfected into BHK-M cells at the
following concentrations: (A) no vsvg (B) 200 ng VSVG (C) 400 ng VSVG (D) 800 ng
VSVG (E) 1600 ng VSVG (F) 3200 ng VSVG. 6 pg ml™ PEI was used for the

transfection to reduce toxicity associated with the transfection agent.
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Figure 3.3 VSVG toxicity assessment in HEK-293T cells. VSVG containing plasmid
was added to HEK-293T cells at the following concentrations utilizing the transfection
reagent PEI: (A) no VSVG (B) 200 ng VSVG (C) 400 ng VSVG (D) 800 ng VSVG (E)
1600 ng VSVG (F) 3200 ng VSVG. Microscopic images were taken seventy-two hours

after transfection.
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3.32— Effect of alternatively pseudotyping an HIV-based lentiviral vector

Due to the toxicity associated with VSVG in BHK-M cells, three alternative envelopes
were assessed for the production of an HIV-based lentiviral vector encoding a GFP
transgene in BHK-M cells. Virus was produced by transient transfection in 10cm well
plates. Transfection efficiency was assessed seventy-two hours later by fluorescence
microscopy. The expression of GFP was similar among all wells despite the
concentration or the viral envelope utilized (Figure 3.4 A-C). The only exception is that
of the BHK-M cells transfected with a VSVG encoding plasmid. As expected, the
expression of VSVG diminished BHK-M cell viability as observed by a decrease in
BHK-M cells per well in addition to the presence of syncytia formation (Figure 3.4 D).
Overall, the transfection efficiency appeared to be very low. Conditioned media
containing recombinantly produced virus was used to transduce HEK-293T cells to
determine viral infectivity. Viral transduction was assessed seventy-two hours after viral
addition by examining the presence of GFP positive cells via fluorescence microscopy.
GFP expression was not observed in the HEK-293T cells treated with the alternatively
pseudotyped viruses (Figure 3.5 A-D). This would suggest that the alternatively
pseudotyped viruses were not adequately produced, probably due to low transfection

efficiency.
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Figure 3.4 Transfection efficiency assessment. BHK-M cells were used to make
recombinant HIV-based virus containing a GFP transgene. Four separate envelope
plasmids were transfected into the BHK-M cells in order to produce alternatively
pseudotyped recombinant virus. Three different concentrations of the (A) Eco (B) pHit
(C) 10A1 and (D) VSVG envelope plasmids were transfected into the BHK-M cells using

PEI.
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Figure 3.5 Viral infectivity assessment of alternatively pseudotyped HIV-based
lentiviral vectors. Conditioned medium containing viral particles was added to HEK-
293T cells. Virus was pseudotyped with either (A) Eco (B) pHIT (C) 10Al or (D)
VSVG glycoproteins. In addition, three different concentrations of the envelope plasmid
were used to produce the alternatively pseudotyped recombinant virus. Fluorescence

microscopy images were taken seventy-two hours after viral addition.
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3.33— Knocking down p21

It has been suggested that lentiviral transduction can be enhanced by silencing p21. An
HIV-based lentiviral vector was used to transduce human bone marrow-derived CD34"
cells in which p21 had been silenced using RNAI technology. As a result, a 2- to 4-fold
increase in GFP positive cells was observed (Zhang et al., 2005). An enhancement of
that magnitude could be useful in the context of HSC gene therapy for hemophilia A.
Therefore, siRNA specific to p21 was obtained and preliminary experimentation was

performed.

K562 cells were plated in a 96 well plate at a density of 5x10* cells / well. p21 was
silenced by transfecting p21 siRNA into cells using the HiPerfect Transfection Reagent.
The K562 cells were transduced forty-eight hours later with an HIV-based lentiviral
vector encoding a GFP transgene at an MOI of 1 in the presence of polyberene.
Transduction was assessed seventy-two hours after viral addition by flow cytometry. An
MOI of 1 transduced approximately 60% of the K562 cells. No significant difference
was observed between K562 cells treated with p21 siRNA and nonspecific sSiRNA
(Figure 3.6 A). However, a slight increase in mean fluorescent intensity (MFI) was
observed in K562 cells treated with p21 siRNA (Figure 3.6 B). This suggested a
potential to enhance lentiviral transduction of K562 cells, which may not be seen utilizing
an MOI of 1. For this reason, the experiment was repeated using lower MOIs. However,
no enhancement in transduction efficiency was noted as seen by the percentage of

positive GFP cells (Figure 3.7 A, C, E). It is unclear why an increase in MFI as seen
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with an MOI of 1 (Figure 3.6 B) was not observed at the lower MOIs (Figure 3.7 B, D,

F).
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Figure 3.6 Utilizing p21 siRNA to enhance lentiviral transduction. (A) K562 cells
were treated with 150nM siRNA (either specific for p21 or nonspecific as a control). An
HIV-based lentiviral vector encoding a GFP transgene was used to transduce the cells
forty-eight hours after SiRNA treatment. Transduction efficiency was assessed seventy-
two hours later by flow cytometry. As a result, the percentage of GFP positive cells was
quantified and (B) the intensity of fluorescence for each positive cell was recorded as
mean fluorescent intensity. A mock transfection control was included (no siRNA just

HiPerFect Reagent) as well as an untransduced and an untransfected control.
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Figure 3.7 The effect of p21 silencing to enhance lentiviral transduction. p21 was

silenced forty-eight hours prior to lentiviral transduction. An HIV-based lentiviral vector

encoding a GFP transgene was added to K562 cells at three different MOls as indicated:

(A) (B) 0.03. (C) (D) 0.1 and (E) (F) 0.3. Transduction efficiency was quantified by flow

cytometry seventy-two hours after viral addition.
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3.34— Utilizing spinoculation as a means for enhancing sca-1" transduction

A recent report demonstrated therapeutic levels of fVIII as high as 225 mU mL™ in
hemophilia A mice (Ramezani et al., 2011). Few apparent differences were found
between the in vivo protocol used in the report and the one used in chapter 2. In both
cases, sca-1" cells were transduced with an SIV-based lentiviral vector containing an
enhanced fVIII transgene engineered for high expression. In addition, both protocols
included transplanting a limited number of cells in hemophilia A mice after being
transduced at a low MOI. Despite the similarities between the protocols, drastically
different results were observed. Ramezani et al. (2011) achieved average fVIII levels
equating to 23% of normal fVIII as compared to an average of 4.5% of normal fVIII

observed in chapter 2.

One main difference between the protocols was the addition of a spinoculation step via
centrifugation immediately following viral addition to sca-1" cells. For this reason, the
effect of spinoculation was evaluated in regards to the transduction efficiency of the
optimized vector outlined in chapter 2. Preliminary analysis was performed in vitro using
the myeloid erythroid-leukemic K562 cell being that K562 cells are an immortalized cell
line as compared to sca-1" cells obtained upon isolation from the bone marrow. In
addition, initial analyses included the use of an SIV-based lentiviral vector containing the

GFP transgene in order to assess transduction efficiency rapidly by flow cytometry.

K562 cells were transduced at an MOI of 15 and either immediately spun at 1000g for 2

hours or placed in the incubator overnight (n = 3). In addition, three separate wells were
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transduced by spinoculation on two consecutive days at an MOI of 15 each day.
Transduction was assessed over time by quantifying the percentage of GFP positive cells
in each well. However, an MOI of 15 yielded approximately 100% GFP positive cells in
the absence of spinoculation, eliminating the possibility of seeing any enhancement in
transduction as a result of spinoculation (Figure 3.8 A). However, an enhancement in
mean fluorescent intensity (MFI) was noted suggesting some benefit to including a
spinoculation step in the transduction protocol (p = 0.0055 at 5 days post transduction; p
= 0.0332 at 7 days post transduction as assessed by the Student’s t test between the no
spinoculation group and the spinoculation group) (Figure 3.8 B). This could be either
due to enhanced expression of GFP from the cells transduced by spinoculation or due to
an increase in integrated vector copies due to enhanced viral transduction. To determine
if the increase in MFI was due to enhanced viral transduction, the analysis was repeated
utilizing 1/3™ the amount of virus equating to a lower MOI of 5. In the first week, the
percentage of GFP positive cells was significantly increased from an average of 68.6% to
89.2% as a result of including a spinoculation step in the transduction protocol (p =
0.0398 one week after transduction) (Figure 3.9 A). This enhancement was maintained
throughout the analysis suggesting an enhancement in lentiviral transduction due to
spinoculation. A comparison between the single transduction group and the group
transduced twice by spinoculation revealed no significant enhancement in percentage of
GFP positive cells over time (Figure 3.9 A). However, a significant increase in MFI was
observed in the double transduction group as compared to the single transduction group
(Figure 3.9 A). Once again, this suggests some benefit to transducing K562 cells twice

by spinoculation.
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Figure 3.8 The effect of spinoculation on transduced K562 cells with an MOI of 15.
(A) An SIV-based lentiviral vector containing a GFP transgene was utilized to transduce
K562 cells at an MOI of 15. Transduction was assessed over time by flow cytometry.
The percentage of GFP positive cells was compared between K562 cells without
spinoculation (dark grey circles), with spinoculation (black squares). K562 cells were
transduced twice under spinoculation conditions as a positive control (grey diamonds).
(B) The mean fluorescent intensity of the GFP positive cells was quantified by flow

cytometry.
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Figure 3.9 The effect of spinoculation on transduced K562 cells with an MOI of 5.

(A) Transduction of K562 cells by an SIV-based lentiviral vector containing a GFP

transgene (MOI 5) was assessed by flow cytometry. The percentage of GFP positive cells

was determined over time and compared among K562 cells without spinoculation (dark

grey circles), with spinoculation (black squares) and transduced twice under

spinoculation conditions as a positive control (grey diamonds). (B) In the same manner,

the mean fluorescent intensity of the GFP positive cells was quantified by flow

cytometry.
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The enhancement in lentiviral transduction due to spinoculation was then assessed for the
optimized lentiviral vector containing the HP-fVIII transgene outlined in chapter 2.
K562 cells were transduced with an SIV-based lentiviral vector expressing HP-fVIII
from the CMV internal promoter at an MOI of 15. HP-fVIII protein levels were assessed
overtime by an APTT reagent-based one stage coagulation assay. K562 cells that
underwent spinoculation consistently expressed HP-fVIII at greater levels for a total of
eleven days compared to the K562 cells that were not spun after viral addition (p = 0.003
three weeks after transduction as determined by a Student’s t test) (Figure 3.10). This
data suggests that SIV-based lentiviral transduction with an HP-fVIII transgene can be

enhanced by spinoculation.
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Figure 3.10 HP-fVIII expression overtime in K562 cells. Spinoculation was assessed
following transduction of K562 cells with an SIV-based lentiviral vector containing a
high-expressing HP-fVIII hybrid transgene expressed from the CMV internal promoter.
K562 cells were transduced at an MOI of 15. Immediately following viral addition the
cells were either spun for 2 hours at 1000g (black squares) or returned to the incubator

(gray circles).
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Sca-1" cells represent the hematopoietic stem and progenitor population in the mouse. In
order to assess the effect of spinoculation on these target cells, sca-1" cells were isolated
from the bone marrow of the tibias and femurs of 5-FU treated hemophilia A mice.
Following isolation, the sca-1" cells were transduced with an SIV-based lentiviral vector
encoding the GFP transgene. Recombinant virus was added so as to yield an MOI of 15.
Transduction was assessed by fluorescent microscopy (Figure 3.11 A) and flow
cytometry 9 days after transduction. The percentage of GFP positive cells increased from
35% to 68.8% suggesting that SIV-based lentiviral transduction of sca-1" can be
enhanced by spinoculation (Figure 3.11 B). A similar enhancement in transduction was

observed in the sca-1" cells transduced by spinoculation as was observed in K562 cells.
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Figure 3.11 The effect of spinoculation on sca-1" cells. (A) Sca-1" cells were isolated
from hemophilia A mice and transduced with an SIV-based lentiviral vector encoding
GFP. Fluorescence microscopy images were taken prior to quantification (B) by flow

cytometry.
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Due to the results above, an attempt was made to translate these findings in vivo. Sca-1"
cells were isolated and transduced the same day with the optimized lentiviral vector, an
SIV-based lentiviral vector containing the HP-fVIII transgene with expression directed
from a CMV internal promoter. An identical transduction protocol was utilized as above
(Figure 3.12 A). Four days after isolation 4x10° cells per mouse were transplanted into
lethally irradiated (11Gy TBI using a Gammacell 40 Exactor) 8-week-old recipient
hemophilia A mice following total body irradiation (n = 3). Despite encouraging
preliminary in vitro results, minimal HP-fVIII was observed one week after
transplantation as assessed by an ELISA assay (Figure 3.12 B). In addition, only one
mouse remained in the cohort three weeks after transplantation. Although 4 x 10° cells
were transplanted per mouse, the fatalities may be due to limited engraftment as a result
of transplanting less than optimal sca-1* cells. This could also explain the lack of HP-
fVIII detected in these mice. A follow-up methyl cell assay confirmed a reduction in sca-

1" viability following spinoculation (Table 3.1).
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Figure 3.12 The effect of adding spinoculation to the transduction protocol. (A) The
transduction protocol was performed as outlined schematically. (B) HP-fVIII was
quantified from the peripheral blood of the transplanted mice every two weeks starting

one week after transplantation. An ELISA assay was used to quantify HP-fVIII.



Table 3.1 — Sca-1" viability following spinoculation
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Colonies GFP
Spinoculation +
No Spinoculation +++ ++

+ <10 colonies
++ 10-30 colonies
+++ > 30 colonies
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3.4— Discussion

In the field of gene therapy, lentiviral vector production is constrained to a transient
transfection procedure. HEK-293T cells are predominantly used as a highly transfectable
cell line. However, VSVG expression in HEK-293T cells yields syncytia formation
followed by a loss in cell viability. Therefore, vector production in this manner is
limited. In addition, a transient transfection procedure is not an ideal manufacturing
procedure for vector to be utilized in human clinical trials. A stable vector producing cell
line would be more appropriate being able to be scaled up and scrutinized as a
nonvariable source of vector. For these reasons, BHK-M cells were assessed as an
alternative vector producing cell line. Before attempting to create a stable producing cell
line, the plasmids required for lentiviral vector production were transfected transiently in
order to assess the ability of BHK-M cells to produce a recombinant lentiviral vector.
BHK-M cells, however, experienced toxicity associated with VSVG expression. Cell
viability was significantly diminished and syncytia formation was evident. In
comparison to HEK-293T cells, BHK-M cells appear to be more susceptible to VSVG
toxicity. Specifically, HEK-293T cells were found to withstand VSVG expression as a
result of transfecting 3200 ng of the envelope plasmid as opposed to the 200 ng threshold
observed in BHK-M cells. The increased toxicity in BHK-M cells was not found to be
associated with the transfection reagent PEI.  Therefore, BHK-M cells are not a viable
alternative for VSVG pseudotyped lentiviral production and should not be utilized to

generate a stable vector producing cell line.
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Many envelopes are currently being evaluated in the field of gene therapy. Since VSVG
pseudotyped lentiviral production is not attainable in BHK-M cells, three alternative
envelopes to VSVG (Eco, pHit and 10A1), were acquired and assessed for viral
production. No apparent toxicity was observed due to the expression of the Eco, pHit or
10A1 glycoproteins. This confirmed a lack of PEI toxicity experienced by BHK-M cells.
In addition, cell viability appeared to be unaltered during viral production, potentially
overcoming the limitation in days in which lentivirus can be secreted and collected.
However, the conditioned medium containing the secreted recombinant virus was unable
to sufficiently transduce HEK-293T cells. Recombinant lentivirus virus was not
efficiently produced from BHK-M cells. Thus, an improvement was not made to the
current HEK-293T transient transfection procedure currently used to produce lentiviral
vector. However, if transfection efficiency can be increased vector production may be

enhanced in BHK-M cells.

A second limitation in the field of gene therapy is the inability to overcome the inherent
resistance of HSCs to lentiviral infectivity. Low transduction efficiencies have been
observed clinically and in many cases greater transduction will be required to achieve a
therapeutic effect. Therefore, two methods were assessed for the ability to enhance
lentiviral transduction. A previous report revealed enhanced expression of bone-marrow
derived CD34" stem and progenitor cells due to the silencing of p21. p21 was suggested
to interact with the preintegration complex of HIV inhibiting the integration of the
provirus into the genome of the host cell. Silencing p21 would then provide a mechanism

in which provirus integration could proceed uninhibited. Therefore, the siRNA to p21
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utilized in the report was acquired and assessed on the transduction of K562 cells as an
initial indicator of hematopoietic cellular transduction. Three different MOIs were
utilized to transduce K562 cells. However, no enhancement in HIV-based lentiviral
transduction was observed. This result may be due to cell-type specific pleiotropic
effects of p21. For example, depending on cell type, p21 has been attributed to both the
inhibition and the progression through the cell cycle. In addition, an opposing role for
p21 has been reported in macrophages in regards to HIV infection. p21 levels were
found to be upregulated in macrophages as a result of HIV infection and were unable to
repress the replication of HIV in this cell type. Therefore, a pleiotropic effect of p21 may
account for the lack of enhancement noted in K562 cells following p21 siRNA treatment.
However, insufficient knockdown of p21 cannot be eliminated since knockdown was not

confirmed.

The use of RNAI technology as a means to enhance lentiviral transduction was ideal in
that the effects were transient and were unable to disrupt the multipotentiality of HSCs as
is the case with the use of cytokine cocktails. However without an observable
enhancement in K562 cells another means of enhancing transduction is required.
Spinoculation has been utilized by other groups in the field in the preclinical transduction
protocol of sca-1" cells. Sca-1" cells represent the hematopoietic stem and progenitor
population of the mouse. A mechanism providing lentiviral enhancement in this cell
could potentially be extrapolated to the CD34" human bone marrow-derived
hematopoietic stem and progenitor cell. Therefore, spinoculation was evaluated for its

inclusion into the current transduction protocol utilized in our laboratory. Spinoculation
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was found to enhance the lentiviral transduction of K562 cells regardless of the inclusion
of a GFP or fVIII transgene. Similarly, the transduction of sca-1" cells was enhanced 2-
fold with the inclusion of a spinoculation step. However, when included into an in vivo
transplantation transduction protocol, spinoculation at 1000g for 2 hours diminished the
viability of the sca-1" cells as evidenced by a lack of hematopoietic reconstitution and
gene expression in the lethally irradiated mice. Although spinoculation improved
lentiviral transduction, the addition of a spinoculation step did not improve the

transduction protocol.

The studies presented in this chapter represent a series of attempts to overcome two of the
major hurdles present in the field of gene therapy. Lentiviral production limitations were
not able to be overcome by utilizing BHK-M cells as an alternative vector producing cell
line. In addition, the transduction protocol was unable to be improved in regards to
lentiviral transduction efficiency of the HSC. Silencing p21 did not enhance the
transduction efficiency of an HIV-based lentiviral vector. Spinoculation, although able to
enhance the percentage of cells infected by the lentiviral vector was unable to disrupt the
viability of the stem cell. Therefore, new methods are needed in order to overcome these
limitations confronted by the field of gene therapy such as that presented in the next

chapter.
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Chapter 4.
Pharmacologic Enhancement of Lentiviral

Transduction
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4.1— Introduction

Hematopoietic stem cells (HSCs) are an attractive cellular target for ex vivo gene therapy
applications for the correction of several inherited diseases. The reason for their
attractiveness is that HSCs have the ability to self-renew as well as differentiate into all
lineages of the hematopoietic system. In addition, the use of HSCs is well characterized
and these cells are routinely used clinically. However despite their appeal, limited
transduction efficiency has been observed in clinical trials (Cartier et al., 2009; Boztug et
al., 2010; Cavazzana-Calvo et al., 2010; DiGiusto et al., 2010). For example, in a recent
phase | clinical trial using HSC gene therapy to treat X-linked adrenoleukodystrophy,
CD34" cells modified with a self-inactivating (SIN) HIV-based lentiviral vector ex vivo
achieved genetic modification in only 9-14% of blood cells after transplant (Cartier et al.,
2009). Similarly, in a clinical trial for AIDS, transduction efficiencies were reported to
be as low as 1% vector copies per genome in engrafted CD34" cells (DiGiusto et al.,
2010). In many scenarios, especially one in which a growth advantage is not expected,

greater transduction efficiencies will be needed to achieve therapeutic potential.

Further complicating the issue of limited transduction, high titer viral preparations are not
always possible, especially in a scenario in which a large transgene or expression cassette
is being utilized. As insert size increases the lentiviral particles recovered by
ultracentrifugation have been shown to decrease (Kumar et al., 2001; Yacoub et al.,
2007). A prime example of this can be observed when considering gene therapy
applications for the treatment of hemophilia A (for review see Johnston et al, 2011).

Even after significant reductions in the size of the cDNA encoding fVIII, low viral titer
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has been observed (Radcliffe et al., 2008). This can limit the amount of virus available to
acquire desired multiplicity of infections (MOI) that may be necessary to achieve high
transduction efficiencies. Therefore, new strategies would be useful to maximize the

transduction efficiency of HSCs.

Multiple attempts have been made towards increasing lentiviral transduction through the
use of small molecules and cytokines. In addition, retronectin was shown to enhance the
transduction of c-kit" Lin" bone marrow cells 3-fold (Lee et al., 2009) and is thought to
act as a bridge for the co-localization of stem cells and viral particles. Small molecules
such as ABC transport inhibitors and proteasome inhibitors also have been used with
some success (Davis et al., 2004; Leuci et al., 2011). Both classes of compounds were
found to enhance lentiviral transduction of CD34" cells. Similar effects are observed
following pre-stimulation with cytokines (Santoni et al., 2006). However, a series of
comparisons were performed in order to determine an optimal clinically relevant
lentiviral transduction protocol using various cytokine combinations and concentrations
as well as combining pre-stimulation with the use of retronectin. Overall, low levels of

gene-modified cells were observed (Millington et al., 2009).

To overcome the transduction barrier, a high-throughput screen was performed to identify
compounds that enhance lentiviral transduction. Among the positive compounds
identified by the screen were camptothecin and etoposide, which have been shown
previously to be enhancers of lentiviral transduction (Groeschel and Bushman, 2005).

However, as topoisomerase inhibitors they also are known to cause DNA strand breaks



353

(Pommier et al., 2010). A potentially safer compound identified was phorbol 12-
myristate 13-acetate (PMA). PMA stimulates protein kinase C (PKC), a family of
closely related serine/threonine kinases involved in signal transduction pathways
regulating an array of cellular processes. The PKC family consists of 10 isoforms
classified into three subfamilies according to which secondary messengers are required
for PKC activation. Two of the subfamilies, the conventional (PKCa, PKCp;, PKCpy,
and PKCy) and novel PKCs (PKCos, PKCO, PKCg, and PKCn) require diacylglycerol
(DAG) for activation. PMA, an analog of DAG, activates isoforms in these two
subfamilies and associates at the same binding site as DAG in the C1 regulatory domain
(Stahelin et al., 2005) (Steinberg, 2008). In the current study, PMA was confirmed as a
positive enhancer of lentiviral transduction, enhancing the transduction of hematopoietic

cell lines and human CD34" cells.

4.2— Materials and Methods

Lentiviral VVector Production

SIV-based and HIV-based lentiviral vectors pseudotyped with VSVG were produced
from HEK-293T cells upon transient co-transfection utilizing polyethylenimine (6 pg PEI
/ 1 ug DNA) (Fisher Scientific, Pittsburg, PA). HIV-based lentiviral vectors were
manufactured utilizing the LentiMax production system which consists of a 2:1:1 ratio of
expression plasmid to packaging plasmids (expression plasmid:psPAX2:pVSVG). A
ratio of 1.3:1:1:1.6 of expression plasmid to packaging plasmids (expression
plasmid:pCAG4:pVSVG:pSIV) was used to manufacture SIV-based lentiviral vectors.

The media was replaced twenty-four hours after transfection with DMEM/F-12
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(Invitrogen Life Technologies, Carlsbad, CA) containing 10 % fetal bovine serum
(Atlanta Biologicals, Atlanta, GA) and 1 % penicillin / streptomycin (Mediatech,
Manassas, VA). No antibiotics were present during the time of transfection. For the
following three days, conditioned medium was collected from the HEK-293T viral
producing cells, passed through 0.45 pmol I filter and stored at -80°C until
concentration by velocity sedimentation upon centrifugation at 10,000 x g (4°C)
overnight. Viral pellets were resuspended in 1/100™ of the original volume of StemPro
media (Invitrogen life technologies, Carlsbad, CA), and filtered through a 0.22 pmol I
filter. Viral titer was assessed on HEK-293T cells with increasing vector volumes by
real-time quantitative PCR seventy-two hours after viral addition. Virus was stored in

1mL aliquots at -80°C.

High-throughput Screening

Compounds from the LOPAC*?®° library (Sigma, St. Louis, MO, USA) were screened in
384 well tissue culture treated clear bottom plates. Each well contained 10* K562 cells
cultured in phenol-red free DMEM/F-12 media. For each plate, two columns of sixteen
wells were used as a baseline for fluorescence containing only K562 cells and virus at an
MOI of 0.5. Another set of two columns was used as a positive control containing K562
cells transduced at an MOI of 5. The remaining wells contained K562 cells treated with
one compound per well three hours prior to viral addition. Compounds were added at a
concentration of 20 uM. Virus was added at an MOI of 0.5. The following day, media in
the wells was exchanged for fresh DMEM/F-12 supplemented with 10% fetal bovine

serum and 1% penicillin / streptomycin. Fluorescence intensity was assessed seventy-



355

two hours following viral transduction with the use of a fluorescent imager, the Image
Xpress. Compounds able to demonstrate a fold increase of 2.5 or higher than the average
fluorescence emitted from the baseline columns were identified as positive hits. The
positive hits were then confirmed utilizing ten different doses of the compound under the
same conditions as the initial screen. Doses ranged from 0.1 uM to 60 uM. Compounds
that were able to demonstrate a fold increase in fluorescence intensity a second time were

denoted as positive hits.

Culture, treatment and transduction of K562, EU1, BHK-M, HEK-293T, NIH-3T3 and

U937 cell lines

K562, EUl, BHK-M, HEK-293T, NIH-3T3 and U937 cell lines were cultured in
DMEM/F-12 supplemented with 10% FBS and 1% penicillin / streptomycin. Cells were
plated in twenty-four well tissue culture plates and treated with PMA (Fisher Scientific,
Pittsburg, PA). Prior to treatment, PMA was dissolved in DMSO to yield an initial
concentration of 10 mg mL™. Subsequent dilutions were performed in DMEM/F-12
supplemented with 10% FBS and 1% penicillin/streptomycin. Following a two hour
treatment with PMA, cells were transduced in minimal volume (300 pL) with a lentiviral
vector in the presence of polybrene (8 ng uL™). Transduction efficiency was assessed
seventy-two hours by flow cytometry unless otherwise noted. The percentage of GFP
positive cells was compared to the percentage of GFP positive cells from cells transduced

in the absence of PMA.
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Isolation, treatment and transduction of murine stem cell antigen-1" cells

The femurs and tibias of 8 to 10 week old exon 16-disrupted hemophilia A mice (as
previously described in Bi et al, 1995) were flushed with PBS supplemented with 2%
FBS. The flushed bone marrow was then subjected to positive immunomagnetic bead
selection using magnetic separation columns purchased from Miltenyi Biotec (Auburn,
CA\) as previously described (Gangadharan et al., 2006). The isolated sca-1* cells were
then assessed for purity by flow cytometry utilizing a Ly-6A/E antibody (clone E13-
161.7) conjugated to FITC (BD Pharmingen, San Diego, CA). The purity of the
population was found to be 96% positive for sca-1*. Upon confirmation, the sca-1* cells
were cultured at a density of 10° cells per mL in StemPro media supplemented with L-
glutamine (29ug mL™) and stimulated for three days with murine stem cell factor (100ng
mL™), murine interleukin-3 (20ng mL™), human interleukin-11 (100ng mL™), and human
FIt-3 ligand (100ng mL™). Following stimulation, sca-1* cells were plated onto a twenty-
four well tissue culture treated plate at a density of 2x10° cells per well and treated with
PMA for two hours. Sca-1" cells were then transduced in the presence of 8ng pL™
polybrene with a lentivirus containing the GFP transgene. Transduction efficiency was

assessed by flow cytometry seventy-two hours following transduction.

Isolation, treatment and transduction of CD34" cells

+

CD34" cells were purchased from AllCells (Emeryville, CA). Prior to arrival, CD34
cells were mobilized from human bone marrow and isolated from the peripheral blood of
3 individual subjects. Flow cytometry was used to assess the purity of the sample which

ranged between 97 and 99 percent of the population found to be positive for CD34. Cells
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were shipped over night on dry ice and upon arrival stimulated for 24 hours with
recombinant human Flt-3 ligand (300ng mL™), human recombinant stem cell factor
(300ng mL™), human recombinant thrombopoietin (100ng mL™), human interleukin-3
(60ng mL™). CD34" cells were cultured in GMP serum-free stem cell growth medium
(Cell Genix, Portsmouth NH) supplemented with 1% penicillin / streptomycin. After
stimulation, the purity of the population was confirmed by flow cytometry. Upon
confirmation, CD34" cells were cultured in a twenty-four well tissue culture treated plate
at 2x10° cells per well and treated with PMA for two hours prior to transduction. CD34*
cells were transduced in minimal volume (300 pL) and initially assessed for GFP
seventy-two hours following transduction by flow cytometry. The continued purity and
transduction efficiency of the CD34" cells was assessed up to twelve days following

transduction.

Colony-forming Unit Assay

Colony-forming cell assay was performed per manufacturer’s protocol (Stemcell
Technologies, MethoCult® H4035 Optimum without EPO). Briefly, a 10X
concentration (2x10* cells/mL) of CD34" cells was prepared in Iscove’s MDM with 2%
FBS. A total of 0.3 mL of 10X cell mixture was then added to 3 mL of MethoCult® and
mixed by vortexing. MethoCult®/cell mixture was allowed to sit for 5 minutes to allow
bubbles to rise followed by dispensing 1.1 mL onto 35 mm dishes in duplicate using a 16
gauge blunt-end needle. The methylcellulose was evenly distributed into the dish by
rotation and dishes were placed in a 100 mm culture dish alongside a third dish

containing sterile water to maintain proper humidity. Cultures were incubated at 37°C in
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5% CO? for 14-16 days for optimal CFC growth. CFU-GM colonies were counted at 5X
under an inverted microscope using a 60 mm gridded dish. GFP-positive colonies were

scored under fluorescence microscopy.

fVI11 Copy Number Analysis

Copy number analysis was performed as outlined in chapter 2. In short, were harvested
by centrifugation at 300g for 5 minutes and used to isolate total genomic DNA using the
DNeasy® Blood & Tissue Kit (QIAGEN, Valencia, CA). A quantitative PCR reaction
was performed utilizing primers specific for the high expressing chimeric fVIII
transgene. Ct values for each sample were compared to Ct values produced from plasmid
standards of known copy quantities. The equivalent copy number was then divided by
8333, the predicted number of diploid genome equivalents in 50 ng of DNA assuming a

haploid genome weight of 3 pg.

fVIII expression

fVIII expression was measured as previously outlined in chapter 2 from the supernatant
of cells. In short, the cells were cultured in serum-free media for 24 hours prior to the
activated partial thromboplastin reagent-based one stage coagulation assay. The analysis
was performed in duplicate for each supernatant on a ST art Coagulation Instrument
(Diagnostica Stago, Asnieres, France) in human fVIII-deficient plasma (George King
Biomedical, Overland Park, KS). The clot time for each sample was compared to a
standard curve based on dilutions of pooled normal citrated human plasma (George King

Biomedical, Overland Park, KS).
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Statistical analysis

All values are reported as mean = standard deviation. A student’s t-test was used for

comparisons between two groups. For comparisons between more than two groups, a

one way ANOVA was used. Significance was defined as a p value of less than 0.05.

4.3— Results
4.31— High-throughput screen identifies lead compounds

Protocol Optimization of a High-Throughput Screen

In collaboration with Emory’s Chemical Biology Discovery Center, a high-throughput
screen was performed to identify compounds that could enhance the lentiviral
transduction of hematopoietic cells. A library of 1280 pharmacologically active
compounds (LOPAC') was screened. This library was chosen because it covers the
major drug target classes and impacts most cellular processes. Although the screen was
performed to determine compounds that could enhance the transduction of HSCs, the
myeloid erythroid-leukemic K562 cell line was chosen as an initial indicator of enhanced
transduction, as K562 cells are less difficult to culture than the cytokine requiring murine
sca-1" or human CD34" cells. In addition, a lentivirus containing the GFP transgene was
used in order to assess transduction efficiency in a high-throughput manner with the use

of a fluorescent imager, the Image Xpress.

The screening protocol was optimized in regards to culturing conditions and endpoint

time frame. In order to determine the appropriate culturing condition, a range of K562
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cellular densities was tested in a 144 well tissue culture treated clear bottom plate. For
each density, cells were transduced with recombinant lentivirus (n = 6) at increasing
MOIs. Fluorescent intensity was then assessed seventy-two hours following transduction
and compared to nontransduced wells. As shown in Figure 4.1 A, the culture of 10* cells
per well produced the greatest separation in relative fluorescent intensity among wells
transduced with increasing MOls. Therefore the cellular density of 10* K562 cells/well
yielded an appropriate condition in which to measure transduction enhancement. In order
to assess the appropriate endpoint of the screen, 10* K562 cells were plated per well and
virus was added to each well at increasing amounts (n = 8). Transduction efficiency was
assessed at multiple time points after transduction. Well to well variability improved 72
hours following transduction as compared to an assessment at 48 hours (data not shown).
In this manner, an appropriate assay window was produced in order to assess enhanced
transduction as a fold-increase from the baseline of an MOI of 0.5 (Figure 4.1 A). Upon
identifying an optimal culturing condition and post transduction read out time for the
screen, a total cell image was taken with the use of a Hoechst dye. Minute holes were
found in the monolayer of K562 cells that may be the cause for variability among wells
(Figure 4.1 B). However a distinct difference in fluorescence is clearly noted between an
MOI of 0.5 and 4 (Figure 4.1 C). This obvious enhancement in fluorescence validates
the effectiveness of the screen in being able to determine enhanced transduction as a
result of the addition of more virus. It is postulated that a similar increase could be

observed as a result of the presence of a molecular compound that enhances transduction.
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Figure 4.1 Optimization of the high-throughput screening protocol. (A) In order to
identify the appropriate cell density at which to yield an appropriate assay window, K562
cells were plated at varying densities (n = 6) and transduced with MOIs increasing from
0 to 4. Fluorescence intensity was quantified seventy-two hours following transduction
with the use of a fluorescence imager, the Image Xpress. (B) Cells were stained with a
Hoechst dye. (C) Representative fluorescence microscopy image demonstrating

observable increases in GFP positive cells as a result of increasing MOI.
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High-Throughput Screen

The high-throughput screen was then performed in a tissue culture treated plate in which
10* K562 cells were plated per well. The compounds were added at a concentration of 20
puM three hours before viral addition at an MOI of 0.5. Media was exchanged the
following day and fluorescence was assessed seventy-two hours following transduction.
Fluorescence intensity was compared to baseline fluorescence intensity as determined in
the first two columns of the plate, which only contained K562 cells transduced at an MOI
of 0.5 (Figure 4.2 A). As a positive control, the last two columns of the plate were
transduced with 8-fold more virus to confirm increase in fluorescence intensity (Figure
4.2 A). Compounds that yielded a fold induction of 2.5 or higher over baseline
fluorescence were denoted as positive hits (for example, H22 and O5 of Figure 4.2 A)
while obvious autofluorescent compounds were not further analyzed (for example, L10 of
Figure 4.2 A). The screen was performed for both an SIV-based and an HIV-based
lentiviral vector. For the SIV-based lentiviral vector, thirty-four compounds were
identified that yielded a fold induction in fluorescent intensity of 2.5 or higher. Similarly,

thirty-two compounds were identified with the use of an HIV-based lentiviral vector.
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Figure 4.2 Visual representation of the high-throughput screen. (A) Sample
fluorescence microscopy image of 1 of 4 plates run during the high-throughput screen.
Columns are denoted numerically from 0 to 24. Rows are denoted alphabetically from A
to P. The first and last two columns did not contain test compounds. Columns 1 and 2
acted as a baseline from which to assess fold-induction in fluorescent intensity whereas
columns 23 and 24 contained K562s transduced with 10 times more virus (positive
control).  Well L10 represents an autofluorescent compound. Wells H22 and 05
represent compounds identified as positive hits yielding a fold induction greater than 2.5

from that of the first two column means.
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4.32— High-throughput screen identifies false positives

Forskolin: False positive

As an FDA approved drug, forskolin was included in the LOPAC*?® library. Forskolin
was initially identified as a positive hit of the high-throughput screen, which yielded a 6.8
fold induction in fluorescence. A 10-point dose response was then performed utilizing
the optimized K562 cellular culturing condition and the optimized endpoint time frame.
Forskolin was added at the indicated doses (Figure 4.3 A) 3 hours prior to viral
transduction at an MOI of 0.5. The results of the 10-point dose assay were promising in
that a similar fold induction (7-fold) in fluorescence was observed at 20 uM Forskolin,
the concentration used in the initial screen. In addition, a dose response was observed
indicating the potential of forskolin to enhance lentiviral transduction (Figure 4.3 A).
During the validation process, the assay was repeated in a twenty-four well tissue culture
treated plate and compared to the initial assessment performed at the screening center in
which a three hundred eighty-four well plate was used. K562 cells were plated at a
density of 10° cells/well and treated with the indicated doses of forskolin in triplicate. An
SIV-based lentiviral vector containing a GFP transgene was added to each well at an
MOI of 0.5. The percentage of GFP positive K562 cells was quantified by flow
cytometry seventy-two hours following viral transduction. However despite the initial
observation of forskolin-induced enhanced transduction in a high-throughput format, an
increase in GFP positive cells was not able to be reproduced (Figure 4.3

B).



365

20

16 - /

12 ./

Fold Induction

0.1 : 10 100
Forskolin (uM)

50

40 1 S

% GFP

204

Lanmifnd o

1 10 50 100 500 MOIS DMSO
Forskolin (uM) ctr

Figure 4.3 Forskolin as an example of a false positive identified from the high-
throughput screen. (A) A 10-point dose response curve was performed in the screening
center. K562 cells were plated at a cell density of 10* cells/well and treated with
forskolin at the indicated concentrations for 3 hours prior to viral addition (MOI of 0.5).
(B) To validate the 10-point dose response a second dose response analysis was
performed utilizing the same concentrations as the screening center with the addition of
500 uM forskolin (n = 3). A twenty-four well plate was seeded with K562 cells at a

density of 10° cells/well and treated with forskolin at the indicated concentrations and
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transduced at an MOI of 0.5. Transduction efficiency was assessed by flow cytometry
seventy-hours following viral addition. A DMSO control was added in which the
maximum amount of DMSO (used to solubilize forskolin) present in the highest dose of

forskolin was added prior to viral addition.
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SB 205384: False Positive

The high-throughput screen included the GABAA, partial agonist, denoted as SB 205384.
Initially, SB 205384 yielded a fold induction of 7.5 in fluorescence intensity as compared
to the control wells transduced in the absence of compound. The 10-point dose response
curve performed at the screening center suggested that the enhancement seen in
transduction with SB 205384 on K562 cells had yet to be observed at its fullest (Figure
4.4 A). Therefore, greater concentrations of SB 205384 were tested on K562 cells plated
in a 24 well plate at a density of 10° cells/well. K562 cells were treated with SB 205384
at the indicated concentrations (Figure 4.4 B - C). Minimal virus was added to each well
either in the presence (Figure 4.4 B) or absence (Figure 4.4 C) of polyberene.
Transduction was assessed seventy-two hours later by flow cytometry. Although
concentrations greater than 100 pM were used no enhancement in transduction was
observed (Figure 4.4 B - C). The enhancement in transduction observed at the screening

center was unable to be repeated identifying SB 205384 as a false positive.
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Figure 4.4 SB 205384: a false positive identified from the high-throughput screen.
(A) In the screening center, a 10-point dose response curve of SB 205384 was performed
in order to verify SB 205384 as a positive hit. As previously described above, 10* K562
cells were plated per well and treated with SB 205384 at the indicated concentrations for
3 hours prior to viral addition (MOI of 0.5). Fluorescence intensity was measured using
the Image Xpress seventy two hours later in which the treated wells were compared to the
non-treated wells. (B) Similarly, SB 205384 was analyzed in the Spencer laboratory in a
dose dependent manner utilizing the same concentrations as the screening center with the
addition of 150 and 300 uM SB 205384. Virus was added immediately following
compound addition either in the presence or (C) absence of polybrene. Transduction
efficiency was assessed by flow cytometry seventy-two hours following viral addition.

Cytosine-1-B-D-arabinofuranose hydrochloride: False positive
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Cytosine-1-B-D-arabinofuranose hydrochloride was denoted as a positive hit from the
screen yielding a 3.1 fold induction in fluorescence intensity from the baseline
fluorescence observed from the non-treated wells of the high-throughput screen. The
compound was included in the LOPAC screen as an FDA approved drug. Clinically,
cytosine-1-fB-D-arabinofuranose hydrochloride is used to treat leukemia. As a pyrimidine
analog, cytosine-1-p-D-arabinofuranose hydrochloride becomes incorporated into the

DNA during synthesis and inhibits cycling through the S phase resulting in apoptosis.

Following the initial high-throughput screen, a 10-point dose response analysis on
cytosine-1-B-D-arabinofuranose hydrochloride was performed at the screening center.
Fluorescence intensity was increased in a fold dependent manner from the baseline
fluorescence of non-treated wells at concentrations up to 15 puM (Figure 4.5 A).
Concentrations of cytosine-1-B-D-arabinofuranose hydrochloride higher than 15 puM
demonstrated a decrease in fluorescence intensity. For this reason, lower concentrations
were used to verify cytosine-1-B-D-arabinofuranose hydrochloride as an enhancer of
lentiviral transduction in the Spencer laboratory. Cytosine-1-B-D-arabinofuranose
hydrochloride was added to K562 cells plated in a 24 well plate at a density of 10° cells /
well at the indicated concentrations (Figure 4.5 B - C). Minimal virus was added the
treated and non-treated K562 cells immediately following treatment either in the presence
(Figure 4.5 B) or absence (Figure 4.5 C) of polyberene. The enhancement observed at
the lower concentrations of the 10-point dose response analysis performed at the

screening center was not able to be repeated.
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Figure 4.5 Cytosine-1-g-D-arabinofuranose hydrochloride: a false positive of the
high-throughput screen. (A) The result of a 10-point dose response assay performed at
the screening center for the compound Cytosine-1-B-D-arabinofuranose hydrochloride.
The analysis was performed on K562 cells (plated at a density of 10* cells/well) treated
with the indicated concentrations for 3 hours prior to viral addition (MOI of 0.5). The
Image Xpress was used to determine fold induction in fluorescence intensity seventy-two
hours after viral addition. (B) Cytosine-1-pB-D-arabinofuranose hydrochloride was
evaluated in a similar fashion in the Spencer laboratory. K562 cells were plated in 24
well plates at a density of 10° cells/well and treated at concentrations similar to those
used by the screening center (n = 2). Transduction was assessed by flow cytometry

seventy-two hours after viral addition in the presence or (C) absence of polybrene.
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4.33— High-throughput screen identifies previously confirmed enhancers

Camptothecin: True positive

Camptothecin, etoposide, and taxol were also identified from the screen as positive hits
yielding a fold increase in fluorescent intensity of 3.2, 2.6, and 2.7 respectively.
Encouragingly, all 3 compounds were previously shown to enhance the transduction of
HEK-293T and HelLa cells (Groeschel and Bushman, 2005). In the current study,
camptothecin was confirmed as an enhancer of lentiviral transduction of HEK-293T cells.
Increasing concentrations of camptothecin were added to HEK-293T cells while
simultaneously being transduced with an SIV-based lentiviral vector containing a GFP
transgene. Each concentration was performed in triplicate. Transduction efficiency was
determined seventy-two hours following transduction by quantifying the percent of GFP
positive cells by flow cytometry. As observed by Groeschel and Bushman (2005),
transduction efficiency peaked at 0.4 uM camptothecin (Figure 4.6 A). Higher
concentrations of camptothecin resulted in diminished transduction efficiency, which
may be a result of toxicity to the cells. Camptothecin was found to inhibit cell division at
concentrations as low as 3 nM (Figure 4.6 B), which is likely due to cell cycle arrest in

the G2/M phase (Groeschel and Bushman, 2005).

In addition to confirming a previous report identifying camptothecin as a positive
enhancer of HEK-293T cell lentiviral transduction, K562 cells were analyzed in order to
validate camptothecin as a positive effector of transduction of hematopoietic cells. A
similar protocol was performed in which increasing concentrations of camptothecin were

added to the cells in triplicate while being transduced with identical amounts of lentiviral
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vectors. In this analysis, both HIV and SIV-based lentiviral vectors were used. Similar
transduction efficiency curves were noted for both lentiviral vectors. K562 cells yielded
a peak in transduction efficiency at 0.08 uM (Figure 4.6 A). An inhibition in cellular
division as a result of camptothecin was observed with K562 cells as was observed with
HEK-293T cells (Figure 4.6 C). Because camptothecin and other cytotoxic agents
identified in the screen induce DNA damage, they are not considered ideal compounds

for clinical use.
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Figure 4.6 Camptothecin enhances lentiviral transduction. (A) In a twenty-four well

plate, K562 cells were plated at a density of 10° cells/well and treated with the indicated

doses of camptothecin (n = 3). K562 cells were transduced with either an SIV-based
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(solid squares) or HIV-based (open triangles) lentiviral vector at an MOI of 5. In the
same manner, 5x10* HEK-293T cells were plated in a twenty-four well plate twenty-four
hours prior to transduction yielding approximately 10° cells/well (solid circles). The
percentage of GFP positive cells was assessed by flow cytometry seventy-two hours
following transduction. (B) HEK-293T cell counts were performed throughout the
experiment in which only viable cells were counted after Trypan Blue staining. (C)

Viable K562 cell counts were obtained up to 3 days after treatment with camptothecin.
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4.34— Enhancement of the Positive Hit, PMA is cell dependent

PMA as an enhancer of K562 lentiviral transduction

PMA is an analog of diacylglycerol and is able to bypass the signal transduction pathway
leading to PKC activation. PMA was identified from the SIV-based screen as an
enhancer of lentiviral transduction and yielded the highest increase in fluorescence
intensity observed, which was a 10 fold-increase from the baseline fluorescence. The
compound was confirmed as a positive enhancer of lentiviral transduction in a 10-point
dose response testing assay. At high nanomolar concentrations, a morphological change
is evident (Figure 4.7 A), similar to that previously reported (Papayannopoulou et al.,
1982). Decreasing the concentration of PMA to 2.5 nM diminished this effect (Figure
4.7 A). In addition, at the lower doses of PMA a dose response was observed indicating
the potential of PMA to enhance lentiviral transduction. This was observed with both the
use of an SIV-based (Figure 4.7 B) and an HIV-based lentiviral vector (Figure 4.7 C).
Although no morphological change occurs with PMA treatment at 2.5 nM, a 3.5-fold
enhancement in transduction is apparent (Figure 4.7 B). Cell proliferation was found to
be halted in a dose-dependent manner being completely inhibited at 2.5 nM and higher
concentrations (Figure 4.7 D). In addition, a time course analysis was performed in
order to determine an optimal time at which to add virus after PMA incubation. Virus
was added either simultaneously or after a 2, 4, 8, 24 or 48 hour incubation. The analysis
was performed under similar culturing conditions in triplicate. Consistently, a 2 hour
pre-incubation yielded the greatest enhancement in viral transduction as apparent by the
percentage of GFP positive cells determined by flow cytometry seventy-two hours

following transduction (Figure 4.7 E).
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Figure 4.7 PMA enhances lentiviral transduction of K562 cells. (A) Representative
microscopy images reveal a morphological change in K562 cells occurring in a dose-
dependent manner with PMA treatment. (B) K562 cells were plated at 10° cells/well in a
twenty-four well plate and treated with PMA at the indicated doses (n = 3) prior to

transduction with either an SIV-based or an (C) HIV-based lentiviral vector at an MOI of
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0.5. Seventy-two hours post-transduction was assessed by flow cytometry of GFP
positive cells. As a positive control, virus was added at an MOI of 5 to the K562 cells in
the absence of PMA. (D) Viable cell counts were performed up to 3 days after PMA
treatment utilizing a Trypan Blue exclusion assay. (E) In the same manner, a time course
analysis was performed in which K562 cells were treated with 162 nM PMA for the
indicated hours prior to transduction with an SIV-based lentiviral vector. Transduction

efficiency was assessed seventy-two hours later.
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PMA enhances lentiviral transduction of EU1 cells

A second human hematopoietic cell line, EUL cells, which are derived from a B cell
acute lymphoblastic leukemia, was analyzed for the effect of PMA. Cells were plated in
a twenty-four well tissue culture treated plate at a density of 10° cells/well and transduced
at an MOI of 5. The analysis was performed with both an SIV-based and an HIV-based
lentiviral vector. The cells were treated with PMA at the indicated dose (Figure 4.8 A) 2
hours prior to transduction and compared to cells transduced under the same conditions in
the absence of PMA. Flow cytometry was performed seventy-two hours following
transduction in which the percentage of GFP positive cells was quantified. Non-
transduced cells cultured in the presence of PMA were also analyzed as a negative
control.  Fluorescence microscopy images taken seventy-two hours following
transduction demonstrated morphologically unchanged EU1 cells following culture with
PMA up to 25 nM and an enhancement in GFP positive EUL cells was observed by
fluorescent microscopy (data not shown). The enhancement in lentiviral transduction of
EU1 cells treated with PMA was confirmed by flow cytometry (Figure 4.8 A). Using an
SIV-based lentiviral vector, transduction of EU1 cells was enhanced almost 3-fold
yielding a percentage of GFP positive cells greater than that achieved by adding three
times the amount of virus (Figure 4.8 A). The percentage of GFP positive cells
increased from an average of 43% in the absence of PMA to 75% in the presence of PMA
when an HIV-based lentiviral vector was used (Figure 4.8 B). As was apparent with
K562 cells, EU1 cell proliferation was inhibited by PMA in a dose-dependent manner

(Figure 4.8 C).
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Figure 4.8 PMA enhances the transduction of EU1 cells. (A) EUL cells were treated
with PMA at the indicated doses after being plated at 10° cells/well in a twenty-four well
plate (n = 3). Transduction was performed 2 hours later at an MOI of 5 with an SIV-
based or an (B) HIV-based lentiviral vector. Transduction efficiency was quantified by
determining the percentage of GFP positive cells seventy-two hours after transduction by
flow cytometry. (C) Viable cell counts were performed throughout the assay up to three

days after PMA treatment by a Trypan Blue exclusion assay.
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PMA enhances the transduction of a lentiviral vector containing a high-expressing fVIl1I

transgene

A high-expression B domain deleted human/porcine fVIII hybrid was previously used to
effectively cure a murine model of hemophilia A using HSC transplantation gene therapy
(Doering, 2009). This high-expressing fVIII transgene was incorporated into an HIV-
based lentiviral vector (Figure 4.9 A) and used in this study to assess the enhancement
properties of PMA with the use of a therapeutic transgene. K562 cells were plated at a
density of 5x10° cells per well of a twenty-four well plate and transduced at an MOI of 5
(n = 3). The K562 cells were transduced following a 2 hour PMA incubation and
compared to K562 cells not transduced in the presence of PMA. Media was exchanged
twenty-four hours prior to a one-stage coagulation assay which was performed 12 days
following transduction. FVIII activity was significantly greater from K562 cells treated
with 10 nM PMA prior to transduction (p = 0.002) (one way ANOVA)(Figure 4.9 B).
DNA was isolated from the transduced cells and assessed for vector copies per genome
by qPCR. Enhanced transduction was noted for K562 cells treated with 10 nM PMA
prior to transduction as shown by an increase in vector copies per genome (p = 0.003)

(one way ANOVA)(Figure 4.9 C).
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Figure 4.9 PMA enhances the transduction of a lentiviral vector encoding a high-
expressing fVIII transgene. (A) Schematic representation of the HIV-based lentiviral
vector utilized to transduce K562 cells. (B) fVIII expression was quantified by an aPTT
reagent-based one-stage coagulation assay. Twenty-four hours prior to isolation, the
conditioned media was exchanged for serum-free AIM-V in order to assess the fVIII
activity. Bars represent the mean + the standard deviation of three transduced wells with

each well measured in duplicate. (C) DNA was isolated twelve days following
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transduction and assessed for integrated vector copies per genome by gPCR. Bars
represent the mean * the standard deviation of 3 transduced wells measured in duplicate.
A one way ANOVA was utilized to determine the significance between groups treated
with and without PMA.

Abbreviations: HPFVIIL, high expressing porcine/human chimeric fVIII; EF1a,

elongation factor la.
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The effect of PMA on U937, HEK-293T, NIH-3T3 and BHK cell lentiviral transduction

A panel of cell lines was assessed for the effect of PMA on lentiviral transduction.
Included in the panel was a third hematopoietic cell type, the U937 cell line originating
from a monocytic lymphoma.  As with the K562 and EU1 cell lines, 10° cells were
transduced per well in a twenty-four well tissue culture treated plate. The analysis was
performed with both an SI1V-based (MOI of 5) and an HIV-based lentiviral vector (MOI
of 1). The cells were treated with PMA at the indicated dose (Figure 4.10 A) 2 hours
prior to transduction and compared to cells transduced under the same conditions in the
absence of PMA. Flow cytometry was performed seventy-two hours following
transduction in which the percentage of GFP positive cells was quantified. Non-
transduced control cells cultured in the presence of PMA were also analyzed as a
negative control. No enhancement was noted even upon increasing the concentration of
PMA to 700 nM. This observation was noted with both SIV and HIV-based lentiviral
vectors (Figure 4.10 A). Despite the lack of enhancement, cell proliferation was

inhibited over time in a dose-dependent manner (data not shown).

Three adherent cell lines were also included in the panel to be analyzed. HEK-293T
(human embryonic kidney cells), NIH-3T3 (mouse fibroblasts) cells, and BHK (baby
hamster kidney cells) were plated at a density of 2.5x10* cells per well of a twenty-four
well tissue culture treated plate a day prior to transduction. Cells approached 5x10* the
following day and were transduced at an MOI of 0.5 with either SIV or HIV-based
lentiviral vectors. Cells were treated with the indicated doses of PMA two hours prior to

transduction. Transduction was assessed by fluorescence microscopy and quantified by
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flow cytometry seventy-two hours after transduction. The percentage of GFP positive
cells as compared to those cells transduced with a lentivirus in the absence of PMA. No
enhancement was observed upon addition of PMA in HEK-293T cells transduced with an
SIV-based or an HIV-based lentiviral vector (Figure 4.10 B). A similar observation was
apparent for NIH-3T3 cells (Figure 4.10 C). As expected, the transduction efficiency of
BHK cells was less than that observed with HEK-293T and NIH-3T3 cells at the same
MOI. The percentage of GFP positive cells following PMA treatment was not enhanced
in BHK cells with either SIV-based and HIV-based lentiviral vectors (Figure 4.10 D). In
addition, proliferation of HEK-293T, NIH-3T3 or BHK cells was not inhibited in the

presence of PMA (data not shown).
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Figure 4.10 Assessment of the effect of PMA on a panel of cell lines. (A) U937 (B)

HEK-293T (C) NIH-3T3 and (D) BHK-M cells were treated with the indicated doses of

PMA. Two hours later, the cells were transduced with either an SIV-based or an HIV-

based lentiviral vector (n = 3). Transduction efficiency was assessed by flow cytometry

seventy-two hours after transduction.
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PMA effect on murine stem cell antigen-1" cells

Murine preclinical models of genetic disease are common. Sca-1" cells represent the
HSC early and late progenitor population. PMA was tested on sca-1" cells isolated from
the tibia and femurs of C57BL/6 mice. Sca-1" cells were stimulated with cytokines for 3
days. Cell counts during stimulation showed cell growth indicative of typical sca-1" cell
functioning (data not shown). Following stimulation, 2x10° cells were plated per well of
a twenty-four well tissue culture treated plate and treated with PMA at the indicated
doses 2 hours prior to transduction. The percentage of GFP positive cells was quantified
by flow cytometry seventy-two hours later. Despite increasing the concentration of PMA
to 1 uM, no enhancement was observed with sca-1" cells transduced with an SIV-based
lentiviral vector in the presence of PMA as compared to those cells transduced in the
absence of PMA (Figure 4.11 A). A similar observation was noted with the use of an
HIV-based lentiviral vector (data not shown). In addition, no inhibition of cell

proliferation was observed at concentrations up to 100 nM (Figure 4.11 B).
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Figure 4.11 Lack of PMA effect on murine hematopoietic stem and progenitor cells.

(A) Sca-1" cells isolated from the femurs and tibias of C57BL/6 mice werestimulated

with cytokines for 3 days prior to PMA treatment. Sca-1" cells were treated with PMA at

the indicated doses for a total of 2 hours prior to viral transduction at an MOI of 5 with an

SIV-based lentiviral vector encoding GFP (n = 3).

Transduction efficiency was

quantified seventy-two hours following transduction by flow cytometry. (B) Viable cell

counts were obtained up to 2 days following PMA treatment utilizing a Trypan Blue

exclusion assay.
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PMA effect on bone marrow-derived CD34" cells

The most important clinical target to be evaluated in the presence of PMA is the CD34"
cell population which includes hematopoietic stem and early progenitor cells. Similar
protocols as above were used to assess the effect of PMA on CD34" cells mobilized and
isolated from human peripheral blood. CD34" cells were plated in twenty-four well
tissue culture treated plate at a density of 2x10° cells per well. Following a 2 hour
incubation with PMA at the indicated doses, cells were transduced with either an SIV-
based or an HIV-based lentiviral vector at an MOI of 20. Transduction efficiency was
initially assessed seventy-two hours following transduction and quantified by flow
cytometry. With both an SIV (Figure 4.12 A) and HIV-based lentiviral vector (Figure
4.12 B), the percentage of GFP positive cells was increased from 5% to greater than 20%
in the presence of PMA. A significant enhancement in lentiviral transduction was
observed at as low as 1 nM PMA (Figure 4.12 A-B). Initial assessments were performed
at seventy-two hours, however prolonged culture revealed similar percentages of GFP
positive cells 5 days after transduction (Figure 4.12 C). In order to assess longer term
transgene expression, the CD34" cells were cultured for a total of 2 weeks. Over time,
the percentage of CD34" cells positive for GFP was found to have diminished. Yet the
fold-induction as a result of PMA treatment was preserved (Figure 4.12 D). In addition,
CD34" cells were found to retain the CD34 and CD45 markers after culture with PMA.
Flow cytometry was performed seventy-two hours after the cells were transduced with
the HIV-based lentiviral vector. Cells not treated with PMA were 97.2% positive for
CD34 and CD45 while cells treated with PMA were found to be 95.6% (0.1 nM PMA)

and 93.0% (1 nM PMA) positive for both markers (Figure 4.12 E). In regards to cellular
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proliferation, PMA was found to inhibit cellular proliferation of CD34" cells over the
expanse of 4 days (Figure 4.12 F). In addition, CD34" cells were transduced with a
clinical grade HIV-based lentiviral vector following a 2 hour incubation with 1nM PMA.
CD34" cells treated with PMA were found to exhibit colony forming units (CFU) 2-fold
greater than those cells not treated with PMA however this is in the range of standard
error as outlined in the manufacturer’s protocol (Figure 4.12 G). Total DNA was
extracted from the colonies and analyzed for copy number by real-time quantitative PCR
utilizing primers that bind to the rev responsive element of HIV. In the absence of PMA,
the copies/cell averaged 0.06 whereas the number of copies/cell for the PMA treated

colonies averaged 0.29.
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Figure 4.12 PMA enhances lentiviral transduction of CD34" cells. (A) Mobilized

CD34" cells isolated from human peripheral blood were treated with PMA at the
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indicated doses for 2 hours prior to viral addition at an MOI of 20 with an SIV-based and
(B) an HIV-based lentiviral vector (n = 3). The percentage of GFP positive cells was
quantified seventy-two hours after transduction assessing transduction efficiency in the
presence of PMA. The persistence of gene modification was assessed by flow cytometry
5 (C) and 13 days (D) following PMA treatment. Anti-CD45 antibody conjugated to
APC-CY’ was used to identify the population. (E) The persistence of CD34 and CD45
markers was assessed by flow cytometry seventy-hours following PMA treatment. Anti-
CD34 antibody conjugated to PE-Cy7 was used. (F) Viable cell counts were performed
up to 4 days following PMA treatment by a Trypan Blue Exclusion assay. (G) In
addition, the appearance of CFUs was quantified from CD34" cells transduced with a
clinical grade HIV-based lentiviral vector encoding a codon-optimized GFP transgene.

Fluorescence microscopy was used to determine genetically-modified colonies.
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4.35— Mechanism for PMA effect on K562 cells

As a phorbol ester, PMA binds to the C1 domain of PKC resulting in PKC translocation
and activation (Stahelin et al., 2005; Steinberg, 2008). Eight PKC isoforms are activated
by PMA and have been implicated in an array of cellular processes. The lack of
enhanced lentiviral transduction in HEK-293T, NIH-3T3, BHK, U937 and sca-1+ cells
may be due to the different PKC isoform found in these cells as compared to those found
in K562, EU1 and CD34" cells. However, PMA may be acting on more than just PKC.
Approximately 50 amino acids located in the C1 domain are responsible for PMA/DAG
binding (Ono et al., 1989; Kazanietz et al., 1994, 1995; Quest et al., 1994). These amino
acids have been found to constitute similar C1 domains on nonkinase phorbol ester
receptors which include chimaerins (a family of Rac GTPase activating protins),
RasGRPs (exchange factors for Ras/Rapl), and Muncl3 isoforms (scaffolding proteins
involved in exocytosis) (Ron and Kazanietz, 1999; Kazanietz, 2000). Further analysis is

needed to assess the mechanism by which PMA is enhancing lentiviral transduction.

Enhanced Transduction as a result of DNA damage

To access DNA damage as a result of PMA treatment, DNA fragmentation was measured
by a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) method.
By this method, a free 3’-hydroxyl residue generated during DNA fragmentation is
labeled by a biotinylated nucleotide via the enzyme terminal deoxynucleotidyl
transferase.  The biotinylated nucleotides are then quantified with the use of a

streptavidin-FITC conjugate by flow cytometry.
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In this manner, K562 cells were treated with PMA for 6, 4, 2 or zero hours prior to
enzyme and biotinylated nucleotide addition. As a positive control, K562 cells were
treated with nuclease for thirty minutes to generate DNA breaks in every cell.
Immediately following the labeling reaction, flow cytometry was performed in order to
quantify the amount of incorporated biotinylated nucleotides at the site of a DNA nick
with the use of a streptavidin-FITC conjugated antibody. Extensive DNA fragmentation
was observed in the nuclease treated K562 cells, in that seventy-six percent were positive
for FITC (Figure 4.13). However, less than 1% of the K562 cells treated with PMA
were found to be positive for FITC. In addition, no significant difference was observed
between the PMA treated and non-treated K562 cells (Figure 4.13). Therefore, breakage

in the DNA does not appear to be increased as a result of PMA treatment.
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Figure 4.13 Assess of DNA fragmentation as a result of PMA treatment. A TUNEL
assay was performed in order to quantify the amount of DNA nicks present as a result of
PMA treatment. K562 cells were plated at a density of 10° cells / well in a 6 well plate
and treated with 10nM PMA at the indicated times (n = 4). Cellular pellets were acquired
and fixed with a 3.7% formaldehyde solution. DNA nicks were labeled with biotinylated
nucleotides by the enzymatic activity of terminal deoxynucleotidyl transferase. As a
mock control, the terminal deoxynucleotidyl transferase enzyme was omitted.
Quantification of the incorporated nucleotides was performed with the addition of a
streptavidin-FITC antibody measured by flow cytometry. In addition to the mock
control, a subset of K562 cells was treated with nuclease prior to the labeling reaction as
a positive control in order to fragment the DNA. Non PMA-treated K562 cells were

utilized as a baseline for comparison.
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Enhanced Transduction as a result of PKC activation

In order to assess the involvement of PKC in the transduction enhancing process of PMA
on K562 cells, a PKC inhibitor was utilized. Calphostin C targets the regulatory domain
of PKC inhibiting translocation and activation. With an 1Csq of 50nM, K562 cells were
treated with calphostin C (50nM) for 4 hours prior to PMA addition (10 nM). Two hours
following PMA addition, an SIV-based lentivirus encoding the GFP transgene was used
to transduce the treated K562 cells at an MOI of 0.5. Flow cytometry was performed
seventy-two hours later to assess transduction efficiency. The average percentage of
K562 cells positive for GFP as a result of PMA treatment averaged 76.9 percent while
K562 cells pretreated with 50 nM calphostin C prior to PMA treatment averaged 45.4
percent. A significant reduction in the enhancement achieved by the addition of PMA
was inhibited following calphostin C treatment at 50 nM (Figure 4.14 A). This suggests
that PKC is involved in the mechanism whereby which PMA enhances lentiviral
transduction in K562 cells. To determine which isoform of PKC was involved, inhibitors
selective for PKC isoforms were utilized in the same manner as calphostin C. K562 cells
were treated with the inhibitors for 4 hours prior to PMA treatment for 2 hours. After
treatment, cells were transduced with a GFP containing lentivirus at an MOI of 0.5.
Transduction was determined seventy-two hours after viral addition by flow cytometry.

(Figure 4.14 B)
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Figure 4.14 Use of a PKC inhibitor as a means to determine the mechanism whereby
which PMA enhances the lentiviral transduction of K562 cells. (A) K562 cells were
treated with the 50 nM calphostin C for 4 hours prior to PMA treatment at 10 nM. An
SIV-based lentiviral vector encoding a GFP transgene was used to transduce the K562
cells at an MOI of 0.5 two hours following PMA treatment. Transduction efficiency was
assessed by flow cytometry seventy-two hours after viral addition. In the same manner,
K562 cells were treated with selective inhibitors specific for the (B) B2 (N-(2-ethyl-2H-
1,2,3-triazol-4-yl)-2-[4-(4-methoxypyrimidin-2-yl)-1H-pyrazol-1-yl]lacetamide) isoform
and (C) the A (1-(3-methylphenyl)-5-{[(2-methylphenyl)amino]methylene}-2-
thioxodihydro-4,6(1H,5H)-pyrimidinedione) isoform of PKC for 4 hours prior to PMA

treatment at 10 nM.
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Assessment of LEDGF expression as a result of PMA treatment

HIV infection has been found to be expedited by the transcriptional co-activator
identified as the lens epithelium-derived growth factor (LEDGF). LEDGF interacts with
the lentiviral integrase facilitating integration of the transgene into the genome of the
target cell. LEDGF contains a zinc-finger in the N-terminal region of the protein which
has been determined to bind to cellular DNA. Despite as the name infers, LEDGF is
ubiquitously expressed at all stages of life (Nishizawa et al., 2001). Yet its role in
development is significant, being that mice born with an inactivated LEDGF gene die
perinatally upon experiencing severe skeletal abnormalities (Sutherland et al., 2006).

However, the complete biological function of LEDGF remains unknown.

LEDGF expression was evaluated in the context of PMA due to a report demonstrating
LEDGF interaction with HIV integrase. In this manner, LEDGF directs viral integration
into the genome more efficiently (Ciuffi, 2008; Shun et al., 2008). Thus K562 cells were
treated with PMA and assessed for the levels of LEDGF protein by Western blot analysis.
LEDGEF protein levels were not increased in K562 cells as a result of PMA treatment
(Figure 4.15 A-B). This suggests that an enhancement in lentiviral transduction as a

result of PMA treatment is not due to increased levels of LEDGF.
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Figure 4.15 Western Blot detecting LEDGF levels following PMA treatment. (A)
K562 cells were treated with PMA (10 nM) and harvested 12 hours later for protein.
Protein concentration was analyzed by a BCA assay. Equivalent amounts of protein (75
Hg) were added to each lane of an SDS-PAGE gel. Following transfer to a 0.2 micron
membrane, LEDGF and B-actin levels were detected by a chemiluminescent Western
Blot. (B) The p75 LEDGF and B-actin bands were quantified using ImageJ. The p75

LEDGF band was normalized to (3-actin as graphically. A t-test was utilized to determine

significance.
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4.4— Discussion

Limiting transduction of hematopoietic stem cells has been observed clinically with the
use of lentiviral vectors (Cartier et al., 2009; Boztug et al., 2010; Cavazzana-Calvo et al.,
2010; DiGiusto et al., 2010). This obstacle is compounded among other things by the
loss of modified cells after transplantation. This was observed in a previous HSC gene
therapy phase | clinical trial designed to treat X-linked adrenoleukodystrophy. Prior to
transplantation, 50% of the CD34" population was genetically modified, but only 9-14%
of blood cells were found to be positive after transplantation (Cavazzana-Calvo et al.,
2010). This discrepancy could either be a result of culturing parameters ex vivo that may
significantly reduce the repopulation potential of CD34" cells (Kustikova et al., 2009) or
due to the difficulty surrounding the transduction of pure HSCs as opposed to
differentiated progenitor cells in the CD34" population. Enhancing the transduction of
HSCs would prove beneficial for many gene therapy applications that utilize HSCs for

gene delivery.

A library of 1280 pharmacologically active compounds was screened for the purpose of
identifying enhancers of SIV and HIV-based lentiviral transduction. One apparent
shortcoming of the performed high-throughput screen would be that the LOPAC?*°
library was not entirely inclusive. The proteasome inhibitor, MG132, was not a part of
the library and thus not included in the screen despite the previous demonstration of
MG132 to enhance lentiviral transduction of CD34" cells and T lymphocytes (Leuci, et
al., 2011). Camptothecin, etoposide and taxol, on the other hand, were included in the

LOPAC™® library. All three compounds have been previously identified to enhance the
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transduction of an HIV-based lentiviral vector (Groeschel and Bushman, 2005). In the
high-throughput screen, these 3 compounds were noted as positive hits. However,
validation of camptothecin as a positive hit independent of the high-throughput screen
showed an enhancement in the transduction of K562 cells with both a SIV and an HIV-
based lentiviral vector. Thus camptothecin represents a false negative of the HIV-based
lentiviral vector screen. Therefore, false negatives are an issue for identifying
compounds with the use of a high-throughput screen as well as false positives, such as

described for forskolin, SB 205384 and cytosine-1-f-D arabinofuranose hydrochloride.

Despite the ability of camptothecin or other topoisomerase inhibitors to enhance lentiviral
transduction, these compounds are not ideal for clinical use because they induce DNA
damage (Pommier et al., 2010). Therefore, our focus was on non-DNA damaging agents
such as PMA. PMA, another positive hit from the high-throughput screen, represents a
potentially safer compound than topoisomerase inhibitors. Initial assessment was
performed with K562 cells in which a 4-fold increase in modified cells was apparent
when culturing with PMA prior to transduction. This increase was achieved at a
concentration as low as 2.5 nM PMA, where no morphological change was evident
(Papayannopoulou et al., 1983). On the other hand, inhibition of cellular proliferation, on

the other hand, was observed at 2.5 nM PMA.

In addition to enhancing the transduction efficiency of K562 cells, PMA also enhanced
the transduction of the human hematopoietic cell line, EU1. EUL cells are derived from

the lymphoid lineage as opposed to K562 cells which are of the myeloid lineage. Once
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again, an inhibition of cellular proliferation was apparent following PMA treatment,
suggesting that inhibition of the cell cycle might be a method whereby PMA is exhibiting
its effects. This is consistent with the observation that G,/M arrest was responsible for
the increased efficiency of HIV infection in HEK-293T, HeLa and IMR90 cells treated
with camptothecin (Groschel and Bushman, 2005). The exact method whereby arresting
cellular proliferation results in a favorable cellular condition for lentiviral gene transfer is
unknown. Transduction could be enhanced at one or possibly multiple steps during
lentiviral infection. If transduction is enhanced at the entry phase, a simple explanation
would be to conclude that G,/M arrest provides a greater surface area for which a
lentivirus can attach being that the surface area of a cell stalled prior to division is
expected to be 2-fold (Mitchison, 2003). However, this scenario is unlikely in that
transduction was not enhanced with U937 cells or cytokine deprived sca-1" cells in which
proliferation was inhibited (data not shown). A more likely explanation would be that a
molecular event is occurring in the cell as a result of PMA treatment resulting in a

cellular change more conducive to lentiviral infection.

As a phorbol ester, PMA binds to the C1 domain of PKC resulting in PKC translocation
and activation (Stahelin et al., 2005; Steinberg, 2008). Eight PKC isoforms are activated
by PMA and have been implicated in an array of cellular processes. The lack of
enhanced lentiviral transduction in HEK-293T, NIH-3T3, BHK, U937 and sca-1+ cells
may be due to the different PKC isoform found in these cells as compared to those found
in K562, EU1 and CD34" cells. However, PMA may be acting on more than just PKC.

Approximately 50 amino acids located in the C1 domain are responsible for PMA/DAG
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binding (Ono et al., 1989; Kazanietz et al., 1994, 1995; Quest et al., 1994). These amino
acids have been found to constitute similar C1 domains on nonkinase phorbol ester
receptors which include chimaerins (a family of Rac GTPase activating protins),
RasGRPs (exchange factors for Ras/Rapl), and Muncl3 isoforms (scaffolding proteins
involved in exocytosis) (Ron and Kazanietz, 1999; Kazanietz, 2000). Further analysis is

needed to assess the mechanism by which PMA is enhancing lentiviral transduction.

A novel finding of this study is the ability of PMA to enhance the lentiviral transduction
of CD34" cells, a clinical target of gene therapy applications. Transduction was
enhanced 3-fold with both an SIV-based and an HIV-based lentiviral vector, where at a
concentration as low as 1 nM PMA increased the percentage of modified cells from 7 to
22 percent. This 3-fold difference remained apparent two weeks after transduction. Cells
treated with PMA retained the CD34 and CD45 markers in a similar fashion to cells not
treated with PMA. In addition, these cells were able to give rise to a subset of lineage
committed cells as evidenced by the ability of CD34" cells treated with PMA to produce
colonies in methylcellulose. Similar to the enhancement in transgene copy number using
a fVIII transgene and K562 cells, the increase in percentage of GFP positive cells
observed with PMA treatment of CD34" cells is due to an enhancement in lentiviral
transduction as opposed to simply an enhancement in GFP expression. Additional
studies are needed to determine the engraftment potential of CD34" cells following

treatment with PMA.
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Despite recent preclinical and some clinical progress with the use of HSC gene therapy,
the transduction efficiency of HSCs remains a critical hurdle. Limited transduction often
results in limiting expression of the transgene, which could result in little to no
therapeutic benefit. In the current study, a high-throughput screen identified PMA as an
enhancer of lentiviral transduction. Furthermore, PMA was shown to enhance the
transduction of hematopoietic cell lines from both the myeloid and lymphoid lineages.
PMA enhanced the transduction of a clinically relevant population of hematopoietic stem
and progenitor cells. PMA has been approved for use in a phase | clinical trial to treat
hematological malignancies in which the doses used (ie systemic UM concentrations)
were tolerable without any apparent renal, hepatic or hematological toxicity establishing
the feasibility of utilizing phorbol esters in humans (Strair et al., 2002). Therefore, the
use of PMA clinically to enhance the transduction of CD34" cells ex vivo is a viable

option.
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Chapter 5:

Conclusions and Future Perspectives
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5.1— Conclusions

Optimization of the Lentiviral Vector

To date, three hemophilia A gene therapy clinical trials have been initiated. However the
results of all three trials resulted in limited transient fVIII levels unable to circumvent the
bleeding episodes experienced in these patients. Limited fVIII expression demonstrated
in these trials could potentially be due to the inefficient transport of the human fVIII
cDNA from the endoplasmic reticulum to the Golgi apparatus. fVIII is retained in the
endoplasmic reticulum via a resident protein chaperone, BiP, which binds to a
hydrophobic cluster in the A1 domain. In addition, efficient secretion of fVIII has been
associated with carbohydrate-facilitated transport via the protein, lectin mannose binding-
1 (LMAN1) which binds mannose residues attached to the B domain posttranslationally.
With this in mind, several high-expression fVIII transgene sequences have been
postulated in order to overcome the low level transgene expression. We recently
compared these sequences to that of a B domain deleted porcine fVIII sequence.
Enhanced expression of the B domain deleted porcine fVIII sequence was demonstrated
both in vitro and in vivo (Ide et al., 2007; Doering et al., 2007; Dooriss et al., 2009). The
responsible domains for the high expression characteristics of porcine fVIII were found
to be attributed to the Al and A3 domains (Doering et al., 2004). In addition, the
immunogenicity of fVIII was found to be reduced by the addition of the porcine C1
domain and three alanine substitutions in the A2 domain (Healey et al., 2009; Lubin et
al., 1997). Thus a hybrid human/porcine B domain deleted fVIII transgene containing
the human A2 and C2 domains and the porcine Al, A3 and C1 domains was constructed

(HP-fVIII). The bioengineered construct contains 91% human amino acid sequence and
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has been shown to maintain the high expression characteristics of porcine fVIII (Doering

etal., 2009).

As outlined above, much effort has been focused towards the optimization of the fVIII
transgene. However, little attention has been directed towards the lentiviral vector itself
in regards to fVIII expression. For this reason, the components of the lentiviral vector
were evaluated and optimized for enhanced expression of fVIII. Three components were
specifically assessed as a part of the lentiviral vector (1) the WPRE sequence (2) the

lentiviral backbone and (3) the internal promoter.

The WPRE, although originally observed to increase the expression of GFP, was not
found to exert any effect on the expression of HP-fVIIl. A panel of cell lines was
assessed for lentiviral vectors differing only in the presence or absence of a WPRE
sequence. For all cell lines considered, no increase in HP-fVIII was observed at both the
transcript and protein level. In addition, the WPRE was not found to be beneficial in
regards to the amount of transcriptional read-through observed. Thus without any benefit
to HP-fVIII expression or safety, the WPRE was eliminated from the lentiviral vector.
Of note prior to these studies, the inclusion of a WPRE sequence in a gene therapy viral
vector was considered a standard operation. Direct evidence confirming enhanced
transgene expression as a result of a WPRE sequence was not required by the
Recombinant DNA Advisory Committee prior to clinical application. However, due to

this report as well as that of Klein et al. (2006) and Kingsman et al. (2005) it has been
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advised that the utility of the WPRE sequence be scrutinized more closely in regards to

enhanced transgene expression and safety

The second component of the lentiviral vector to be evaluated was the lentiviral backbone
itself. A total of three different lentiviral backbones were evaluated. As a result, the
SIV-based lentiviral vector was found to be superior in regards to HP-fVIII expression.
Interestingly, this was not the case with a GFP transgene. The reason for this discrepancy
is unknown. It is possible that the integrase associated with the SIV-based lentiviral
vector has an integration profile that favors the expression of a large transgene such as
HP-fVIII. However an integration analysis will need to be performed in order to affirm
such a hypothesis. If this is the case, this information could be useful for future gene
therapy applications for hemophilia A utilizing non-viral vectors able to integrate the
transgene at specific sites in the genome such as zinc finger nucleases and tal effector
nucleases. These non-viral vectors could be designed to incorporate the fVIII transgene
at safe harbors or locations in the genome conducive to efficient fVIII expression.
However, the technology associated with these non-viral vectors is not advanced enough
for human application. Therefore the use of an SIV-based lentiviral vector for the
treatment of hemophilia A by gene therapy is a viable first-generation clinical vector.
However before this can become a reality, clinical-grade SIV-based lentiviral vectors will
need to be produced in large quantities as is currently available for HIV-based lentiviral
vectors. Until this is accomplished, an HIV based lentiviral vector is a suitable choice to
begin treating individuals with hemophilia A via gene therapy and could serve as a

substitute first-generation clinical vector. The SIV-based lentiviral vector may then serve
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as a second-generation vector aimed at treating the subpopulation of individuals with
hemophilia A living with AIDS (estimated to be between 6000 to 10,000 in the United
States alone) (Meier, 1996). A large portion of adults with hemophilia A are HIV-1
positive due to receiving plasma derived fVIII as a means of protein replacement therapy
prior to routine testing of blood-borne pathogens from donated blood products.
Therefore, an SIV-based lentiviral vector may be a safer lentiviral vector since utilizing
an HIV-based lentiviral vector in these individuals could potentially result in unsafe
recombination events between the vector and wild-type HIV in the genome. Regardless
of the limitations associated with the production of a clinical-grade SIV-based lentiviral
vector, theSIV-based lentiviral backbone was used to analyze the third component of the

lentiviral vector, the internal promoter.

Three ubiquitous promoters were assessed. In terms of HP-fVIII expression, the CMV
internal promoter was found to be most efficient in HEK-293T cells. This result was not
unexpected due to the strong enhancer found in the CMV promoter. However, the use of
a CMV internal promoter clinically is constrained by the potential transactivation of
nearby genes as a result of the strong enhancer found in the CMV promoter as compared
to the enhancers associated with the EFla and PGK internal promoters. This raises
safety concerns surrounding the use of a CMV promoter in humans. In addition, the
CMYV promoter has been associated with methylation-induced inactivation which could
result in transient expression of HP-fVIII. Therefore, further analysis may need to be
performed in order to determine a more suitable internal promoter for clinical gene

therapy applications designed for the treatment of hemophilia A. This may include the
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clinically applicable EFla internal promoter, demonstrating levels of HP-fVIII in HEK-
293T cells greater than that of the PGK internal promoter. However, a larger panel of
internal promoters including cell-specific promoters needs to be evaluated. Regardless of
the drawbacks to utilizing a CMV internal promoter, as a result of these studies, a
lentiviral vector was optimized for HP-fVIII expression and demonstrated therapeutic
levels of HP-fVIII in a fVIII deficient mouse model. The results of this study was used to
help delineate a lentiviral vector that received approval by the Recombinant DNA

Advisory Committee (Figure 5.1).
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Gene Therapy for the Treatment of Hemophilia A
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Figure 5.1 Viral vectors proposed for gene therapy protocols for the purpose of
treating hemophilia A. Two types of viral vectors have been proposed for gene transfer,
the nonintegrating and integrating vectors. Adenoviral vectors were one of the first
vectors to be used clinical to treat hemophilia A. However, the trial was abruptly halted
due to an adverse immune response to the vector. Thus adeno-associated vectors have
been utilized preclinically to transfer the fVIII gene to the liver of mice. Yet
encapsadiation limitations are the major setback associated with the use of adeno-
associated vectors for hemophilia A. Integrating vectors, on the other hand, provide a
means for stable integration. The y-based retroviral vectors were the first retroviral
vectors to be utilized in the field. However, their use in the context of hemophilia A has
been hindered by the presentation of insertional mutagenesis as seen in the clinical trial
for X-SCID. The lentiviral vector, able to package a large transgene such as fVIII, has a
safer integration profile than the y-based retroviral vectors. In addition, the transfer of
fVIII has been achieved preclinically in a hemophilia A mouse in which therapeutic
levels were observed. Thus, a lentiviral vector is an appropriate vector to use for the

treatment of hemophilia A.



411

Alternate Lentiviral Production Protocol

The delineation of an optimized lentiviral vector for HP-fVIII expression was
demonstrated above. However, the production limitations associated with such a
lentiviral vector remain a concern in the field. Lentiviral production is currently confined
to a transient transfection procedure in HEK-293T cells due to the toxicity associated
with the VSVG viral envelope. Lentiviral vectors are pseudotyped with the VSVG
envelope protein in order to increase the range of host cells capable of being genetically
modified. However, the VSVG protein accumulates at the cell surface of HEK-293T
cells forming syncytia and ultimately leading to diminished cell viability. HEK-293T
cells are viable for approximately three days following the onset of VSVG expression.
Thus the generation of a stable packaging cell line for the mass production of VSVG-
pseudotyped lentiviral vectors has yet to be delineated. Production of lentiviral vectors in
this manner would be ideal for lentiviral vectors utilized in human clinical trials, in that
the lentiviral vector could not only be produced in mass quantities but could also come
from an extensively characterized nonvariable source. In order to establish a stable
lentiviral packaging cell line an alternative cell line was analyzed for VSVG pseudotyped
lentiviral production. BHK-M cells were chosen as a highly efficient clinically
applicable protein producing cell line. The production of lentivirus was assessed in
BHK-M cells following transient transfection. However, it was apparent that VSVG was
more toxic in BHK-M cells than in HEK-293T cells. This observation is probably due to
an increase in VSVG expression in BHK-M cells as compared to HEK-293T cells. Thus

BHK-M cells are not a viable option for the production of lentiviral vectors pseudotyped
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with VSVG. Therefore, other avenues will need to be explored in order to overcome the
production limitation of lentiviral vectors, especially those encompassing large
transgenes such as fVIII. This includes establishing a stable producing cell line in which
VSVG expression is induced. This would diminish toxic side effects associated with the
expression of VSVG until lentiviral production is required. In addition, alternative

nontoxic envelopes may be utilized.

Enhancement of HSC transduction by a lentiviral vector

Another obstacle encountered in the field of gene therapy with the use of a lentiviral
vector is the inefficient transduction of HSCs by lentiviral vectors. HSCs are innately
resistant to lentiviral transduction by a yet unknown mechanism. However, the
transduction of a self-renewing and fully capable differentiating CD34" cell is pertinent
to the success of ex vivo gene therapy applications for the treatment of hemophilia A.
Therefore, several attempts were made to enhance the transduction efficiency of lentiviral

vectors.

The most progress was made as a result of a high-throughput screen. 1280 compounds
were screened as a part of the LOPAC library. Three previously identified enhancers of
lentiviral transduction were fortuitously included in the LOPAC library. The high-
throughput screen confirmed all three compounds as enhancers of HIV-based lentiviral
transduction as well as identifying the compounds as enhancers of SIV-based lentiviral
transduction. However, these compounds induce DNA damage and are not ideal for

clinical use. PMA, on the other hand, was also identified as an enhancer of lentiviral
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transduction as a positive hit of the high-throughput screen yet not found to induce DNA
damage. Initially, PMA was found to enhance the transduction of K562 cells. However,
further analysis revealed that PMA was also able to enhance the transduction of the
hematopoietic EU1 and most importantly the clinically therapeutic target, the CD34"
population of hematopoietic stem and early progenitor cells. PMA was not able to
enhance all cell lines assessed. The adherent HEK-293T and BHK-M cells, as well as the
hematopoietic U937 and sca-1" cell line were resistant to the positive effects of PMA on
lentiviral transduction. The discrepancy associated with the positive and negative effects
of PMA is postulated to be due to the specific isoform of PKC prevalent in each

individual cell type. However, at this time it is unclear which isoform PMA is acting on.

The ability of a universal PKC inhibitor (Calphostin C) to prevent the effect of PMA does
suggest that PKC is the route in which PMA enhances transduction. Although the
involvement of PKC in the mechanism whereby PMA enhances transduction has only
been experimentally portrayed in K562 cells, potentially this same pathway is being
utilized in EU1 and CD34" cells. PKC activation depending on the cell type can result in
a multitude of downstream effects. The identification of this pathway will aid in the

incorporation of PMA into a clinical transduction protocol.

The incorporation of a molecule that behaves in the same manner as PMA into a
transduction protocol would ensure adequate genetic manipulation. Since PMA was
revealed to enhance the transduction of the clinically relevant CD34" population of

hematopoietic stem and progenitor cells, it is likely that transduction would be efficient
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enough to result in adequate expression of a transgene such as fVIII. In regards to safety,
reports following a phase | clinical trial designed for the treatment of hematological
malignancies revealed that PMA was well tolerated following administration of PMA at
KM concentrations without the appearance of any renal, hepatic or hematological toxicity
(Strair et al., 2002). Therefore, PMA can act as a lead compound for the determination of
a chemical with improved potency and/or selectivity for enhanced lentiviral transduction
of the clinically relevant CD34" cells. This compound can then be utilized in a gene
therapy clinical trial (Figure 5.2). However, it is likely that the transduction protocol

will include such a compound during a second-generation clinical trial.
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Figure 5.2 Schematic of gene therapy protocol for the treatment of hemophilia A. A
clinical trial to be conducted at Emory University has been reviewed and approved by the
Recombinant DNA Advisory committee. In addition, the protocol which includes the
components involved have been deemed as a viable candidate for further development
following a preinvestigational new drug and biosafety review. Following submission of
and approval from the institutional review board and investigational new drug
application, subjects with hemophilia A will be admitted into a gene therapy clinical trial
in which CD34" cells will be mobilized from the hematopoietic stem cell compartment
by G-CSF administration. G-CSF stimulates the bone marrow to produce and release
granulocytes and stem cells into the bloodstream. Upon collection, the CD34" cells will

be genetically modified ex vivo with a first-generation HIV-based lentiviral vector



416

lacking a WPRE sequence while encoding the high expressing human/porcine fVIII
transgene expressed from the clinically approved EFla internal promoter. The CD34"
cells will then be removed from the viral containing medium prepping the cells for
transplantation back into the patient in order to deliver a renewable supply of fVIII.

Abbreviation: G-CSF (Granulocyte colony-stimulating factor)
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5.2— Future Perspectives

In my opinion, the field of gene therapy is migrating away from utilizing integrating viral
based vectors as a means of gene replacement. This is mainly due to the risk of
insertional mutagenesis.  Although insertional mutagenesis has not been observed
clinically with the use of lentiviral vectors (Cartier et al., 2009; Cavazzana-Calvo et al.,
2010; Biffi et al., 2011), the potential of the integrated lentiviral cDNA to activate a
protooncogene or disrupt a tumor suppressor gene is still a major concern in the field.
One avenue explored as a means to eliminate insertional mutagenesis has capitalized on
the fact that lentiviruses and lentiviral vectors, in addition to integrating in the genome,
produce circular extrachromosomal forms of DNA. Two types of circular episomes can
be formed. The first consists of 2 adjacent long terminal repeats (LTR) formed as a result
of nonhomologous end joining of the linear reverse transcribed viral cONA. The second
type of circular episome contains one LTR following homologous recombination. As
with AAV-based vectors, gene transfer of this nature is lost overtime as cells divide due
to a lack of origin of replication in the 1- and 2-LTR episomal circles. However, these
circular viral episomes may persist in terminally differentiated cells such as hepatocytes.
For this reason, integrase-defective lentiviral vectors have been established in order to

eliminate the potential risk of insertional mutagenesis associated with integration.

The lentiviral integrase protein consists of three domains, two zinc-finger binding
domains (one in the N-terminal region which binds the viral DNA and another in the C-
terminal region of the protein which binds the host DNA) and a catalytic core domain.

Three amino acids of the core domain have been found to be highly conserved among the
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retroviral integrase proteins and have thus been denoted as the catalytic triad. Therefore,
the majority of the missense mutations introduced to produce an integrase-defective
lentiviral vector occur at one of these three amino acids. These mutations prevent the
integration of the transgene and if utilized to modify non-dividing cells can potentially

persist for the lifetime of the host.

Integrase-defective lentiviral vectors could be an ideal route of transferring the fVIII gene
into hepatocytes, the endogenous producer of fVIII. The route of administration would
be similar to that of an AAV-based vector containing fIX for hemophilia B recently
performed clinically. Likewise, insertional mutagenesis would not be a concern since the
genome would not be disrupted by an integrase-defective lentiviral vector. But unlike
AAV-based vectors, an integrase-defective lentiviral vector would not be constrained by
the size of fVIII. Thus, integrase-defective lentiviral vectors encompass all of the
advantages that AAV-based vectors offer while providing a means to overcome their
shortcomings. However, as is a major concern in most gene therapy applications, the
level of fVIII expression driven from the 1- and 2-LTR episomal circles is questionable.
VI will need to be equivalent if not superior to those applications utilizing a lentiviral
vector. Unfortunately, the integrase-defective lentiviral vector is not able to overcome
the production limitations associated with lentiviral vectors. Up to this point, integrase-
defective lentiviral vector titers for the most part have been reported to be similar to those
of integrating lentiviral vectors (Saenz et al., 2004; Nightingale et al., 2006; Negri et al.,

2007; Coutant et al., 2008). However, some reports have indicated lower titers than those
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of integrating lentiviral vectors (Vargas et al., 2004; Philippe et al., 2006; Apolonia et al.,

2007).

Integrase-defective lentiviral vectors are promising tools for providing a safer method of
achieving gene transfer of fVIII. However, another method in which safer integration
can be achieved is by utilizing a vector that provides a means for site-directed integration.
Integrating viruses, such as the HIV and SIV lentiviruses, integrate into the host genome
in a somewhat nonspecific manner, showing preference for active transcriptional units
(Mitchell et al., 2004). Although this is a safer integration profile than that of the y-
retroviral vector utilized in the X-SCID clinical trial which favored integration near
transcription start sites, an ideal vector would integrate at a specific location in the
genome recognized as a safe harbor. This can be achieved with the use of either zinc

finger nucleases or tal effector nucleases.

Zinc finger nucleases (ZFN) are fusion proteins comprised of a nonspecific Fokl
endonuclease domain and a zinc finger DNA-binding domain. Integration specificity
comes from the ZFN DNA-binding domain which can be engineered to recognize a
specific sequence. With 3-6 zinc finger DNA-binding domains arranged in tandem, a 9-
18 base-pair target site can be achieved since each domain recognizes three base pairs.
When two Fokl endonuclease domains dimerize, a double strand break is formed. This
double strand break can then be repaired naturally by the cell via nonhomologous end
joining or homologous recombination. In the case of homologous recombination, the cell

uses the undamaged sister chromatid to repair the break by copying the sequence across
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the break. However, an exogenous donor DNA template consisting of a transgene
flanked by homologous regions could also be used to repair the double strand break while

at the same time transferring the gene encoding fVI1I into the cell (Porteus, 2011).

Tal effector nucleases (TALENS) perform site-directed integration of a transgene in a
similar manner as ZFNs. Like ZFNs, TALENS contain a Fokl endonuclease domain
fused with a DNA-binding domain. To achieve integration at a specific location in the
genome of the target cell, the DNA-binding domain takes advantage of the ability of TAL
effector proteins to specifically recognize a DNA sequence. TAL effector proteins
contain a series of repeating subunits each thirty-four amino acids in length. The amino
acid residues at position twelve and thirteen determine the recognition of a single nucleic
acid. These residues can be modified in each repeat to engineer a TAL effector that is

able to recognize a specific piece of DNA (Moscou et al.., 2009).

Both ZFNs and TALENs have been utilized to target endogenous disease-related
mammalian genes (Urnov et al., 2005; Zou et al., 2009; Connelly et al., 2010; Mussolino
et al., 2011). However, the frequency of gene targeting with the use of these nucleases is
not yet substantial enough in primary patient-derived cells. In addition, toxic side effects
have been observed with the use of ZFNs (Porteus and Baltimore, 2003). This is
probably due to the production of off-target double-strand breaks which is not only
concerning in regards to cytotoxicity but would also pose questions as to the safety

profile of a ZFN. TALENS, on the other hand, have been shown to be less toxic and may
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be a more ideal platform to accomplish site-directed gene targeting (Mussolino et al.,

2011).

Until these technologies are improved, the utilization of a lentiviral vector for the
treatment of hemophilia A is appropriate (Figure 5.2). One of the major limitations with
the utilization of lentiviral vectors for ex vivo HSC modification has potentially been
overcome by the results of this dissertation. Lentiviral transduction of CD34" cells has
been enhanced by treatment prior to viral addition with the phorbol ester, PMA. The
mechanism whereby PMA enhanced transduction has been delineated to be a result of
PKC. Before PMA can be clinically applicable as a part of the gene therapy protocol for
hemophilia A, the effects on integration will need to be adequately explored in regards to
safety. Enhancing the transduction of CD34" cells with PMA is unfavorable if the
likelihood of an insertional mutagenic event is increased as a consequence of an
integration preference towards transcription start sites. This has yet to be analyzed. In
addition, the effect of PMA on the multipotentiality of CD34" cells will need to be
addressed. As demonstrated in chapter 4, CD34" cells treated with PMA produced
colonies in methycellulose indicative of having the potential to give rise to lineage
committed cells. However, the colonies were not specifically analyzed for the exact
lineage that the CD34" cells differentiated into. Without this assessment, it is unclear
whether the PMA treated CD34" cells have maintained the ability to differentiate into all
hematopoietic lineages necessary for reconstitution and not just a subset. However,
transplantation of PMA treated CD34" cells into irradiated NOD-SCID mice could

answer this question as well as confirming that PMA does not affect the transplantation
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efficiency of CD34" cells. Transducing the CD34" cells with a GFP containing virus
prior to transplantation would allow one to identify lineage committed transplanted
CD34" cells by identifying GFP positive cells that also contain lineage specific markers
by flow cytometry. In this manner, the multipotentiality of the PMA treated CD34" cells
could be assessed as well as confirming their persistence overtime indicative of a lack of

effect of PMA on transplantation efficiency.
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Figure 5.3 Modes of gene transfer proposed for the treatment of hemophilia A.

Future perspectives include the use of an integrase-deficient lentiviral vector in which the

transgene would remain episomal in the target cell. In addition, site-directed integration

by zinc finger nucleases and tal effector nucleases will be utilized in the future providing

a safer integration profile. However, until these technologies are improved the use of a

lentiviral vector in a gene therapy protocol is an appropriate mode to transfer fVIII for the

treatment of hemophilia A.
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Limited expression of fVIII as apparent in all previous clinical attempts to treat
hemophilia A with gene therapy has been potentially overcome by the construction of a
high-expression chimeric fVIII transgene. HP-fVIII was used to genetically modify
hematopoietic stem cells and effectively treat hemophilia A mice in order to overcome
the low expression barrier. Prior to advancing to the clinic, the gene transfer system was
optimized by analyzing the various components of the self-inactivating lentiviral vectors
in terms of viral production, transduction efficiency and transgene expression. The data
outlined in this dissertation was used to help develop a clinical vector that was recently
approved by the Recombinant DNA Advisory Committee. In addition to optimizing the
lentiviral vector, the obstacle associated with the resistance of HSCs to lentiviral
infection was overcome by PMA as identified from a high-throughput screen. Notably,
the viral transduction of CD34" cells was enhanced from 7% to >20%. PMA
enhancement seems to correlate with an inhibition in cell division. Further analysis will
be needed before PMA can be incorporated into a gene therapy protocol. Otherwise, an
efficient lentiviral vector and protocol for the treatment of hemophilia A has been
delineated and is currently being evaluated by the FDA for a phase I clinical trial to treat

and possibly cure hemophilia A.
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