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Preface

Kenneth I. Berns∗

Ever since the discovery of the DNA double helix by Watson and Crick
tremendous advances in our knowledge of molecular genetics and cell biol-
ogy have made it one of the most exciting areas of science for more than 50
years. We have now progressed beyond the realm of basic research in genet-
ics to the development of biotechnology, which has allowed us to produce
human proteins in bacteria and to use these, as in the case of insulin, for
therapy of human disease. In many cases the therapy derived from biotech-
nology is designed as replacement therapy to make up for defects at the DNA
level, which result in either the wrong protein being made or no protein at
all. A more sophisticated approach than replacement therapy would be to
correct a deficit at the level of the gene by either regulating gene expression
or replacing or substituting for a defective gene. Once the discovery and
characterization of restriction enzymes made it possible to identify, isolate,
and clone specific genes the way was open to begin to think about gene
therapy. This book describes the state of the art of gene therapy, which is
designed to either directly introduce a good copy of a defective gene or to
have the cell express a new protein or regulatory RNA which will block the
deleterious effects of a defective gene.

The requirements for executing gene therapy successfully are relatively
few. First the molecular nature of the defect to be corrected needs to be
understood. This has been achieved for a large number of diseases, although
multifactorial diseases still pose a challenge. Second, the corrective DNA
sequence (i.e., the gene) needs to be determined and sufficient amounts for

∗Correspondence: Director, University of Florida Genetics Institute, Gainesville, FL 32610.
E-mail: kberns@ufl.edu
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use produced. Many genes have been cloned and are available. The main
obstacle to successful gene therapy is the requirement for a vector to carry
the corrective gene into the cell. A successful vector must be able to deliver
the gene to the target cell, and get it through the cytoplasm and into the
nucleus where the cell must be able to express the gene contained in the
vector.A variety of approaches described in the introductory chapters of this
book, have been tried, including naked DNA, DNA in lipid vesicles, and
viruses, which have been adapted to carry “transgenes” in place of normal
viral genes. To date the most effective, in terms of delivery and expres-
sion, have been vectors derived from viruses. Viruses are natural vectors
which deliver their genomes into cells where the DNA or RNA is success-
fully expressed. Many viruses are also capable of establishing a persistent
presence in infected cells. However, viruses have potential downsides as
vectors. Most of the better-characterized viruses cause serious human dis-
ease and any vector derived from such viruses must be modified to minimize
the likelihood of toxicity. Secondly the body recognizes viruses as foreign
and mounts an immune response. Viruses have evolved to evade the host
response, but it is clear from both animal models and clinical trials that the
nature of the host response has to be taken into account.

Shortly after the concept of gene therapy had gained currency there was a
push to attempt it in clinical trials. With one or two notable exceptions, there
was little associated toxicity, but even less in the way of apparent efficacy.
It was difficult to attain therapeutic levels of transgene expression and in
most instances to maintain the levels of expression achieved initially after
infection. What became evident was that a much better understanding of the
process of viral infection at the levels of both the cell and the intact host was
needed before gene therapy could become an accepted way to treat various
diseases (similar considerations apply equally well to other types of vectors).
Particular issues which needed elucidation included mechanisms by which
the vector interacts with the host immune system, the process of cellular
uptake and trafficking of the vector, regulation of transgene expression, and
modification of the vector genome to prevent insertional mutagenesis (all
DNAs will recombine into the genome, some slowly and others much more
efficiently). Significant advances have been made in our knowledge of the
basic processes and this has greatly increased the likelihood of successful
gene therapy.
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The notion of gene therapy was initially received with enthusiasm. Early
clinical trials were closely followed by the media. However, the early opti-
mism soon gave way to pessimism because of the lack of evident clinical
success and because of adverse effects, notably the death of one trial partici-
pant. The response mirrors earlier reactions to research into various diseases.
Early trials with polio vaccines gave more people polio than protective anti-
body. It took many years before two successful vaccines were developed,
nearly simultaneously. Although we have had success with AIDS therapy,
our efforts to develop a successful vaccine have still not borne fruit. As a
people Americans are impatient.

We have now achieved clinical success in two diseases using gene ther-
apy. In France and the UK, infants with a form of severe combined immun-
odeficiency disease (SCID-X1) that was untreatable by available therapies
have been “cured” by treating cells of their bone marrow with a vector
derived from Maloney Murine Leukemia virus. In France 11 of 12 infants
treated were cured; however, 4 of those cured developed leukemia, directly
attributable to the vector. Three of these had the leukemia successfully
treated as well. This trial is clearly a success; despite the morbidity asso-
ciated with the vector. Without treatment, all would likely have died. A
somewhat happier result has been achieved in the past year. An adeno-
associated virus vector has been used to treat patients with a rare form of
retinitis pigmentosa. All of the patients had been legally blind for years and
now almost all have achieved striking improvements in their eyesight. Most
encouraging, were similar phase I clinical trials done by three groups nearly
simultaneously, and all achieved similar positive results. Thus, although the
trials were designed primarily to show the safety of the vector, efficacy
seems to be pretty clear. Similarly, treatment of adenosine deaminase defi-
ciency (ADA-SCID) continued to be successful using a protocol similar to
that for SCID-X1 but without incidence of leukemia.

Thus, once again the future looks bright for gene therapy. The chapters in
this book stand testament to this view and as you read on, you will probably
have the same sense of optimism for what this exciting field has in store
for us.
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Chapter 1

Non-Viral Gene Therapy

Sean M. Sullivan∗

This chapter is meant to serve as an introduction to non-viral gene trans-
fer by highlighting therapeutic applications that have transitioned from
preclinical research into the clinic. Non-viral gene therapy is the adminis-
tration of plasmid DNA encoding a transgene gene locally or systemically
yielding expression of a therapeutic protein, thereby correcting a disease
state. Local administration of plasmid DNA results in gene transfer to
cells at the site of injection. Gene transfer efficiency can be increased
by applying electric current (electroporation) or sound waves (sonopo-
ration). Alternatively, the plasmid DNA can be formulated with cationic
lipids or polymers to increase gene transfer. All of these methods result in
increased uptake by cells and therefore in increased gene expression. Clin-
ical applications of this technology include: treatment of peripheral vascu-
lar disease following local administration at the sites of muscle ischemia;
development of genetic vaccines resulting in immune activation against
the specific expressed antigen; development of therapeutic cancer vac-
cines that induce surveillance and killing of tumor cells by the immune
system; correction of genetic disease by expressing a functional wild type
protein in cells that lack a functional protein.

1. Introduction

It is difficult to pinpoint a specific discovery that initiated the field of plasmid
DNA based gene therapy. There have been several milestones that led to
its development. Table 1 lists a series of events that have impacted the
development of the field.

∗Correspondence: Vical, Inc. 10390 Pacific Center Court, San Diego CA 92130.
E-mail: ssullivan@vical.com
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Table 1.1. Scientific milestones that impacted the field of non-viral gene therapy.

Scientific Milestone Year Refs.

First Liposome Based DNA Delivery Patent filed 1983 1
First publications describing the use of cationic lipids to

transfect cells
1987–89 2–4

Demonstration that “Naked DNA” can Transfect muscle
cells in vivo

1990 5

First human clinical trial conducted for development of
melanoma cancer vaccine using cationic lipid formulated
plasmid DNA

1996 6, 7

First indications of clinical efficacy demonstrated for
treatment of Chronic Limb Ischemia following IM
administration of VEGF Naked pDNA

1996 8, 9

Electroporation yields order of magnitude increase in gene
expression following local administration

1998 10

Aqua Health (Novartis) anti-viral vaccine for salmon
receives approval in Canada.

2005

Successful demonstration of efficacy for treatment of
chronic limb ischemia following IM administration of
pDNA expressing hepatocyte growth factor.

2007

Merial receives conditional USDA approval of canine
melanoma therapeutic genetic vaccine.

2008

The discovery of cationic lipids was the segue into therapeutic applica-
tions of plasmid based gene delivery. It provided a methodology for getting
DNA into cells resulting in expression. This was not a new gene transfer
concept in that calcium phosphate and poly cationic polypeptides, such as
poly-lysine and poly-L-ornithine had been used to introduce plasmid DNA
and RNA into cells.11 However, this methodology had many uncontrolled
variables resulting in a high degree of variability and not being applicable
for clinical development.

The transition of cationic liposomes from an in vitro transfection reagent
to a clinical application was first realized with the testing of the first cancer
vaccine where a non-self major histocompatibility antigen, HLA-B7 was
encoded along with β-2 microglobulin in an expression plasmid, complexed

2



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch01

Non-Viral Gene Therapy

with cationic liposomes composed of DC-Chol/DOPE and injected into
tumors. Gene transfer of the foreign major histocompatibility antigen com-
plex triggers a T cell mediated immune response that not only results in
the killing of antigen expressing tumor cells but also results in the killing
of non-antigen expressing tumor cells. This local priming of the immune
system against tumor cells activates immune surveillance of the body to
seek and destroy neoplasms distil to the initial tumor immunization site.

As in any new therapy, the initial clinical trials provided lessons that
would impact the design of future clinical trials and focus improvements in
the technology that increased performance and safety. Two major technol-
ogy improvement categories included increased expression of the therapeu-
tic protein and increased duration of expression. The subsequent sections
will describe the basic features of the plasmid DNA, the formulations and
the gene transfer techniques that have been employed to overcome tech-
nology deficiencies. Though these deficiencies have not completely been
overcome, the lessons learned have been applied to yield commercialization
of animal health products and produce successful late stage human clinical
trials.

2. Plasmid DNA

Plasmid DNA is a closed circular double stranded helix DNA molecule.
When isolated from bacteria, pDNA is in a supercoiled, dimer or con-
catamer form. The isolation conditions can cause single strand or double
strand nicks producing relaxed or linear forms. Isolation conditions are
optimized to yield the highest percentage of supercoiled pDNA and mini-
mize the production of the other forms because there are studies that show
increased supercoil content yields higher levels of transgene expression.12

Furthermore, the FDA has deemed the percent supercoil content a prod-
uct shelf life determinant. The fundamental features of pDNA are shown
in Fig. 1.1. These are: the expression cassette, the origin of replication
and the drug resistance gene. The origin of replication (ORI) is a DNA
sequence of 13 mer and 9 mer repeats that initiates plasmid DNA replica-
tion in bacteria. The drug resistant gene, Kanamycin resistance gene or
Ampicillin resistance gene, allows for the selection of plasmid transformed
bacteria.

3
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Fig. 1.1 Diagram of Plasmid DNA. Diagram shows feature of plasmid DNA. Abbeviations: ORI-
Origin of Replication; ExI and ExII-Exon I and Exon II; Int-Intron; Poly A Seq-Poly Adenylation
Sequence; Arrow-Transcription Initiation Sequence.

The expression cassette can be divided into the following components:
the promoter; the 5′untranslated coding sequence (5′UTR) containing at
least 1 intron and the kozak sequence; the open reading frame (ORF) encod-
ing the gene to be expressed; the 3′ untranslated coding sequence (3′UTR)
containing the poly-adenylation sequence (PolyA). The promoter contains
a DNA sequence that recruits RNA polymerase II for initiation of transcrip-
tion. The promoter can contain additional sequences, known as enhancer
sequences that bind proteins termed transcription factors that further facili-
tate the recruitment of RNA polymerase II.

The inclusion of at least one intron in the 5′UTR ensures the entry of
the transcript into the pre-mRNA/mature mRNA processing pathway and
export of the mRNA into the cytoplasm.13 Located in the 5′UTR is the
Kozak sequence which is a signal for the ribosome to start translation.
The Kozak consensus sequence is (gcc)gccRccAUGG, where R is an ade-
nine three bases upstream of the AUG start codon which is followed by
another ‘G’.14 The AUG codon encodes methionine which is the first amino
acid of the transgene. The open reading frame can be codon optimized
to increase gene expression. Due to the redundancy of the genetic code,
rarely used codons can be replaced with more commonly used codons,
especially those codons more commonly used by the target cell; the pur-
pose being to increase protein synthesis. This strategy can also be used to

4
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reduce the amount of CpG sequences that can activate the immune system.
Activation of the immune system has been shown to reduce the amount and
duration of gene expression.15 However, in developing genetic vaccines,
codon optimization can be used to increase CpG content thereby increasing
immune activation.16 The 3′UTR contains the polyadenylation sequence
that is a binding site for a multi-protein complex that cleaves the end of the
mRNA transcript and polyadenylate polymerase adds approximately 250
adenine nucleotide monophosphates. The poly adenylation takes place in
the nucleus and promotes nuclear export of the mRNA and translation, and
inhibits degradation.

Endogenous microRNA cleavage sequences approximately 20 base-
pairs in length are located in the 3′UTR of endogenous mRNAs. Trans-
fection of cells with endogenous microRNA activity against a latent
target in the 3′UTR of a therapeutic gene could inhibit protein synthe-
sis by removing the poly A tail resulting in immediate degradation of the
mRNA. Databases, such as the Wellcome Trust Sanger Institute siRNA
database (http://microrna.sanger.ac.uk/), are continually being updated for
microRNA target sequences as they are identified. Scanning the sequence
of the 3′UTR using these microRNA target sequence databases will avoid
inactivation of the transcript by endogenously expressed microRNAs.

2.1 Plasmid DNA Manufacture

The therapeutic gene is ligated into the plasmid backbone and standard
microbiological protocols are used to identify a bacterial clone that con-
tains the plasmid DNA. The bacterial clones are also selected for the high-
est specific activity with regard to plasmid DNA/bacterium. Master cell
banks are created using this clone. The bacteria are fermented at lab scale
in a shaker flask or can be fermented using a fermenter. The bacteria are
pelleted by centrifugation and resuspended in resuspension buffer. The bac-
teria are lysed opened by alkaline lysis, neutralized and then centrifuged.
The supernatant is extracted with phenol/chloroform followed by ethanol
precipitation of the pDNA. The precipitant is resuspended in buffer and
double banded using CsCl equilibrium centrifugation with a vertical rotor.
The ethidium bromide is extracted with buffer saturated butanol followed
by dialysis of the DNA against buffer. There are commercially available kits

5
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to purify pDNA from bacteria. However, the quality of the pDNA can vary.
The method outlined above yields highly purified plasmid DNA with regard
to elimination of bacterial protein, RNA and endotoxin. This is especially
important when formulating the pDNA with polymers and cationic lipids.
Low-speed and high-speed centrifugation are not suitable for gram scale
pharmaceutical manufacture. Substitution of filters for low speed centrifu-
gation, and replacement of high speed CsCl density gradient centrifugation
with anion exchange chromatography combined with hydrophobic interac-
tion chromatography (HIC) makes this process amenable to pharmaceutical
scale pDNA manufacture.17,18 Depending upon the bacterial strain and the
plasmid DNA backbone, a single 500 L fermentation run can yield 10 to
20 grams of plasmid DNA.

3. Plasmid DNA Gene Transfer Methods

3.1 Plasmid DNA or “Naked DNA” as a Gene Delivery
System

As stated in the introduction, plasmid DNA can be injected by itself and
yield gene expression. This was first discovered by intramuscular injection5

expressing a reporter gene resulting in the marking of muscle cells at the
site of injection. The expression levels are low compared to other forms
of non-viral gene therapy. However, the DNA is not toxic and low levels
of expression can be compensated for by increasing the dose and dosing
frequency.

Two late stage clinical applications take advantage of this form of
plasmid based gene delivery. Both treat peripheral vascular disease by
expressing a therapeutic gene encoding for angiogenic growth factors, basic
fibroblast growth factor (FGF-1)19 or hepatocyte growth factor (HGF),20,21

to induce new blood vessel growth in ischemic limbs. Both non-viral gene
therapies have similar pDNA doses but different dosing schedules and dif-
ferent endpoints. For the FGF Phase 2 clinical trial, 125 patients, where
revascularization surgery was not an option and had non-healing ulcers,
were randomized and double blind placebo controlled for 2.5 ml injection
of FGF-1 pDNA, [pDNA] = 0.2 mg/ml, on days 1, 15, 30 and 45. The
primary end point was healing of at least one ulcer and secondary end
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points were ankle brachial index, amputation and death. The gene therapy
was well tolerated. There was no significant difference in ulcer healing
between treatment and placebo group. However, there was a significant
reduction in risk of amputations and there was a trend in the reduced risk
of death.

For expression of HGF, multiple clinical trials were conducted showing
that the therapy was well tolerated and no severe complications or adverse
events were observed for any of the patients.20,21 A multicenter Phase 3 trial
was conducted in Japan comprised of patients with arteriosclerosis oblit-
erans with critical limb ischemia that could not undergo revascularization
and did not respond to conventional drug therapies. Patients were random-
ized 2:1 therapy (55 patients) to placebo (26 patients) groups and received
two intramuscular injections at the site of ischemia at 4 week intervals.
Patients were followed for 8 weeks after the last administration. The pri-
mary endpoints were decreased rest pain or improvement in ischemic ulcer.
The treatment group showed a 70% response in rest pain reduction and ulcer
improvement whereas the placebo group showed a 30% response rate. At
this time, these two therapeutic applications are in the latest stages of clinical
development for plasmid DNA delivery.

Another active area of plasmid DNA therapy is the development of
genetic vaccines. Purification of protein antigen can be problematic with
regard to the yield and purity, often giving rise to antibody responses to the
impurity rather than the intended protein antigen. This can be especially
challenging for water insoluble proteins, such as integral membrane pro-
teins.Also, combinations of different protein antigens can be prohibitive due
to formulation incompatibility. Expression of the protein antigen following
intramuscular, intradermal or subcutaneous administration of pDNA dra-
matically simplifies the immunization process and insures immune response
to the native protein antigen. Genetic vaccines using pDNA alone are being
developed for pandemic flu, HIV and Hepatitis C. In some cases, more than
one gene is being expressed, such as HIV where six to 7 different genes are
being expressed at the same time.22–24

One technique that has been used as a research tool is to systemically
administer plasmid DNA in a large volume of vehicle, termed “hydrody-
namic” gene delivery. This was initially discovered using a mouse animal
model in which the pDNA is administered via the tail vein in a 1 ml injection
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volume rapidly (10 seconds). The result is a high gene transfer efficiency
to the liver. Hydrodynamic gene delivery while not practical for clinical
development of systemic non-viral gene therapies has been used to screen
for biological activity of secreted proteins into the blood, such as blood clot-
ting factors. Therapeutic applications for Naked DNA are limited by the low
level of gene expression. The level of gene expression can be improved by
increasing the amount of DNA that gets into the cells, enters the nucleus
and is expressed. The following section will describe technologies designed
to increase gene transfer efficiencies.

3.1.1 Electroporation of Naked DNA

Applying energy following local administration of pDNA results in large
increases in gene expression. The forms of energy can be electrical — used
in “electroporation” or ultrasound — used in “sonoporation”. Electropora-
tion consists of applying voltage to the site of administration in a series of
electrical pulses lasting microseconds for each pulse. The hypothesis is that
the electrical pulses induce a transient depolarization of the smooth mus-
cle plasma membrane allowing the pDNA to enter the cell. The number of
pulses, duration of pulses and the electrical strength of the pulse are of a par-
ticular magnitude to minimize permanent damage to the cell membrane and
maximize gene transfer. Voltage was initially applied through calipers and
the muscle was sandwiched between the plates. However the administration
technology has been modified to use needles arranged in a hexagonal array
with the electrical field alternating between opposing needles creating an
electrical field around the injection site. Electroporation can increase gene
expression of pDNA from one to several orders of magnitude compared
to pDNA alone.25 The fold increase is dependent on the transgene to be
expressed, the administration route and the optimization of the electrical
field pulse. A phase 1 clinical trial has been conducted involving the elec-
troporation of an IL-12 expression plasmid into surface accessible tumors
of melanoma patients.26 There were 24 patients in the study. This was a
dose ranging study with the most serious adverse event being pain at the
site of injection. IL-12 and interferon gamma were observed at the tumor
injection site. Also induction of infiltrating lymphocytes into the tumor was
observed.

8
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3.1.2 Sonoporation of Naked DNA

Substitution of high frequency sound waves in sonoporation, for electric-
ity can achieve similar effects as electroporation. The hypothetical mecha-
nism for facilitating gene transfer is similar to electroporation, in that the
sound waves produce a very short lived transient breach in the integrity
of the plasma membrane facilitating entry of pDNA into the cell. The key
components are development of a probe that can effectively deliver the
sound waves to the site of administration and application of pDNA effec-
tively to maximize transfection efficiency.27–29 Gene transfer efficiency
can be increased by applying ultrasound contrast reagent along with the
ultrasound.30,31

3.2 Plasmid DNA Formulations

3.2.1 Cationic Lipids

Cationic lipids are synthetic amphiphiles comprised of a hydrophobic
domain (R), a linker and a hydrophilic domain (R′). For the cholesterol
based cationic lipids, the hydrophobic domain is cholesterol and the cationic
head group is denoted by R. Chemical structures of cationic lipids used in
non-viral gene therapy clinical trials used are shown in Fig. 1.2. The lipid
anchor is linked to the head group by either an ether linkage or a carbamate
linkage, as shown for DC-CHOL and GL-67.

Cationic lipids bind to pDNA by electrostatic interactions between the
cationic lipid moiety and the phosphate pDNA backbone or through hydro-
gen bonding between the amines and hydroxyl groups of the cationic lipids
and the pDNA. The cationic lipids shown in Fig. 1.2 require a helper lipid,
DOPE or cholesterol for the diacyl cationic lipids, and DOPE for the choles-
terol based cationic lipids, to transfect cells. Cationic liposomes are prepared
by first mixing the lipids in an organic solvent; the solvent is removed by
evaporation producing a lipid film and the lipid film is hydrated with a
buffer to form liposomes. The liposome size can be reduced by extrusion
through a filter with fixed pore size, or energy can be applied to the sus-
pension by strong bath or probe sonication to reduce the diameter of the
liposomes.
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Helper Lipids-Phosphatidylethanolamine (DOPE) and Cholesterol

Fig. 1.2 Chemical structures of cationic lipids and helper lipids used in non-viral gene therapy clinical
trials.

3.2.1.1 In vitro transfection

For in vitro transfections, the pDNA is usually in 10 mM Tris, 1 mM EDTA
and the commercially available liposomes are in water. Complexes are
formed at 10–50 ug pDNA per ml and diluted to 1 to 5 ug/ml with serum
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free media and added to cells also in serum free media. After 4 hrs, the
transfection complexes are aspirated off and replaced with serum contain-
ing media. The amount of cationic lipid to pDNA phosphate is titrated over
a range of 2/1 to 8/1. The cationic lipids can be toxic to certain cells so there
a balanced optimal ratio is required to achieve maximal gene expression
with minimal toxicity. The biological activity of the transfection complexes
has a short half life (hours) and maximal gene expression is achieved within
0.5 hr to 1 hr after formation.

3.2.1.2 Systemic in vivo gene transfer

Formulation of cationic lipids with pDNA for in vivo gene transfer is more
complicated. First, there is very little correlation between optimal parame-
ters, such as cationic lipid to helper lipid, ratio of cationic lipid to pDNA,
liposome size or vehicle composition, developed for in vitro gene expression
and in vivo gene expression. Secondly, the resulting transfection complexes
are dependent on the type of cationic lipid used and how the complexes are
formed. Binding of endogenous polyamines, such as spermine and spermi-
dine, to plasmid DNA transforms supercoiled pDNA from a random coil
into a toroid. Several approaches have been taken in developing cationic
lipids for systemic gene transfer.

The first is to use cationic moieties known to bind to pDNA as the
cationic head group. The resulting lipids are formulated with a helper lipid,
such as DOPE or cholesterol, to form liposomes. The mole ratio of cationic
lipid to helper lipid can vary from 100/0 to 10/90; most commonly it is set
at 50:50. The mole ratio of cationic lipid to DNA phosphate can vary from
2/1 to 6/1 depending on the affinity of the cationic lipid in the context of
a liposome or micelle to pDNA yielding a positively charged transfection
complex. Non-reducing carbohydrates, such as sucrose, can be substituted
for salt, such as NaCl, to maintain isogenicity.

An alternative approach is the synthesis of cationic lipid libraries, com-
plex the cationic amphiphiles to the plasmid DNA and then test for gene
expression.32 Assays can use expression of reporter genes such as green
fluorescent protein (GFP) or β-galactosidase (Lac-Z), or a secreted pro-
tein, such as human placental secreted alkaline phosphatase. It is imprac-
tical to screen the library other than by in vitro tissue culture due to
the number of animals needed and the sample processing. Formulation
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of active cationic lipid candidates can then be optimized for in vivo
gene transfer using the same reporter genes or a more popular in vivo
screen is to detect expression by expression of a bioluminescent active
reporter gene, such as firefly luciferase. This technique is excellent for
liver, lung, spleen and heart imaging but poor for brain and muscle due
to the limited biodistribution of the luciferase substrate following systemic
administration.

The ideal particle size should range between 50 nm to 200 nm. Particles
with diameters greater than 200 nm result in the reduction of the endocy-
totic index, except for monocyte derived cells such as macrophage, Kupffer
cells or dendritic cells, which are specialized phagocytic cells. Once inside
the endocytotic vesicle, the transfection complexes are disassembled and
the pDNA must escape the internal vesicle and migrate to the nucleus for
transcription of the transgene.

Modifications to the lipid composition have been made to increase sys-
temic gene transfer efficiency. The circulation half life of the transfection
complexes can be increased by covering the surface of the transfection
complex with high molecular weight polyethylene glycol (2kdalt–10kdalt)
inhibiting opsonization of the transfection complexes, thereby reducing
non-specific uptake by the reticuloendothelium system (RES). Internaliza-
tion of the transfection complex can be restricted to a specific cell type
by derivatizing ligands to the surface of the transfection complex that bind
to a receptor expressed on a specific cell type.33–35 Intracellular release
of the pDNA from either the endosome or lysosome can be achieved by
changing the cationic lipid composition to one that is susceptible to fusion
at acidic pH.36 Lastly, nuclear uptake of the pDNA can be increased by
adding nuclear localization sequences in the form of DNA sequences that
bind proteins manufactured in the cytoplasm that contain nuclear localiza-
tion sequences allowing the pDNA to “hitch a ride” into the nucleus.37 There
are currently no clinical trials using systemically administered cationic
lipid/plasmid DNA transfection complexes.

3.2.1.3 Local administration of cationic lipid/pDNA
transfection complexes

Local administration of cationic lipid/pDNA transfection complexes refers
to intratumoral administration and intramuscular administration. From a
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safety perspective, the bulk of gene delivery and gene expression is lim-
ited to the site of administration. Therapeutic applications of intratumoral
administration have focused on expression of molecules, such as cytokines38

and self antigens39 for the purpose of priming the immune system to kill
not only the transfected cells but in so doing, prime the immune system to
kill non-transfected tumors, thus creating a systemic therapy from a local
administration.

With regard to the expression of self antigens, the first non-viral clinical
trial was conducted by Dr. G. Nabel in collaboration with Dr. L. Huang.
Intratumoral administration of cationic lipid formulated HLA B-7 pDNA
was shown to be safe and tumor regression was observed. Subsequent
clinical trials modified the cationic lipid formulation from the use of DC-
Chol/DOPE to DMRIE/DOPE, increased the pDNA dose and tested dif-
ferent dosing schedules. A phase 2 dose ranging study identified a 2 mg
per intratumoral injection as an effective antitumor dose and administra-
tion once a week for 6 weeks in a single tumor to be the dosing cycle.
The clinical results from the phase 2 dose escalation study were used to
define the patient entry criteria for a Phase 3 clinical study. The Phase 3
clinical study compares the cationic lipid/pDNA non-viral gene therapy
(Allovectin-7) to Dacarbazine or Temozolomide. This therapy is currently
in Phase 3 clinical trial.40 Results from this trial should be available in
2012.

Expression of foreign antigens by administration of pDNA results in an
immune response to the expressed protein creating the potential for develop-
ment of genetic vaccines. However, mg quantities of pDNA injected multi-
ple times have been required to sustain an immune response. Certain cationic
lipids when formulated with pDNA not only increased transfection effi-
ciency but were also immunostimulatory. A cationic liposome formulation
composed of GAP-DMROIE and diphytanolylphosphatidylethanolamine
(DPyPE) was shown to be immunostimulatory for several expressed anti-
gens in rodent and non-human primates.41,42 Multiple demonstrations of
proof of concept advanced this formulation into a phase 1 human clinical
trial for a pandemic influenza vaccine. The phase 1 trial evaluated tolera-
bility and immunogenicity. These parameters were tested for this clinical
trial included a comparison of a needle free device, Biojector 2000, vs.
needle; a single plasmid expressing the H5 hemmaglutinin viral envelope
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protein vs. the H5 plasmid plus two additional plasmids expressing viral
proteins whose amino acid sequences are highly conserved amongst multi-
ple pandemic influenza virus clades. One hundred and three patients were
enrolled and 86 were evaluable for immunogenicity. A 65% response rate
was observed for neutralizing antibody equivalent to or exceeding protect-
ing titers of 1/40. This was a durable response being observed out to 182 days
(unpublished results).

3.3 Polymer

Polymer based plasmid DNA gene therapy can be divided into two cate-
gories: cationic polymer and neutral polymers. Examples of cationic poly-
mers are polylysine, polyethleneimine, or panamdendrimers. Examples of
neutral polymers are Polylactide glycolic anhydride (PLGA), poloxamer
and polyvinylpyrolidone (PVP).

3.3.1 Cationic Polymers

Cationic polymers behave similarly to cationic lipids in that they contain
a cationic moiety which either electrostatically bonds with the phosphate
backbone of the pDNA or hydrogen bonds to the pDNA. The first cationic
polymers were naturally derived from poly amino acids such as poly-L-
ornithine and poly-L-lysine. Utility was derived from the virology field that
first used poly-L-ornithine to facilitate viral infection of cells.11 It was later
discovered that transfection of cells with viral RNA complexed to poly-L-
ornithine produced infectious virus. Lessons learned from the virology field
were applied to pDNA delivery with the substitution of poly-L-ornithine
for poly-L-lysine. The polymer provided a versatile backbone for chemical
modification of ligands to target the complexes to cells by additional peptide
sequences or chemical modification of small molecular weight ligands, such
as folate or carbohydrates.43 One application that has evolved from the
bench to the clinic is the use of poly-L-lysine/pDNA complexes for the
treatment of cystic fibrosis.44 Several key developments in transitioning
from the research lab to the clinic were the development of an aerosolized
transfection complex, reduction in the CpG content of the plasmid to avoid
secondary cytokine activation,15 use of a polyethylene glycol-substituted
30-mer lysine peptides.45
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Improvements in polycationic amino acids polymers have included other
positively charged amino acids such as arginines and histidines.46 The latter
not only serves as an alternate DNA binding moiety but also has a pK that
can impact the transfection complex when the pH environment acidifies,
as is found in the lysosome and endosome, facilitating decomplexation and
potentially lysing open the endocytic vacuole.47

Polyethyleneimine (PEI) is a completely synthetic polymer that has
similar intracellular release properties as the poly-L-histidine, first intro-
duced into the field of nonviral gene therapy by JP Behr.48 The imine moi-
ety of the polymer provides electrostatic bonding and hydrogen bonding
to pDNA and also serves as a protonateable buffer that prevents acidifi-
cation of the endosome/lysosome resulting in intracellular plasmid DNA
release. This polymer has been modified with polyethylene glycol and
targeting ligands. The polymer/pDNA complex is currently in preclinical
development.

3.3.2 Neutral Polymer

Neutral polymers are defined as polymers carrying no net charge. Examples
are poloxamers, polyvinylpyrolidone (PVP), polyanhydride (PLGA) poly-
mers. The first two form simple mixtures of polymer and pDNA whereas
the PLGA polymer forms nanoparticles in which the pDNA is packaged.
Both PVP49,50 and poloxamer have been used in clinical trials for local
administration of pDNA. The applications have been in cancer, cardio-
vascular disease and vaccine development against infectious disease. For
cancer applications, plasmid DNA encoding cytokines, such as IL-2, IL-12,
or interferon-α in combination with IL-12,49,50,51 is formulated with PVP
and injected intratumorally resulting in expression and secretion of the
cytokines from the transfected cells. The chemoattracting cytokine gra-
dient causes immune cells to migrate to the tumor and kill the tumor cells.
The therapeutic hypothesis is similar to that of the cationic lipid based
immunotherapy, in that T cell mediates tumor cell killing programs and
activates tumor surveillance of the immune system, thus preventing new
tumor formation.

Poloxamers are block copolymers of polyethylene oxide (a) and
polypropylene oxide (b) that are linked by ether linkages shown in Fig. 1.3
with molecular weights ranging from 1,000 daltons to 12,000 daltons. In
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Fig. 1.3 Poloxamer chemical structure. α-Hydro-ω-hydroxypoly (oxyethylene)a poly(oxypropy-
lene)b poly(oxyethylene)a block copolymer in which a values can range from 12 to 101 and b values
from 20 to 56.

aqueous media, the polymers assemble into micelles. These micelles can
be induced to aggregate to form hydrogels by increasing the temperature.
The ratio of ethyleneoxide to propyleneoxide determines the gelling tem-
perature range (cloud point). The poloxamer is formulated with plasmid
DNA in saline and injected into muscle resulting in gene expression from
muscle cells. Clinical applications take advantage of the local expression
of therapeutic genes, specifically cardiovascular and genetic vaccines.

The human developmentally regulated endothelium locus (Del-1) gene
was identified by T. Quertermous to be a potential angiogenic factor.52 In
pursuit of restoring blood flow to claudified muscle, formulation of a Del-
1 expressing pDNA formulated with poloxamer 188 was shown to yield
muscular gene expression that was sufficient to induce angiogenesis and
be well tolerated in mice and rabbits. A Phase II multicenter clinical trial
conducted with the Del-1 pDNA/poloxamer 188 formulation in 105 patients
with peripheral arterial disease was shown to be safe and well tolerated.53

The execution of the trial showed that the formulation could be scaled up to
cGMP pharmaceutical manufacture, have an acceptable shelf life and meet
FDA approval. Although there was no statistical significance in outcome
compared to poloxamer 188 alone, these results showed that this formulation
was suitable for clinical applications and identified areas for improvement
to achieve therapeutic efficacy.

A modified poloxamer formulation was used for the development of
a therapeutic vaccine for prevention of cytomegalovirus induced pneumo-
nia in hematopoietic stem cell (HSC) transplant patients.54 Poloxamer was
combined with benzylalkonium chloride (BAK) to create mixed micelles
that were positively charged.A series of freeze and thaw cycles were used to
reduce particle size with 500 nm diameters.A mixture of 2 pDNAs encoding
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the surface glycoprotein B (gB) and the internal matrix protein (pp65) was
added to the poloxamer/BAK and stored frozen.55,56 A phase I clinical trial
was conducted involving 22 CMV seronegative and 22 seropositive healthy
subjects. The vaccine was well tolerated with no serious adverse events.
Immunogenicity determined by ex vivo interferon (IFN)-gamma enzyme-
linked immunospot assay yielded 45.5% of CMV seronegative subjects and
25% of CMV seropositive subjects in subjects receiving the full vaccine
series. The safety and immunogenicity results supported further evaluation
in a phase 2 clinical trial.

Conclusions

Local administration of plasmid DNA based gene therapies seem to be the
most promising and have the least potential for any side effects. pDNA
alone has advanced into phase 3 clinical trials for cardiovascular applica-
tions. Success of this clinical application is based upon the potent angiogenic
stimulation produced by a very low level of expressed protein that remains
localized at the site of administration. Improvements in gene transfer effi-
ciency from the result of pDNA formulation with cationic liposomes and
polymers are also combined with selection of expressed genes that produce
a potent secondary effect, such as the case of immunostimulation against
tumor antigens and pathogenic antigens. Research focused on increasing
the transfection activity of plasmid DNA based gene delivery systems is
very active. The hope is to combine the development of cell specific tar-
geted gene delivery along with tissue specific promoters that further restrict
gene expression to a specific cell type with the application for systemic
administration.
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Chapter 2

Adenoviral Vectors

Stuart A. Nicklin∗ and Andrew H. Baker

Adenoviruses are one of the most widely investigated vectors for gene
therapy. Their attributes include ease of genetic manipulation to produce
replication-deficient vectors, ability to readily generate high titer stocks,
efficiency of gene delivery into many cell types and ability to encode
large genetic inserts. Adenoviruses have been utilized for a variety of
therapeutic applications particularly for high level transient overexpres-
sion in cancer gene therapy, vaccine delivery and certain cardiovascular
diseases. With the first licensing of clinical adenoviral gene therapy for
cancer treatment the use of adenoviruses is likely to expand in the future.
This chapter focuses on the history of adenovirus development, interac-
tions with the host both for gene delivery and immunogenicity as well as
potential therapeutic applications.

1. Introduction

The human adenovirus (Ad) family is divided into 6 sub-species (A-F).
There are a total of 51 different serotypes identified to date, classified via
differential abilities to hemagglutinate erythrocytes and characterized by
differences in capsid structure and receptor use. Ads from species C, partic-
ularly serotype 5 (Ad5) are the most widely investigated viral gene transfer
vectors and consequently, one of the most commonly utilized viral vectors
in clinical trials. However, it is only in recent years that important findings
regarding receptor usage and interactions with the host in vivo, particularly
following intravenous (i.v.) administration, have been deciphered. There are
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still challenging hurdles to overcome, particularly Ad’s inherent immuno-
genicity, yet a licensed Ad gene therapy product for head and neck cancer
in China, highlights its potential for advanced disease treatment.

2. Adenoviral Capsid Structure

Ads are icosahedral viruses approximately 70-90 nm in diameter with a
double stranded linear 36 kb DNA genome. Virions are non-enveloped and
the capsid contains three principal protein components: hexon, penton and
fiber (Fig. 2.1). The 240 trimeric hexon capsomeres are the major structural
proteins, with a stable structure, mediated by a series of complex extending
loops and three towers extending from the top of the molecule. Individual
serotype hexons differ mainly in their hypervariable regions (HVRs) at
the surface of the protein, which dictates immunogenicity of the virus.
Divergent HVRs are a major reason for the lack of cross-specificity of
neutralizing antibodies between individual species.

At the 12 vertices of the Ad capsid are the fiber trimers, inserted into the
pentameric penton base (Fig. 2.1). The fiber consists of a short tail region
inserted into the penton base, a shaft domain and a globular knob domain.

Fig. 2.1 The Ad capsid and cell entry. The icosahedral capsid is composed of 3 principal protein
components, hexon, fiber and penton base. In vitro Ad tethers to cells via fiber binding CAR. In vivo Ad
sequesters FX and the Ad: FX complex binds hepatocytes via HSPGs. Activation of integrins via penton
base induces viral endocytosis before migration to the nucleus. It remains to be confirmed whether the
in vitro trafficking mechanism is relevant in vivo.
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The length of the fiber shaft is a main determinant of variation between
individual serotypes, as the shortest fibers belong to the B species Ad35,
while fibers from species C Ads such as Ad5 are among the longest. There
are also a number of minor capsid proteins, which mainly function as “glue”
for the capsid.

3. Adenoviral Cell Entry

The method for Ad infection (at least in vitro) is well defined, particularly
for Ad5 (species C). Ads infect host cells through receptor-mediated endo-
cytosis mediated by fiber and penton base (Fig. 2.1). Initial interaction for
species C Ads is between the fiber knob domain and the Coxsackie/Ad
receptor (CAR).1,2 All Ad species, except B can interact with CAR via
the fiber knob domain, although some species D Ads also use sialic acid.3

Species B Ads utilize CD46.4 Virus internalization is through activation
of αvβ3 and αvβ5 integrins by the RGD motif in the penton base at the
N-terminus of the fiber protein.5 Once internalized to the cytoplasm via
clathrin-coated endosomes the penton base mediates capsid release from
the endosome via acidification and the virus migrates to the nucleus.6

Following i.v.Ad administration transduction involves other factors. The
major site of Ad transduction following i.v. delivery is liver hepatocytes but
mutation of all Ad capsid receptor binding epitopes has limited effects on
blocking liver uptake.7 This is because upon contact with blood Ad5 inter-
acts with host proteins including coagulation factor IX (FIX), FX and com-
plement binding protein (C4BP) to deliver virus to hepatocytes via heparan
sulphate proteoglycans (HSPGs) or low density lipoprotein receptor-related
protein (LRP), respectively (Figs. 2.1 and 2.3).8,9 However, sequestration of
FX and delivery of the virus: FX complex to liver via HSPGs is the primary
route for i.v. delivered Ad liver transduction.10,11 This finding defines an
infectivity function for hexon, since direct interaction between hexon and
FX is observed.10,11 Additionally, FX interacts with the Ad hexon via the
HVRs since exchange of the Ad5 HVRs for those of a non-FX binding Ad is
sufficient to block liver gene transfer.10 The fact that such diverse cell entry
pathways are used by the virus highlights the complexity of Ad interaction
with the host, providing further challenges for the development of efficient
gene therapies.
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4. Production of Adenoviral Vectors

The fact that Ads are one of the most widely investigated gene transfer
vectors is in no small part due to the development of the human cell line,
293, transformed with the entire left hand end of the Ad5 genome.12 This
allowed the construction and study of recombinantAds in a helper virus-free
environment.

The gene products are organized into early (E1-E4) and late (L1-L5)
regions, based on expression before or after initiation of DNA replication.
The E1 region is the essential initiating factor for viral DNA replication
as it encodes E1a, which induces expression of other early genes. E1 also
ensures the cell enters S phase to enable viral replication by inhibiting key
cell cycle components and blocking p53-mediated apoptosis. The E2 region
encodes products required for DNA replication such as DNA polymerase,
single stranded DNA binding proteins and pre-terminal protein (which are
essential for viral DNA synthesis, elongation and genome packaging into
the maturing viral particle). The E3 region encodes products which inhibit
the cell’s immune responses via blocking major histocompatibility complex
(MHC) transport. E4 encodes products required for trafficking viral mRNA
to the Golgi complex and for inhibiting transport of host cell mRNAs to
enhance viral production. The late region transcripts encode structural cap-
sid proteins.

First generation, replication-deficientAd vectors contain deletions in E1,
enabling insertion of expression cassettes of up to approximately 5 kb. The
limit in DNA packaging is dictated by the physical size of the virion which
is only able to package up to 105% (approximately 38 kb) of the native virus
genome size. Generation of these vectors has been historically carried out
via two plasmid transfection; the first plasmid contains sequences for the E1
region in between which is inserted the expression cassette, the second plas-
mid encodes the Ad genome with a large insertion in the E1 region which
blocks self packaging of virus through exceeding the maximal 38 kb pack-
aging capacity. Homologous recombination between two plasmids, using
the E1 sequence acting in trans from 293 cells excises E1 and inserts the
expression cassette, producing replication deficient Ad vectors which can
be propagated in 293 cells. This can result in generation of replication com-
petent Ad (RCA) due to recombination between the Ad genome vector and
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the integrated homologous E1 region in 293 cells, however modified E1-
expressing cell lines andAd generating plasmids with low homology to each
other has significantly reduced RCA. Additionally, other first generation Ad
production systems utilize cloning and construction of full length recombi-
nant Ad genomes in bacteria prior to single plasmid transfection into 293
cells to package virus. To increase the size of expression cassette that first
generation vectors can encode to 8 kb, E3 can also be deleted. The main
limitation of first generation Ads was the discovery of leaky expression of
viral genes even in the absence of E1 due to transactivation of viral genes
from host transcription factors, leading to transient transgene expression.
Transduced cells release cytokines and are recognized and destroyed by
cytotoxic CD8+ and memory CD4+ T lymphocytes (CTL) via recognition
of viral structural proteins presented on the cell surface by MHC class I
(Fig. 2.3). Second generation vectors were developed via deletion of the E2
and/ or E4 regions potentially enabling cloning of 14 kb of foreign DNA
into the vector. The initial study mutated E2a leading to increased trans-
gene expression and decreased inflammatory responses in mouse liver and
lung.13 E4 has also been deleted to provide similar advantages,14 however,
such vectors were rapidly superseded by third generation Ads.

Third generation [also called gutless or helper dependent Ad vectors
(hdAd)] are those devoid of all viral open reading frames, creating vectors
containing only essential cis elements (inverted terminal repeats and con-
tiguous packaging sequences). Deletion of all viral genes increases insert
capacity to 36–38 kb and limits host immune responses by ablating leaky
production of Ad genes, leading to persistent transgene expression. Early
production of helper-dependent Ad vectors was hampered by the require-
ment for co-infection of cell lines with helperAd expressing all the necessary
Ad genes in trans, leading to contamination of hdAd stocks with wild type
helper virus. New systems use recombinases to remove packaging signals
from helper virus to reduce contamination.15,16 Further refinements such
as reverse insertion of the packaging signal in the helper virus to prevent
recombination between helper and vector have almost eliminated helper
contamination.17 The inability to produce stable cell lines expressing all the
viral helper functions, due to toxicity of viral proteins on host cells means
that scale up and clinical grade production of hdAds is still a limiting factor.
Nonetheless, hdAds have enormous potential for gene therapy, they show
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greatly reduced pro-inflammatory responses and have been shown to drive
long term transgene expression in many different animal models, in certain
instances for the lifetime of the animal.

5. Production of Targeted Adenoviral Vectors

Modification of the tropism of the virus would be beneficial to enable i.v.
delivery to be targeted selectively to diseased tissues and away from the
liver to improve safety and efficiency. To date targeting has almost exclu-
sively focused on modifying fiber, however with the discovery that hexon is
responsible for Ad5’s liver tropism future Ad5 targeting research is likely to
focus in this new direction. The first targeting approaches used antibodies
to neutralise the knob protein (Fig. 2.2) and retargeted gene delivery via
ligands such as growth factors,18 or peptides.19 However, successful in vivo

Fig. 2.2 Ad targeting. (A) Bispecific antibodies neutralize the Ad knob domain and retarget to
novel/candidate receptors. (B) Serotype switching by exchanging either the Ad5 fiber knob or entire
fiber for an alternative serotype fiber for new tropism. (C) Coating the Ad capsid with inert polymers
covalently linked to targeting ligands. (D) Insertion of peptides into the surface exposed HI loop on the
Ad fiber knob.
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Ad5 retargeting using antibodies has only been reported once and addi-
tionally required a cell-specific promoter to silence hepatocyte expression,
highlighting the difficulty of detargeting Ad5 from liver.20 Alternatives to
knob-neutralising antibodies include coating the Ad capsid with inert poly-
mers, e.g. polyethylene glycol (Fig. 2.2) which coats the entire Ad, mask-
ing the immunogenic capsid enabling retargeting via, for example, growth
factors.21

Genetic modification of the Ad fiber and/or penton base protein were
the next logical steps in Ad targeting, in order to avoid potential scale up
problems and additional regulatory hurdles. Although many different meth-
ods have been explored, utilization of the fiber HI loop is now used almost
ubiquitously (Fig. 2.2). The HI loop is exposed outside the knob enabling
incorporation of additional protein sequence without affecting fiber trimer-
ization or knob domain folding and inserting the RGD peptide into the HI
loop produces Ads that transduce cells via a CAR-independent route.22 The
ability to target Ad via ligands in the HI loop was improved considerably
by identification of the amino acid residues in the fiber knob that mediated
interaction with CAR, such as S408E or G, P409A, K417G or L, K420A,
Y477A or T andY491A.23 Combining these mutations with insertion of tar-
geting ligands into the HI loop can provide efficient, selective gene delivery
in vitro for example.24,25 However, translating efficient and selective in vitro
targeting into efficient in vivo targeting that avoids liver transduction has
been less straightforward.

Many studies have pursued detargeting of Ad5 from the liver via either
single or multiple mutations in the knob domain, or by combining muta-
tions in fiber knob, shaft and penton base with largely negative effects.26

Clearly, blocking interaction of hexon with FX will be key to i.v. targeted
Ad transduction.

The alternative to genetic modification of the Ad5 fiber to remove native
receptor binding and replace with new receptor binding moieties has been
the identification of novelAd serotypes with alternative tropism toAd5. This
has enabled the use of other Ad serotype fibers via pseudotyping in which
the Ad5 fiber is exchanged for another serotype fiber to provide Ad5-based
vectors with alternative tropism (Fig. 2.2). The main focus of alternative
serotypes has been those of species B, particular Ad35. Shayakhmetov et al.
pseudotyped Ad5 with the Ad35 fiber to efficiently transduce hematopoietic
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cells refractory toAd5 highlighting the potential of this approach.27 Further-
more, pseudotyping Ad5 with the rare species D fiber 19p modified with
renal targeting peptides in the HI loop produced significantly decreased
liver transduction and retargeting to the rat kidney.28 The prevalence of
neutralizing immunity to Ad5 in patients has also driven the development
of vectors based on entire alternative serotypes such as Ad35.29 Ad35 is a
relatively uncommon human Ad serotype and anti-Ad5 immunity does not
cross-react withAd35. TheAd35 receptor CD46 is a ubiquitous complement
membrane protein, expressed in almost all human cells and up-regulated in
certain cancers, but expressed only in the testes of rodents.4 It can therefore
be utilized for gene delivery to targets such as tumors that may be refractory
to transduction with Ad5.

6. Gene Therapy Applications

As one of the commonest gene transfer vectors under investigation for
human gene therapy it has been widely investigated in many disease areas.
The application of gene therapy for specific diseases is covered in great
depth elsewhere in this book and this section is designed to merely give an
overview of Ad’s potential applications.

Cancer gene therapy aims to kill tumor cells via gene delivery, e.g. by
overexpressing p53 (which is absent in many tumors) to prevent tumor cell
growth. In China a first generation Ad expressing p53 (Gendicine) is the
first licensed gene therapy product.30 Alternative Ad5-based cancer gene
therapy include the use of suicide gene transfer in which overexpression of
an enzyme converts a toxic pro-drug into an active anti-cancer agent, e.g.
the herpes simplex virus thymidine kinase gene and ganciclovir. Other cyto-
toxic cancer gene therapy strategies have taken advantage of Ad5’s mode
of replication and the knowledge that many cancers have mutations in p53
or retinoblastoma pathways. Modified Ads termed conditionally replica-
tive Ads (CRAds) or oncolytic Ads have mutations or deletions in E1. E1-
deleted/ mutant Ads are unable to replicate in cells in which normal p53
function is present (as E1b 55k protein is required to inactivate it and enable
cells to enter S phase) but replication takes place in tumor cells with absent
p53 expression. The first example of this was the CRAd ONYX-015 with
2 mutations in the E1b gene enabling it to replicate in tumor cells.31 The
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other most well investigated CRAd is Ad5-�24 which has a region of E1a
deleted that normally mediates binding to the Rb protein to enable cells to
pass the G1-S check point, thus limiting the virus to replication in tumor
cells with a mutated Rb pathway.32

Since Ad efficiently transduces cells of the cardiovascular system, their
utility for cardiovascular disease gene therapy has also been investigated.
First generationAds are disadvantaged due to transient transgene expression
when, for many cardiovascular applications long term transgene expres-
sion would be beneficial. Nonetheless, first generation Ads have a niche in
the development of gene therapy for cardiovascular disease where acute
remodeling of blood vessels occurs via migration and proliferation of
smooth muscle cells (SMC), such as in vein graft failure following coro-
nary bypass surgery. Acute inhibition of SMC migration and proliferation
in vein graft failure via Ad-mediated delivery of cell cycle inhibitors such
as p53,33 as well as inhibitors of extracellular matrix remodeling (essen-
tial for SMC migration) such as tissue inhibitors of metalloproteinases
are promising approaches.34 Additionally, Ad5 has been utilized in clinical
trials for local delivery to the myocardium to overexpress pro-angiogenic
factors such as fibroblast growth factor (FGF) or vascular endothelial
growth factor (VEGF) to relieve symptoms of angina with some positive
outcomes.35,36

The high immunogenicity of first generationAd5 vectors highlights their
potential for vaccination strategies. Ad5 vectors overexpressing antigens
from different pathogens have been investigated in experimental models,
but it is in the development of a vaccine for human immunodeficiency virus
(HIV) that Ad strategies have advanced to a clinical trial.37 Ad delivery
of the HIV antigens gag, pol and nef in the phase 2 STEP trial assessed
efficacy in lowering either HIV-1 infection rates or plasma viremia.37

Disappointingly the trial was halted prematurely due to an unforeseen
safety issue (see later). NonethelessAd-mediated vaccination is a promising
approach for immunotherapy for a number of serious infectious diseases and
cancer.

There has been major research into development of Ad as a gene therapy
vector for the treatment of inherited disorders. Despite the obvious limita-
tions of transient transgene expression from first generation Ad vectors
which would limit curative treatment of an inherited disorder, the use of
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hdAd has provided new impetus for research in this area. As the liver is
the primary site of Ad gene delivery it has been widely investigated for
the treatment of liver-specific disorders, and in the case of secreted solu-
ble gene products, as a factory for releasing therapeutic proteins to either
treat distal sites, or act systemically. For example, a single i.v. delivery
of hdAd expressing coagulation factor IX provided sustained improve-
ment in coagulation time in a canine model of hemophilia B for over a
year,38 while a single hdAd delivery of low density lipoprotein receptor into
ApoE knockout mice protected the mice from atherosclerosis for their entire
lifetime.39

7. Immune Responses to Ad Vectors

The immune response to Ads is a complex process, activated rapidly upon
viral administration and occuring via the innate and adaptive immune sys-
tem. The Ad capsid activates the innate system independently of any viral
gene expression and involves activation of mitogen activated protein kinase
(MAPK), Jun N-terminal kinase (JNK) and extracellular regulated kinase
(ERK) pathways, resulting in nuclear translocation of nuclear factor kappa
B (NFκB) and transcription of its target genes, including a number of
cytokines.40,41 Following i.v. Ad delivery, there is rapid thrombocytopenia,
cytokine production, inflammation and a rise in liver enzymes. Although
transduced hepatocytes contribute, Kupffer cells, resident macrophages in
the liver sinusoids, mediate the major initial host response to Ad (Fig. 2.3).
Uptake of 90% ofAd by Kupffer cells takes place within minutes of delivery
to eliminate it from the circulation, resulting in rapid induction of cytokines,
including interleukin (IL)-1, macrophage inflammatory proteins, IL-6 and
tumor necrosis factor alpha.41 The complement system also opsonizes Ad
to prime it for Kupffer cell uptake and in C3- knockout mice (a key com-
plement protein) reduced levels of IL-6, granulocyte macrophage colony
stimulating factor and IL-5 are observed after Ad delivery.42 Ad binding
to erythrocytes has been well known for many years. Classification of Ad
serotypes is based on their differential agglutination of red blood cells from
different species. For example, species CAds agglutinate human and rat ery-
throcytes, but not those from mice, whereas species D Ads segregate into
3 subgroups; DI agglutinate rat and human erythrocytes, DII agglutinate
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Fig. 2.3 Interactions of Ad with the host in vivo. Once in the bloodstream Ad5 is bound and/or
phagocytosed by Kupffer cells, red blood cells (RBC), Platelets and neutrophils. Kupffer cell uptake
is enhanced by antibody opsonization or complement proteins and leads to cytokine production. Ad
complexes with FX or C4BP to transduce hepatocytes via HSPGs or LRP, respectively. Transduced
hepatocytes present viral proteins via MHC and further release of cytokines leads to T cell
mediated lysis.

rat erythrocytes only and DIII fail to agglutinate rat erythrocytes, or do but
weakly. Ad interaction with erythrocytes also eliminates Ad from the blood-
stream (Fig. 2.3).43 In addition, Ad is bound by neutrophils and platelets.
Together these findings suggest that host species have evolved sophisti-
cated and orchestrated methods to overcome the invading Ad. The adaptive
response toAd takes place onceAd delivery and uptake in cells has occurred
and there is a strong humoral response, which inhibits subsequent deliveries
of Ad vectors of the same serotype.

Perhaps not unexpectedly as the most abundant capsid protein, the hexon
is the major antigenic site of the virus,44 and the HVRs function as serotype-
specific neutralizing antigens.45 The penton base and fiber also contribute
to the generation of efficient viral neutralization as anti-fiber antibodies can
mediate Ad aggregation,46 and sera from Ad5-seropositive patients blocks
FX-mediated transduction of Ad5, but not Ad5 pseudotyped with the unre-
lated serotype Ad45 fiber.47
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8. Safety and Regulatory Issues

One of the primary pieces of evidence that it is safe to administer Ad to
humans is the use of live, attenuated Ad as a vaccine in the American
military without any reported side effects. Wild-type Ads primarily infect
the upper respiratory tract, gastro-intestinal, or ocular epithelium. In healthy
people they cause acute, self limiting infections, although they are a signifi-
cant threat to morbidity and mortality in immunocompromised individuals.
Neutralizing antibodies to types 1, 2 and 5 occur in 40–60% of individ-
uals by the age of 15 years and by the age of 30 this rises to 70–85%.
Although naturally occurring immunity to rarer serotypes is lower, there is
a robust humoral response to individual serotypes. Ads are non-oncogenic
in humans, although they can induce oncogenesis in newborn rodents. First
generation Ads have been injected into thousands of patients to date and on
the whole they are well tolerated and safe, with the most common findings
being transiently elevated liver transaminases and mild fevers.

By far the most serious safety issue for Ad is that of Jesse Gelsinger,
an 18 year old participant in a phase I trial for ornithine transcarbamy-
lase deficiency (a X-linked deficiency in urea synthesis) who was admin-
istered 3.8x1013 viral particles into the hepatic artery and died following
systemic inflammatory syndrome, disseminated intravascular coagulation
and multiple organ failure.48 The study highlighted several issues with
regard to recruitment selection for clinical trials and Ad safety, triggering
re-evaluation of safety and dosing regimes. Importantly, none of the pre-
clinical data in rodent models or small and large non-human primate studies
revealed similar side effects, highlighting the limitations of extrapolating
pre-clinical data into clinical trials. This has been further emphasized in the
STEP trial for Ad-mediated HIV vaccination as in individuals seropositive
for Ad5 prior to vaccine administration a two-fold rise in HIV infection was
observed.37

There are additional regulatory issues with the use of Ad gene therapy
protocols, although many of these relate generally to the use of biologics.
Clinical grade vector production facilities are becoming better established
throughout many countries, however there are still issues related to standard-
ization of production and titration procedures to ensure equivalent dosing
and quality control criteria.
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9. Conclusions

A vast amount of research over the past 50 years has lead to a detailed under-
standing of the biology of Ad vectors and their use as gene therapy vectors.
However, it is only in recent years that important information regarding the
immunological responses to Ad, both innate and adaptive, have begun to
be unraveled, as well as the factors which dictate tissue uptake and trans-
duction in vivo. There are still important questions to be addressed in order
to be able to effectively target Ad to tissues other than the liver via the i.v.
route. Combining this knowledge with avoidance of Ad interactions with
the immune system, will be key to the next generation of Ad gene therapies.
It is clear that Ad-mediated gene therapy has vast potential for the future
treatment of human diseases.
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Chapter 3

Retroviral Vectors and Integration
Analysis

Cynthia C. Bartholomae, Romy Kirsten, Hanno Glimm,
Manfred Schmidt and Christof von Kalle∗

Retroviral vectors are predestined for use in gene therapy because they are
not pathogenic for humans and allow efficient long-term expression of the
therapeutic gene. Intensive research has been done on murine and human
retroviruses and derived vectors during the last few decades. In recent
years the curative potential of retroviral gene transfer into hematopoietic
stem cells has been demonstrated impressively in a number of clinical
studies. At the same time it became evident that as the therapeutic effi-
cacy of retroviral gene transfers increased, so did the biologically rele-
vant vector-induced side effects, ranging from in vitro immortalization to
clonal dominance and oncogenesis in vivo. Detection and monitoring of
these side effects by a genome wide inspection of the integration sites has
proven to be an effective tool to elucidate a vector’s oncogenic potential.
Current research efforts aim to develop safety vectors with a reduced ten-
dency of unwanted activation of cellular genes that ideally integrate in a
more targeted manner into the host genome. At the same time continuous
monitoring of transduced cells has to become an integral part of every
therapy using retroviral vectors.

1. Introduction

Retroviral vectors are attractive and promising gene delivery vehicles in
clinical gene therapy. They stably integrate into the host genome and allow

∗Correspondence: National Center for Tumor Diseases and German Cancer Research Center (DKFZ)
Heidelberg, Otto-Meyerhof-Zentrum, Im Neuenheimer Feld 350, 69120 Heidelberg Germany.
Email: christof.kalle@nct-heidelberg.de
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the long-term expression of therapeutic transgenes. As of December 2009,
1579 clinical gene therapy studies, most exclusively clinical phase I/II, have
been conducted world-wide. Retroviral vectors were used in 357 trials,
representing the second most commonly used gene delivery vehicles after
adenoviral vectors. (http://www.wiley.co.uk/genmed/clinical/).

For a long time it was assumed that the integration of retroviral vectors
into the host genome is close to random and that, consequently, the chances
of integration in a critical or dangerous site are minimal. However, in recent
years evidence has been accumulating which contradicts this assumption,
thus making it necessary to reevaluate the risk of insertional mutagenesis
when using retroviral vectors for gene delivery.Accordingly, research efforts
investigating the insertion patterns of retroviral vectors were intensified so
that the relationship between the benefits and risks of treating patients with
this method could be more accurately evaluated.

In the first part of this chapter an overview of the structure and major
characteristics of presently used retroviral gene therapy vectors is given. In
the second part the most recent research on insertion mutagenesis is pre-
sented and discussed in the light of the demands for safety in gene therapy.

2. Design, Production and Mechanism of Transduction

The family of retroviridae consists of seven species, the simple α-, β-,
γ-, and ε-retroviruses, and the complex δ-retro-, lenti- and spumaviruses.
The viral genome is formed by two positive strand-oriented single-strand
RNAs (except spumaviruses) and exhibits a 5′-cap structure and a 3′-
polyadenylation. After reverse transcription of the viral RNA genome into
double stranded cDNA in the cytoplasm of the host cell, the viral cDNA
exhibits the same sequence at both ends, the long terminal repeat (LTR).
The LTRs are essential for viral integration and expression of viral genes.
The replication cycle of the retroviridae is shown in Fig. 3.1.

The LTRs consist of three structural units: U3 (U, “unique”), R
(R, “redundant”) and U5. The U3 region contains the promoter and enhancer
elements (Fig. 3.2). Three coding regions are common to all infectious retro-
viruses: gag, pol and env. The gag gene (group-specific antigenes) codes
for the structural proteins, the pol gene (enzymatic activities) codes for
the enzymes reverse transcriptase, integrase and protease and the env gene
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Fig. 3.1 Retroviral life cycle. The retroviral life cycle starts with adsorption on the cell membrane
and the penetration of the nucleocapsid into the cell. After reverse transcription in the cytoplasm,
the proviral DNA integrates into the host genome, followed by DNA transcription and translation of
the virus proteins, packaging of the RNA genome in the developing particle and budding. (Source:
www.clontech.com)

(glycoproteins) for the viral envelope proteins (Figs. 3.2a and 3.2b).1 The
simple retroviruses such as the murine leukemia virus (MLV) and the spleen
focus forming virus (SFFV) only carry information for these domains. The
complex lentiviruses (e.g. the human immunodeficiency virus, HIV) and the
spumaviruses (e.g. the prototypical foamy virus) possess additional genes
which code for regulatory and accessory proteins.

In clinical gene therapy, only replication deficient vectors are used as
gene transfer vehicles. These vectors are produced by removing almost all
of the viral genomes, replacing it with a therapeutic gene or a marker gene
and regulatory elements (Fig. 3.2c). Thus, after infection of the target cells
the possibility of further replication and spreading of the viral vectors can
be eliminated. The transfering vector codes for the transgene, the packaging
signal ψ, the primer binding site, and the retroviral 5′- and 3′-LTRs. To avoid
unwanted recombination, the viral genes gag, pol and env necessary for the
self-assembly of the vector are provided separately, either by using a stable
packaging cell line or by transient transfection of expression plasmids.
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Fig. 3.2 Organization of the retroviral genome and derived vectors. Sequence elements present in the
RNA genome of all infectious virus particles (a) and in the proviral genome after integration into the
host genome (b). Sequence elements of a retroviral vector with complete LTR (c) and composition of
a safety-optimized vector with deletions in the U3 region of LTRs (d). The arrow indicates the internal
promoter that controls transgene expression. R: redundant region; U3 and U5: unique regions at 3′-
or 5′- end, respectively; PPT: polypurine tract; LTR, “Long Terminal Repeat”; SIN: self inactivating,
PBS, primer binding site; ψ, packaging signal.

Vectors derived from simple retroviruses have a transgene capacity of up
to 9kb and can only enter the nuclei of dividing cells.2 In order to efficiently
transduce resting cells ex vivo, e.g. hematopoietic stem cells, the cells are
stimulated with cytokines in cell culture medium to induce cell division.3

Lentivirus and foamy virus vectors are able to transduce resting, i.e. not
actively dividing cells. The lentiviral vectors have a transgene capacity of
10 kb, and spumaviral vectors can carry transgenes of up to 12 kb in size.
Self-inactivating (SIN)-LTR vectors have been developed to further mini-
mize the risk of recombination and insertional mutagenesis (see below and
Fig. 3.2d).
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3. In vivo Application

In recent years the curative potential of retroviral gene transfer into
hematopoietic stem cells was demonstrated impressively in a number of
clinical studies.4–8 In addition to obtain a therapeutic benefit, each trans-
duced cell and its clonal progeny is uniquely labeled by the vector inte-
gration locus. Identification of such vector integration sites not only allows
researchers to investigate the origin of a tumor recurrence and the biology of
human hematopoietic regeneration, but also to follow the fate of transduced
cells and to monitor their clonal behaviour over time.6,7,9–11

More than 15 years passed between the first description of a retroviral
gene transfer in murine hematopoietic stem cells and the first successes in the
clinical therapy of patients with X-chromosomal inherited severe combined
immunodeficiency disorder (X-SCID).5,6,12 The limiting factor, in previous
unsuccessful clinical trials, was the low efficiency of gene transfer. This hur-
dle was effectively circumvented by improved transduction protocols and
vectors.13,14 Further successes followed in the gene therapeutic treatment
of adenosine deaminase (ADA) SCID and chronic granulomatous disease
(CGD).4,7

Since lentiviral vectors are capable of transducing proliferating as well
as non-proliferating cells, great hopes are being set for their use in clinical
applications. Initial successes have already been reported for the applica-
tion of lentiviral vectors for treating neurodegenerative diseases in animal
models, including the treatment of Parkinson’s disease in monkeys,14 and
of metachromatic leukodystrophy, a storage disorder of the central nervous
system, in a mouse model.15

The first clinical lentiviral gene therapy trial was initiated in 2006 for the
treatment of the cerebral form of X-chromosomal linked adrenoleukodys-
trophy (X-ALD), a demyelinating disease of the central nervous system.8

Mobilized hematopoietic precursor cells were harvested from two seven-
year-old patients, transduced ex vivo with lentiviral SIN-vectors encoding
the ABCD1 transgene and reinfused into the patients. It was possible to
arrest the progression of the disease in both patients through the constitu-
tive expression of the functional ABCD1 therapeutic transgene.
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4. Side Effects in Retroviral Gene Therapy

Gene therapy using retroviral vectors is a specialized form of therapy that
is mainly applied to patients for whom no therapeutic alternatives are avail-
able. Therefore, the benefit of a gene therapy always has to be opposed to
the potential risks case by case.

The integration of retroviruses in the cellular genome is per se a muta-
genic event, which can lead to disruption of the gene coding regions and/or
to interference with regulatory elements. However, in contrast to the use of
wild-type retroviruses and replication-competent retroviral vectors, the risk
of insertional mutagenesis leading to cell transformation for a long time was
assessed to be rather low when using replication-deficient oncoviral vectors
that were specifically developed for clinical purposes.17 The increased effi-
ciency in performing ex vivo transduction of human CD34+ cells and, as a
consequence, the greater number (up to 108 − 109) of gene-corrected cells
which can be re-infused are the factors responsible for the successful clini-
cal treatment achieved with retroviral vectors since the beginning of 2000.
At the same time it became evident that the risk of biologically relevant
side effects could also increase along with the improved effectiveness of
this type of treatment. Insertion-mediated mutagenesis can lead to a wide
spectrum of phenomena, ranging from in vitro immortalization to clonal
dominance and oncogenesis in vivo.18–23

Figure 3.3 illustrates one possible mechanism of how integration of
MLV- and HIV-1-derived retroviral vectors (which integrate preferentially
in close proximity to transcriptional start sites or gene coding regions respec-
tively) may lead to a dysregulation of cellular genes.

4.1 Distribution of Retroviral Integration Sites
in the Cellular Genome

The identification and sequencing of viral integration sites involves the pre-
sentation of a DNA sequence composed of the known proviral sequence and
of the unknown neighboring genomic sequence. In order to characterize the
unknown flanking DNA, two fundamental PCR methods were developed,
inverse PCR and ligation-mediated PCR.24,25 Although further development
in these methodologies led to improvements in sensitivity, the invention of
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Fig. 3.3 Mechanism of proto-oncogene activation by insertional mutagenis. (A) Integration of viral
genomic DNA into somatic cellular DNA in the proximity of a nontranscribed oncogene. (B) Integrated
proviral DNA induces the transcription of the oncogene. RV, retroviral vector. LTR, “Long Terminal
Repeat”.

the linear amplification-mediated PCR (LAM-PCR) allowed for the first
time the characterization of integration sites at the single-cell level and
to monitor the polyclonal gene-modified hematopoiesis directly in limited
amounts of peripheral blood leukocytes and bone marrow cells.26,27 LAM-
PCR has been shown to be the superior method to determine the clonality
of the hematopoietic repopulation after transplantation in humans.

The principle of LAM-PCR is illustrated in Fig. 3.4. The first step (a)
is the preamplification of the vector–genome junctions through a linear
PCR with biotinylated primers hybridizing at one end of the integrated
vector. The following steps (b-f) are carried out on a semisolid strepta-
vidin phase in order to capture DNA strands with an incorporated biotiny-
lated vector primer. After double strand synthesis (c), a restriction digest
(d), and the ligation of a linker cassette (e) on the genomic end of the
fragment, two exponential PCRs with nested arranged vector- and linker
cassette primers are carried out in order to amplify the fragments consist-
ing of linker cassette-, genomic-, and vector-sequence (g). The generated
fragments are sequenced and the integration loci are determined. A further
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Fig. 3.4 Schematic outline of LAM-PCR to amplify 5-LTR retroviral vector-genomic fusion
sequences. Steps (a-g) see text. B, biotinylated primer; LTR, long terminal repeat; LTR I/II: LTR primer
for the first/second exponential PCR; LCI/II, linker cassette primer for the first /second exponential
PCR; Schmidt et al. 2007)

development of the LAM-PCR is the non-restrictive LAM-PCR (nrLAM-
PCR), which allows the genome-wide identification of retroviral integration
sites in a single reaction, circumventing the detection bias caused by the use
of restriction enzymes.28 The knowledge of the genomic flanking sequence
derived from a clone of interest allows the creation of primers specific for
an individual integration clone. Thus, PCR analysis using these primers in
combination with vector-specific primers makes it possible to monitor one
single specific clone in vivo in different samples.27

Due to the availability of the complete human and murine genome
sequence data the precise localization of viral integration sites in the host
genome now became possible, and by the improvement of new sequencing
technologies also feasible in a high-throughput manner.29

Severe side effects emerged in 2003, when two of the patients enrolled in
the first successful gene therapy trial for the treatment of X-SCID developed
a T cell acute lymphatic leukemia between 30 and 34 months after treat-
ment. As a consequence, comprehensive investigations were conducted to
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observe the integration behavior of different vectors and wild-type viruses
in vitro and in vivo.30–32 These analyses provided the first concrete evi-
dence that retroviral integration into the host genome is much less random
than previously assumed, and that different vector types consistently tend
to integrate into specific genomic regions.

The fact that tumorigenic chromosomal aberrations (i.e. deletions,
translocations and amplifications) as well as the integration of onco-
genic viruses (for instance human papilloma virus 16 (HPV16), HPV18,
Hepatitis-B-Virus and Epstein-Barr-Virus) often occur in so-called
“common fragile sites” (CFSs) has already been known since 2003.33 In
2006, Bester et al. were able to show a significant higher integration fre-
quency of MLV in such CFSs.34 The integration of MLV-derived vectors
preferentially occurs close to transcription start sites and in proximity to
CpG islands.32 In contrast, HIV-1-derived vectors in two thirds of cases
integrate into gene coding regions over the complete length of the gene,
with a preference for active genes.30,31 Moreover, for both MLV- and HIV-
derived vectors a cell type specific integration pattern was observed, due to
differences in their gene expression status.7,10,35–37 More recent investiga-
tions on the integration pattern of HIV-1 revealed a relationship between the
expression of the transcription coactivator lens epithelium-derived growth
factor (LEDGF) and the integration of the vector in transcribed regions
in Jurkat cells.38,39 Lewinski et al. showed that viral components such as
integrase and group-specific antigenes influence the integration behavior of
HIV, MLV and their chimeras.40 Another group of retroviral vectors derived
from Avian Sarcoma Leukosis Virus (ASLV) show neither a preference for
transcription start sites nor for active genes.30 These results make it clear
that the selection of the gene transfer vector with respect to the target cell
or target tissue can have a decisive influence on the clinical outcome of a
gene therapy trial.

4.2 Side Effects in Clinical and Preclinical Gene
Therapy Studies

In 2002, the first malignant transformation that developed as a result of gene
transfer using replication-deficient retroviral vectors was observed.21 Serial
transplantations of gammaretroviral gene-marked CD34+ cells derived
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from murine bone marrow led to tumor development in secondary and ter-
tiary recipients. All secondary transplanted animals developed alterations
of their hematopoiesis after 22 weeks, and 6 out of ten animals developed
acute myeloid leukemia. It was possible to show that all of these animals had
the same malignant clone with a vector integrant in the Evi1 gene locus. The
functional promoter and enhancer elements in both proviral LTRs caused an
overexpression of Evi1. The MLV vector used here encoded the transgene
that had been used for clinical applications, a low-affinity nerve growth
factor receptor (LNGFR). It could not be proven that the growth-mediating
transgene LNGFR had a synergistic effect, but neither could such an effect
be ruled out.

Gene marking studies in a non-human primate model revealed indica-
tions of a possible clonal dominance in the retrovirally transduced cells.18

Calmels and his colleagues were able to show that clones with distinct
vector integration sites (Mds1/Evi1, Prdm16) had a growth advantage com-
pared to other cell clones. However, no abnormal proliferation of affected
cell clones was observed, despite numerous retroviral integrations within
these proto-oncogenes. Since the major part of these cell clones contributes
to long-term hematopoiesis, a higher engraftment or survival probability
as a result of insertional mutagenesis was discussed. Analysis of another
murine gene marking study proved that proviral integration within or nearby
distinct cellular genes promotes the growth of single transduced cells and
contributes to their clonal expansion in vivo.20

In the context of a murine study on the retroviral expression of an ABC-
transporter (MDR1), it was observed that the vector dose has an impact on
leukemogenesis. Leukemia not only occurred due to the growth advantage
of single clones but also correlated with high vector doses.41 In 2006, the first
acute myeloid leukemia in a non-human primate model was described after
retroviral gene transfer in hematopoietic precursor cells. The treated animal
died five years after gene therapy due to a myeloid sarcoma.22 Two vector
integrants (Bcl2-A1, Cdw91) were detected in the blood as well as in the
tumor tissue of the animal, both of which had already achieved dominance
one year after transplantation.

The first published side effect after gene transfer using a lentiviral vec-
tor was a T-cell lymphoma that occurred in the context of the constitutive
expression of the therapeutic gene Il2RG in a murine model. The influence
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of the growth-related transgene on the tumor development in this study was
a matter of much controversial debate.23,42 A gene transfer-induced tumori-
genesis was also observed with an adeno-associated virus (AAV) derived
vector in a murine model.43

In three clinical gene therapy studies, integration site analyses in patient
hematopoietic cells showed that the retroviral vector could affect the growth
and differentiation of distinct transduced clones. Two to six years after suc-
cessful gene therapy for X-SCID, 5 of 19 patients developed T-cell leukemia.
In 4 of these patients, vector integrations in the proto-oncogene LMO2
occurred causing its overexpression and expansion of these clones.7,36,37,44,45

Also, a combinatorial effect of insertional mutagenesis and constitutive
expression of the transgene IL2RG as a cause of lymphoproliferative dis-
ease was discussed.23 Gene therapy for correction of X-CGD in two adult
patients resulted in the restoration of oxidative antimicrobial activity in
phagocytes after gene transfer. Substantial gene transfer in neutrophil cells
had produced a high number of functional phagocytes. Integration anal-
yses revealed a clonal dominance of insertion sites in the genes MDS1-
EVI1, PRDM16 or SETBP1, resulting in an expansion of gene-corrected
myelopoesis.7 A myelodysplastic syndrome developed in both patients in
the course of time.46

5. New Strategies for Vector Biosafety in Gene Therapy

The treatment of monogenic hereditary diseases with gammaretroviral vec-
tors led to severe side effects only in certain diseases (X-SCID, X-CGD)
and only in few patients.44–46 Therefore, the applied vector itself cannot
account solely for the incidence of these side effects; in fact a number of
factors seem to interact. For instance no side effects have been observed so
far in the gene therapy of ADA-SCID using gammaretroviral vectors.47 In
order to minimize the risk of side effects in future gene therapy trials it will
be important to choose the most suitable gene transfer vectors dependent
on the disease individually and to test the usage of tissue-specific promoters
or non-integrating vector systems if appropriate.

During the last years several in vitro and in vivo systems were devel-
oped, aiming to assess the genotoxic potential of different vectors. Already
in 2003 it was reported that replication-competent gammaretroviruses are
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suitable for specific detection of cancer genes. Transplantation of transduced
hematopoietic cells in mice with knocked-out Cdkn2a tumor suppressor
gene leads to accelerated tumor growth when a cellular proto-oncogene
is virally activated.48 Thus, the most extensive database of murine genes
with oncogenic potential, the mouse “Retrovirally Tagged Cancer Gene
Database” (RTCGD) was developed.49

In other work, Du and colleagues showed that identification of proto-
oncogenes is feasible by retroviral gene transfer in cell culture.26 Trans-
duction of murine bone marrow cells with replication deficient retroviruses
expressing marker genes resulted in immortalized cell lines, many of which
contained integrations in the Mds1/Evi1 and Prdm16 genes. Vector integra-
tion into the Evi1 locus and resulting overexpression of Evi1 appeared to be
sufficient for a cell to be immortalized. Modlich and colleagues adapted and
improved this method so that the results could be analyzed in a quantitative
manner.47

In order to assess the biological safety of vectors used for the treatment
of X-SCID a tumor prone mouse model was developed in which the tumor
suppression gene Arf as well as the Il2rg gene had been knocked-out.51

Since it was proven that the activity of promoter/enhancer elements in
the LTR of conventional retroviral vectors may cause insertional activation
of cellular protooncogenes, the first attempts to reduce the risk of insertional
mutagenesis involved the development of SIN vectors. In these vectors, the
enhancer and promoter elements in the U3-region of the LTR are deleted
in order to eradicate their activity after integration.52 Expression of the
transgene is driven by an internal promoter, which, in addition, can be tissue
or cell-type specific for further improvement of safety (see Fig. 3.2d).

The mouse model originally developed by Lund et al. was suitable to per-
form comparative tests on the genotoxic potential of different gene transfer
vectors. Mice that had received hematopoietic precursor cell transplants
transduced with gammaretroviral vectors developed tumors much more
rapidly than mice that had received cells harbouring lentiviral SIN-vectors
with an internal human phosphoglycerate kinase (hPGK) promoter.53 Later
on it was demonstrated that retroviral vectors with SIN-LTRs show a signif-
icant reduction in genotoxicity, but when combined with strong (viral) inter-
nal promoters still have the ability to induce leukemia in a mouse model.51
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However, the usage of physiological (cellular) promoters further reduced
the risk of insertional mutagenesis.55

Other approaches for safety optimization include the modification of
envelope proteins of vector particles in order to constrain their transduction
to the target cell population.56 Insertion of insulator elements in the LTRs
aim to reduce both the influence of genomic environment on the integrated
vector as well as the influence of the integrated vector on the surrounding
host genome.57

In postmitotic tissues, no dilution of unintegrated episomal vector forms
occurs, thus allowing the usage of non-integrating vector systems. Muta-
tions in the core domain of the viral integrase prevent integration, thereby
reducing the risk of insertional mutagenesis intensively. Recently, the long-
term functional correction of retinal degeneration in a well-established
rodent model for ocular gene therapy was reported. This was accom-
plished without apparent side effects using an integrase-deficient HIV-1
vector.58

The targeted insertion of non-integrating vectors into defined, puta-
tive safe gene loci via homologous recombination by the use of double
strand break inducing enzymes (i.e. zinc finger nucleases, meganucleases)
represent another promising approach for safety optimization. The decisive
factor for the successful application of this method is to avoid the recogni-
tion of wrong target sequences by zinc finger nucleases that would trigger
off-site double strand breaks.59,60 Another alternative approach for targeted
integration is the usage of transposons as gene ferries.57
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Chapter 4

Lentiviral Vectors

Janka Mátrai, Marinee K. L. Chuah and Thierry
VandenDriessche∗

Lentiviral vectors represent some of the most promising vectors for gene
therapy. They have emerged as potent and versatile tools for ex vivo or
in vivo gene transfer into dividing and non-dividing cells. Lentiviral vec-
tors can be pseudotyped with distinct viral envelopes that influence vector
tropism and transduction efficiency. In addition, it is possible to redi-
rect vector transduction and generate cell-type specific targetable vectors
by incorporating cell-type specific ligands or antibodies into the vector
envelope. Lentiviral vectors have been used to deliver genes into various
tissues, including brain, retina and liver, by direct in vivo gene deliv-
ery. Since they integrate stably into the target cell genome, they are ide-
ally suited to deliver genes ex vivo into bona fide stem cells, particularly
hematopoietic stem cells (HSCs), allowing for stable transgene expression
upon hematopoietic reconstitution.Though there are some safety concerns
regarding the risk of insertional mutagenesis, it is possible to minimize this
risk by modifying the vector design or by employing integration-deficient
lentiviral vectors which, in conjunction with zinc-finger nuclease tech-
nology, allow for site-specific gene correction or addition in pre-defined
chromosomal loci. Lentiviral gene transfer has provided efficient phe-
notypic correction of diseases in mouse models paving the way towards
clinical applications.

1. Basic Viral Biology

Lentiviruses are enveloped RNA viruses that are surrounded by a lipid
bilayer in which the envelope proteins are embedded. The main components

∗Correspondence: Flanders Institute for Biotechnology,Vesalius Research Center, University of Leuven,
Leuven, Belgium.
E-mail: thierry.vandendriessche@vib-kuleuven.be
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Fig. 4.1 A. Schematic representation of the HIV-1 virus. The figure shows the single stranded diploid
RNA genome of HIV-1 embedded into the nucleocapsid encoded by the gag gene. The integrase (INT)
and reverse transcriptase (RT) enzymes encoded by the pol gene are also indicated. The nucleocapsid
is surrounded by the capsid and the lipid bilayer membrane where the glycoproteins 41 and 120 are
located; B. Viral life cycle. The HIV-1 virus enters the cell via the cell surface receptors. The viral
genome is endocytosed and reverse transcribed in the cytosol. The viral DNA subsequently crosses the
nuclear membrane and finally integrates into the host genome. Using the transcription machinery of
the host cell viral RNA is transcribed and transported into the cytoplasm. Here, translation and virus
assembly take place and the de novo synthesized virus leaves the cell to initiate a new productive
infection.
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of the wild-type HIV-1 virus and its life cycle are shown in Figs. 4.1A and
4.1B. The envelope surrounds the viral capsid that contains the structural
proteins (matrix), viral enzymes and 2 copies of a single stranded RNA
genome, which codes for gag, pol and env genes that are common to all
retroviruses (Fig. 4.1A). The gag gene encodes the structural matrix pro-
teins, capsid and nucleocapsid, pol encodes the reverse transcriptase (RT),
integrase (INT) and protease and env encodes the envelope glycoproteins
(gp120 and gp41). Additionally, the lentiviral genome contains accessory
genes encoding the regulatory proteins Tat, Rev, Vpr, Vpu Vif and Nef.
Tat and Rev are essential for viral replication, whereas the other accessory
genes contribute to viral pathogenicity. Tat is a potent trans-activator of
HIV-1 gene expression and “jump-starts” the HIV replication cycle. Rev is
a post-transcriptional trans-activator that accelerates mRNA transport from
the nucleus to the cytoplasm via binding to the Rev-responsive element
(RRE). Rev is essential for the expression of the gag, pol and env genes and
for the transport of the full length RNA genome.

During infection, the Env proteins interact with their cognate cellular
receptors (i.e. CD4 and the co-receptors CCR5 or CXCR4). After receptor-
mediated viral entry into the cell by membrane fusion, the RNA genome
is reverse transcribed in the cytoplasm by the reverse transcriptase into a
double stranded proviral DNA (Fig. 4.1B). This proviral DNA is associated
with different viral proteins (nucleocapsid, RT, integrase) in an intermediate
protein-DNA complex designated as the pre-integration complex (PIC).
The PIC also interacts with cellular proteins that facilitate the transport
across the nuclear membrane into the nucleus. The intrinsic properties of
the lentiviral PIC are different from that of the γ-retroviruses and endow
the virus with the ability to enter the nucleus of non-dividing cells. In the
nucleus, the integrase catalyzes the integration into the target cell genome
via interaction with the viral long terminal repeats (LTR), particularly the
att (attachment) sequence.

Cellular factors such as LEDGF/p75 play a key role in controlling lentivi-
ral integration by acting as a tethering factor. Host cell factors initiate tran-
scription from the integrated proviral LTRs resulting in production of new
viral genomic RNA that encodes the different HIV-1 structural and regu-
latory proteins. The genomic RNA and the newly produced viral proteins
are subsequently assembled as a viral particle during the budding process
(Fig. 4.1B).
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2. Vector Design and Production

2.1 Vector Development

Since HIV-1 is a human pathogen it is important to ensure that the cor-
responding lentiviral vectors (LV) are replication-deficient and unable to
revert back to an infective wild-type HIV-1. To make functional LV particles,
packaging cells need to be transfected with a plasmid containing a modified
vector genome that expresses the gene of interest (transfer vector) and the
helper (or packaging) plasmids that encode the essential viral proteins in
trans (Fig. 4.2).1,2 The gene transfer vector is devoid of all HIV-1 viral genes

Fig. 4.2 Lentiviral vector production by trans-complementation. Packaging cells are transfected with
the lentiviral vector plasmid and 3 helper (i.e. packaging) constructs encoding Gag, Pol, Rev and
Env (e.g. VSV-G, GP64, RD114). Only the LV contains the packaging sequence � and the gene
of interest (GOI) whereas the packaging constructs are devoid of �. Assembled vector particles are
harvested from the supernatant and, if required, subjected to further purification and concentration.
Constructs encoding different envelope genes allow for the production of distinct LV pseudotypes which
exhibit different tropisms. The self-inactivating (SIN) LTR sequences that contain a partial deletion
(�), the promoter of interest (P), Woodchuck post-transcriptional regulatory element (WPRE), central
polypurine tract (cPPT), the Rous Sarcoma Virus promoter (RSV), the Cytomegalovirus promoter
(CMV), Rev-responsive element (RRE) and the bovine growth hormone polyadenylation signal (BGH
pA) are indicated.
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encoding structural or accessory proteins. In contrast to γ-retroviral vectors,
LV can typically accommodate larger transgene cassettes (up to ∼10 kb) that
are expressed using an internal promoter. The � sequence is essential for
packaging and ensures appropriate encapsidation of the full-length vector
genome into the viral vector particles (Fig. 4.2). The LV is flanked by the 5′

and 3′ LTR sequences that have promoter/enhancer activity, which is essen-
tial for the correct expression of the full-length vector transcript, and play an
important role in reverse transcription and integration of the vector into the
target cell genome. To prevent mobilization (the packaging of the integrated
LV into HIV particles) by infection with wild-type HIV a self-inactivating
(SIN) vector configuration with a 400 bp deletion in the 3′ LTR U3 region,
including the TATA box was introduced.3 This deletion is subsequently
copied onto the 5′ LTR of the proviral DNA during reverse transcription,
abolishing the transcriptional activity of the LTR. Furthermore, the SIN
configuration reduces the likelihood that cellular coding sequences located
adjacent to the vector integration site will be aberrantly expressed, either due
to the promoter activity of the 3′ LTR or through an enhancer effect. Finally,
the SIN design prevents potential transcriptional interference between the
LTR and the internal promoter driving the transgene.3 The introduction of
chimeric CMV/HIV-5′ LTR or RSV/HIV-5′ LTR promoters to drive the
expression of the full-length vector transcript allowed for the elimination
of the HIV-1 Tat protein during vector production.

Several small genetic sequences have been introduced into the vector
to enhance gene transfer efficiency. The woodchuck hepatitis virus post-
transcriptional regulatory element (WPRE)4 when placed 3′ of the gene of
interest leads to increased transgene expression. The RRE including a small
segment of the gag gene was re-introduced into the transfer vector resulting
in improved viral titers. Finally, it has been shown that the central polypurine
tract (cPPT) facilitates nuclear translocation of the pre-integration complex
and consequently increases lentiviral transduction.5,6

Of the 9 HIV-1 viral genes, only 3 are essential for the production of
HIV-1 based LV namely gag, pol, and rev. The function of these genes in
the LV is identical to that in the cognate wild-type HIV-1 virus. The gag
and pol genes are expressed from the same helper (i.e. packaging) plasmid.
Since expression of gag and pol is strictly dependent upon the Rev-RRE
interaction, a separate construct encoding Rev needs to be cotransfected
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into the packaging cells. The generation of wild-type HIV-1 can de facto
be excluded since none of these genes are present in the packaging cells.
Additionally, LV particles require a viral envelope protein, which is essential
for vector entry into the target cells. The envelope of the LV is typically
encoded by a separate packaging construct that contains a heterologous env
gene from another enveloped virus that replaces the native HIV-1 env gene
(i.e. pseudotyping; see below).

2.2 Vector Production

The most common procedure to generate LV is to co-transfect 293T (human
embryonic kidney 293) cells with the vector encoding plasmid, the gag-pol,
rev and env packaging constructs (Fig. 4.2). The typical titer of the non-
concentrated vector batches is about 107 transducing units/ml (TU/ml).
Vector titers can further be increased by means of centrifugal filter con-
centration or ultracentrifugation. Concentrated vector titers typically fall in
the range of 109 − 1010 TU/ml. Although transient transfection of 293 T
cells can produce high titer LV, this method is cumbersome and diffi-
cult to scale up which poses significant manufacturing hurdles. To over-
come these limitations, stable packaging cell lines were developed that
conditionally express the cytotoxic Gag-Pol and VSV-G Env using an
inducible promoter. This packaging cell line allows for the production
of high-titer LV (>107 TU/ml) paving the way towards industrial large-
scale vector production in bio-reactors for clinical trials and therapeutic
applications.7

Typically LV titers are reported as TU/ml, which is determined with a
reporter or selectable marker gene by quantifying the number of transduced
cells following gene transfer. Alternatively, vector titer can be determined
by assessing the number of actual vector copies in the transduced cell pop-
ulation by (real-time) quantitative PCR.8 Since both of these methods for
determining viral titers are based on a chosen cell line, additional meth-
ods have been developed to allow for comparison of different pseudotyped
LV titers. LV particle titers can be determined by measuring the amount
of the HIV-1 capsid p24 protein by enzyme-linked immunosorbent assay
(ELISA), or by estimating the RNA content of the vector particles by RNA
dot-blot analysis or reverse transcriptase (RT)-qPCR.
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3. Gene Transfer Concepts and Potential Applications

3.1 Target Cells and Diseases

In contrast to γ-retroviral vectors, LV can also transduce non-dividing cells,
which opened up new therapeutic avenues and applications. In particular,
local administration of LV into the brain resulted in stable transduction of
terminally differentiated neurons.1,9 Stable transduction was also reported
in other tissues, including skeletal muscle. Systemic administration typi-
cally resulted in relatively efficient and widespread transduction of liver
and spleen. Proof of concept has been established in pre-clinical animal
models that LV can result in effective gene therapy for hereditary, acquired
or complex disorders that affect these various organs (e.g. neurodegenera-
tive disease, congenital blindness, liver disease, hemophilia, metabolic dis-
eases, etc.). LV are also ideally suited to transduce various stem/progenitor
cells, particularly HSCs.10,11 HSCs are attractive targets for gene therapy
because of their capacity of self-renewal and potential life-long ability to
replenish mature blood cell populations. Sustained expression of therapeu-
tic transgenes at clinically relevant levels has been demonstrated follow-
ing LV transduction of HSCs for a variety of hematologic and metabolic
diseases (e.g. hemoglobinopathies, severe combined immune deficiencies,
hemophilia, etc.).12,13 By restricting expression of the therapeutic gene in
a cell lineage-specific fashion using lineage-specific promoters, it has been
possible to generate LV that upon transduction of HSC are only expressed
in the desired lineage upon hematopoietic reconstitution.14

3.2 Pseudotyping

The most commonly used viral envelope protein used for pseudotyping LV
is the vesicular stomatitis virus glycoprotein (VSV-G), but other envelopes
including rabies, MLV-amphotropic, Ebola, baculovirus and measles virus
envelopes can be used too (Fig. 4.2).15 Pseudotyping HIV-1 vectors obvi-
ates safety concerns associated with the use of HIV-1 gp120, which has
known pathogenic consequences. Moreover, pseudotyping has a dramatic
impact on the biodistribution, vector tropism, and viral particle stability. For
instance, filovirus envelope-pseudotyped LV enhance transduction of air-
way epithelia or endothelial cells16 whereas baculovirus GP64 and hepatitis
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C E1 and E2 pseudotyping enhances hepatic transduction.17,18 RD114 pseu-
dotyping favors transduction in lymphohematopoietic cells.19 LV pseudo-
typed with the Edmonston measles virus (MV) glycoproteins H and F
allowed efficient transduction through the MV receptors, SLAM and CD46,
both present on blood T cells.20

3.3 Cell Type Specific Targeting

Pseudotyping also provides a means to generate cell-type specific LV. This
can be accomplished by incorporating cell-type specific ligands or antibod-
ies into the viral envelope (Fig. 4.3). Modification of the envelope with
these cell type specific retargeting moieties can redirect the binding of the
LV particles to the corresponding cellular receptor. However, envelope engi-
neering can potentially adversely alter the fusion domain of Env resulting
in low vector titers. It is therefore important to ensure that redirecting vec-
tor tropism does not compromise the post-binding step in vector entry. To
address this concern, fusogenic envelope proteins are incorporated along
side the retargeted envelope proteins into the LV particles. Typically, the
fusogen is constructed by modifying viral envelope proteins, so that they
lack the ability to bind to their cognate receptor but still retain the abil-
ity to trigger membrane fusion. Thus, the specificity of such a LV is then
solely determined by the retargeting moiety (Fig. 4.3). A slightly different
paradigm was explored to achieve more efficient lentiviral transduction into
T cells and HSC. By engineering LV particles displaying T-cell activating
single chain antibody peptides or IL-7, resting T cells could be efficiently
transduced.21,22 Similarly, to obtain more selective and efficient gene trans-
fer into HSCs recombinant membrane proteins were engineered and were
incorporated into LV particles to display “early acting” cytokines on their
surface.

3.4 Integration-Defective Lentiviral Vectors

Since a functional integrase is required to achieve stable genomic lentiviral
integration, it is possible to reduce this integration by mutational inactiva-
tion of the integrase protein. The use of integration-defective LV (IDLV)
could potentially minimize concerns associated with random integration and
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Fig. 4.3 LV targeting into specific cell types. The LV Env protein is amenable to engineering allowing
the display of cell type specific ligands or single chain antibody fragment (scFv). These ligands or scFv
can then bind onto cell surface receptors that are specifically expressed on the desired target cells. Some
of the ligand-receptor interaction may activate the target cells and consequently enhance transduction.
Some Env proteins like the amphotropic MLV Env can be engineered to display the stem cell factor
(SCF) as ligand for the SCF cellular receptor (i.e. c-kit) allowing enhanced transduction of CD34+
HSC. A mutated version of the RD114 envelope is used as fusogen. An alternative retargeting paradigm
is based on the display of scFv on the measles hemagluttinin envelope H protein while the native tropism
of this measles Env was ablated. The measles envelope F protein acts as fusogen.

insertional oncogenesis.23 Consequently these IDLV have a defect in inte-
gration characterized by accumulation of double stranded episomal DNA
circles in the host cell nucleus. IDLV are ideally suited to achieve short-term
expression of a gene of interest in dividing cells since expression declines
as the cells progress through subsequent cell cycles due to the loss of non-
integrated episomes. For instance, IDLV may be used for the delivery of
zinc finger nucleases (ZNF) and a corrective or additive genetic sequence for
site-specific integration.24 However, in non-dividing target cells, in partic-
ular retina, brain or skeletal muscle cells, transgene expression is typically
sustained from IDLV.23,25,26 Robust functional rescue of congenital blind-
ness could be achieved with IDLV in a rodent model of autosomal recessive
retinitis pigmentosa, a severe form of Leber congenital amaurosis, resulting
from a mutation in rpe65.23 Though genomic integration of IDLV is clearly
impaired, low frequency residual integrations cannot be excluded.
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4. Immune Consequences

LV can trigger innate and adaptive immune reactions directed against
the vector particles, the transduced cells and/or the transgene product
encoded by the vector. Indeed, immunological responses to LV gene transfer
make these vectors effective for vaccination.27 However, untoward immune
responses may curtail expression of the gene of interest, which would be
undesirable when treating hereditary diseases that warrant stable trans-
gene expression. The vector particles themselves can trigger a rapid but
self-limiting pro-inflammatory response leading to a transient cytokine
surge (e.g. interleukin-6)28 and IFNαβ response.29 This pro-inflammatory
immune response can likely be ascribed to efficient interaction of the LV
particles with antigen-presenting cells (APCs)6 and it has been proposed
that this may involve engagement of toll-like receptor 7 (TLR7), a pattern-
recognition receptor (PRR) for single-stranded RNA (ssRNA) and/or TLR9
which recognizes unmethylated CpG. Remarkably, when LV were admin-
istered to animals that lack the capacity to respond to IFNß, there was a
dramatic increase in hepatocyte transduction, and stable transgene expres-
sion was achieved. Exposure to LV will likely induce vector-specific anti-
bodies that will neutralize the vector particles and consequently prevent
gene transfer by subsequent vector readministration. It is also possible, in
principle, that pre-existing antibodies to the heterologous Env protein used
to pseudotype the LV may interfere with viral transduction.

Since the immune system of many patients suffering from hereditary
diseases has not been tolerized to the functional transgene product that they
are missing, it is possible that LV transduction may evoke antigen-specific
immune reactions that could result in the elimination and/or neutraliza-
tion of the transgene product by antibodies and/or the clearance of the
transduced cells by cytotoxic T cells (CTLs) in an MHC class I-restricted
fashion.30,31,32 The strength of these antigen-specific humoral and cellu-
lar adaptive immune reactions following LV administration, depends on
several parameters, including the transgene product, vector design, vector
dose, route of vector administration, target cell type and genotype of the
recipient animal or patient. In particular, LV transduction of APCs may
result in ectopic expression of the transgene product. This may increase
the risk of inducing humoral and/or cellular immune response that curtail
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long-term gene expression in particularly if LV transduction enhances the
maturation of APCs. To minimize this risk it is warranted to use cell type-
specific promoter/enhancers to restrict transgene expression to the target
tissue while preventing inadvertent ectopic transgene expression in APCs.31

Nevertheless, even with highly tissue-specific promoters, immune response
against the transgene product could not be prevented due to “leaky” trans-
gene expression in APCs. To ensure robust tissue-specific expression of
the transgene product and prevent, ectopic, “leaky” expression in APCs, an
additional layer of regulation was built into the LV by incorporating a tar-
get sequence for the hematopoietic-specific microRNA, miR-142-3p. This
eliminated off-target expression in hematopoietic cells, particularly APCs,
allowing for possible induction of immune tolerance and resulting in sus-
tained expression of the gene of interest, in casu FIX in a hemophilia B
mouse model.32,33

5. Safety Issues

The use of SIN vector configuration, heterologous envelopes and Tat-
independent vector production has significantly improved the overall vector
safety. Moreover, potential homologous overlap between vector and pack-
aging constructs is minimized to reduce the risk of generating replication-
competent lentiviruses (RCL) by homologous recombination. Integration
of a γ-retroviral vector encoding the IL2Rγc gene in proximity of the lmo2
proto-oncogene contributed to the deregulated LMO2 expression that lead
to the leukemiogenesis observed in several subjects enrolled in a clinical
trial for SCID-X1.34 Consequently, one of the main potential safety concerns
related to the use of LV in clinical applications is the risk of insertional onco-
genesis. Both γ-retroviral and LV show an integration bias into transcrip-
tional units indicating that integration is not strictly random.35,36 However,
γ-retroviral vectors have a predilection towards integrating in the immedi-
ate proximity of transcription start sites (TSS) and a small window around
DNAse I hypersensitive sites, whereas LV are more likely to integrate further
away from the TSS.37,38 To assess the relative oncogenicity/genotoxicity of
LV, hematopoietic stem cell gene transfer studies are being conducted in a
tumor-prone mouse model.39 These studies uncovered low genotoxicity of
LV integration compared to when γ-retroviral vectors were used. Retroviral
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vectors triggered dose-dependent acceleration of tumor onset contingent on
LTR activity. Insertions at oncogenes and cell-cycle genes were enriched
in early-onset tumors, indicating cooperation in tumorigenesis. In contrast,
tumorigenesis was unaffected by the SIN LV and did not enrich for specific
integrants, despite the higher integration load and robust expression of LV
in all hematopoietic lineages. Hence, the prototypical LV appeared to have
low oncogenic potential.40 Lentiviral integration profiles and/or oncogenic
risks may depend on several confounding variables including the vector
copy number, the target cell type, the proliferation and/or activation status
of the target cells, the nature of the transgene itself, the vector design (SIN vs.
non-SIN, choice of promoter/enhancers), underlying disease and possible
selective advantage of rapidly growing cells, protocol-specific cofactors and
finally the intrinsic genotypic variation of the model animals and the treated
patients. This implies that under “permissive” conditions it may be possible
to uncover insertional oncogenic events that can be ascribed to the LV.

6. Conclusions and Perspectives

The conversion of the highly pathogenic HIV-1 into an efficient and rel-
atively safe gene delivery vector serves as testimony to the worthiness of
the impressive journey that has been undertaken. LV have now become
commonplace in experimental research. LV gene transfer can treat or cure
disease in preclinical animal models and has now moved into the clini-
cal arena with multiple gene therapy trials ongoing or approved. The early
results from these clinical trials are encouraging and underscore the safety
and potential efficacy of using LV.41,42
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Chapter 5

Herpes Simplex Virus Vectors

William F. Goins∗, David M. Krisky†,
James B. Wechuck†, Darren Wolfe†, Justus B. Cohen
and Joseph C. Glorioso‡

Herpes simplex virus (HSV), a member of the human herpesviruses that
infects humans, has been developed as a gene delivery vehicle for treating
peripheral neuropathies, chronic pain and brain tumors including glioblas-
toma multiforme (GBM) because of the ability of the virus to readily trans-
duce cells of the peripheral (PNS) and central nervous systems (CNS) as
part of the natural biology of virus infection. In fact, HSV vectors are cur-
rently employed in human clinical trials for treating numerous forms of
cancer and recently cancer-related pain. Considerable work in the design
of HSV vectors has involved the engineering of vectors with reduced
cytotoxicity yet are still capable of expressing sufficient amounts of the
desired therapeutic gene product. In addition, methods to purify these
vectors for use in pre-clinical animal studies have been developed.

1. Introduction

Herpes simplex virus type 1 (HSV-1) is a member of the herpesvirus family
for which there are 8 members of the family which infect humans; HSV-1,
HSV-2, varicella zoster virus (VZV), human cytomegalovirus (HCMV),
Epstein-Barr virus (EBV), human herpesvirus-6 (HHV-6), human herpes
virus-7 (HHV-7) and human herpes virus-8 (HHV-8) also know as Kaposi
sarcoma herpes virus (KSHV). HSV-1 is responsible for 60% of the oro-
facial lesion and 40% of the genital lesions.1 Although these lesions can
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be painful, they are self-limiting in the immune competent host. The only
instances where severe clinical HSV manifestation becomes a concern
is when the virus enters the CNS ultimately leading to encephalitis, or
when the virus encounters immuno-compromised patients such as transplant
patients on immunosuppressive drug therapy to prevent rejection, or inAIDS
patients.

A common feature of all the members of the herpesvirus family is the
ability of these viruses to persist long-term in the host, even in the presence
of high levels of neutralizing antibodies.1 During initial HSV infection,
replicating virus released by infected epithelial cells may come into contact
with neuronal cell termini that innervate the site of the primary infection,
resulting in the infection of these neuronal cells where it does not proceed
through the normal lytic virus life cycle that results in the production of
progeny virions and death of that cell, but instead the virus is capable of
entering a latent or “quiescent” state where all the HSV lytic cycle genes
are shut off and no HSV proteins are made so that the host is incapable
of recognizing these neurons and clearing these infected cells.2 The host
can keep the virus in check within the neurons of the PNS where it lies
dormant or latent, sometimes for the lifetime of the host. Certain stimuli
such as surgery, UV light, local trauma, fatigue, immune suppression, and
fever lead to the virus exiting the latent or “quiescent” state and the re-
establishment of the lytic life cycle in the PNS nerve cells, also known as
“reactivation”.

HSV is an enveloped, double-stranded DNA-containing virus that pos-
sesses natural neurotropism as part of its life cycle within the human host.
The virus particle (Fig. 5.1A) is composed of an icosahedral-shaped nucle-
ocapsid containing the 152 kb linear dsDNA molecule encased in a lipid
bilayer envelope that it acquires from the host cell when it buds from the
cell as part of the egress process. The viral genome is composed of two
segments, the unique long (UL) and short (US) regions each of which are
flanked by inverted repeats (Fig. 5.1A). Over 85 viral genes are present
primarily within the unique long segment with several important regula-
tory genes present in the repeat sequence, and thus are present within two
copies in each viral genome. The viral genes can be categorized into two
groups; those that are essential for virus replication in standard cells used
to grow the virus in cell culture and those that are not essential to virus
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Fig. 5.1 Schematic diagram of HSV virion particle and viral genome. (A) EM photomicrograph
of HSV virion particle with the four major virion components. The HSV linear dsDNA genome is
contained within the icosahedral-shaped capsid that is surrounded by the tegument layer that in turn is
enclosed within a lipid bilayer membrane containing the viral encoded glycoproteins. (B) The 152 kb
linear dsDNA genome composed of the unique long (UL) and short (US) segments, each flanked by
inverted repeats. Viral genes are grouped according to whether they are essential for virus replication
in vitro or accessory.

growth in vitro but play an accessory role in supporting virus growth or
pathogenesis in the host (Fig. 5.1B). The HSV capsid is composed of mul-
tiple proteins all of which are encompassed by the tegument, an electron
dense amorphous component of the virion that contains numerous proteins
that contribute to the viral life cycle including the VP16 transactivating pro-
tein which activates the expression of all the immediate early (IE) genes,3

and the virion host shut-off function that contributes to differential sta-
bilities of host and viral mRNAs.4 Surrounding the tegument layer is the
envelope containing 12 virus-encoded glycoproteins that are responsible
for virus attachment and entry into host cells, contribute to virus pathogen-
esis and serve as the major viral antigens recognized by the host immune
response.

HSV entry into cells (Fig. 5.2) requires the coordinated action of four
virion envelope glycoproteins, gB, gD, gH, and gL.5 HSV attachment is
mediated by the binding of gC and gB to heparan sulfate proteoglycans
(HSPG) on the cell surface (Fig. 5.2A). While this binding is not required
for infection,6 it facilitates receptor engagement by gD (Fig. 5.2B). Bind-
ing of gD to a specific entry receptor is believed to activate gB and/or
gH as mediators of fusion between the viral envelope and cellular mem-
branes (Fig. 5.2C).7 Membrane fusion can take place at the cell surface,
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Fig. 5.2 HSV entry into the host cell. (A) The viral glycoproteins C and B (gC and gB) bind heparan
sulfate proteoglycan (HSPG) in the initial attachment event. (B) Next, gD binds to either HVEM (HveA)
or nectin-1 (HveC) on the cell surface or within endosomes, depending on the host cell. (C) Following
a conformational change in gD accompanied by gB binding to PILRα and gH binding to αvβ3 integrin,
(D) fusion occurs between the virion envelope and the cell surface or endosomal membrane with
nucleocapsid release into the cytoplasm.

resulting in direct delivery of de-enveloped capsids to the cytoplasm, or at
endosomal membranes following endocytic uptake of enveloped particles
(Fig. 5.2D).8

Several receptors for HSV-1 gD have been identified. HVEM is a mem-
ber of the TNF receptor family and binds to gD in its two cysteine-rich
amino-terminal repeats.9 Nectin-1 is a cell adhesion molecule belonging to
the immunoglobulin superfamily where the N-terminal variable domain of
nectin-1 is sufficient for gD recognition.10 Receptor binding is believed to
unlock a domain on gD referred to as the “profusion domain” resulting in
activation of the fusogenic potential of gB and/or gH.11,12

Since the HSV receptors are ubiquitous on almost all cell types and
tissues,13 it may be necessary to target the virus to specific cell types through
retargeting virus binding to specific receptors. Targeting of HSV to specific
cells types requires: (i) the identification of cell-specific surface receptor(s)
to which viral binding/entry can be redirected and (ii) the modification
of viral glycoproteins to recognize novel receptors while eliminating the
binding of these viral ligands to the natural HSV receptors, a process that
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ideally should be accomplished without compromising infectivity. Novel
targeting ligands have been inserted into the amino terminus of gC and/or
gD to achieve targeting of HSV to cell-specific receptors.14,15 Additionally,
soluble adapter molecules have been employed to target EGF receptor-
bearing cells.16

Engineered HSV vector types can be broadly defined as (i) replication-
competent vectors that are deleted for certain nonessential functions in order
to achieve attenuation of their pathogenic phenotype,17 but preserving their
ability to carry out lytic infection of many dividing cell types, (ii) replication
defective vectors deleted for at least one essential function,18 limiting their
ability to replicate in complementing cells engineered to provide the essen-
tial function(s) in trans, (iii) plasmid vectors referred to as amplicons,19

which contain HSV packaging signals and an HSV origin of replication, cre-
ating a vector potentially devoid of all viral genes but requiring HSV helper
functions supplied by helper virus or plasmids for their production, and (iv)
bacterial artificial chromosome (BAC) vectors that have a bacterial origin
of replication and a drug resistance gene to enable efficient genome manip-
ulation and propagation in bacteria.20 The replication competent vectors
have been developed for the treatment of cancer relying on restricted virus
replication within tumor cells. These vectors have the potential advantage of
intra-tumoral virus spread and tumor cell lysis and thus have been referred
to as oncolytic vectors. Thus far oncolytic HSV vectors have been used in
clinical trials in patients with a variety of tumors, but have failed to show
adequate efficacy due to limited replication and spread within the human
tumor mass.21 Replication defective and amplicon vectors were developed
for localized applications suitable for a variety of diseases and have the
potential advantages of low toxicity and large transgene payload. Recently,
a replication-defective vector has been employed in a phase-I clinical trial
to treat chronic pain associated with bone metastases.22 The manufacture of
the amplicon vector type has been unusually difficult with infectious titers
produced in the order of 106–108 plaque-forming units (PFU) per mL com-
pared to titers reaching 1012/mL for the replication defective and competent
vectors, making their use in human trials problematic. The remainder of the
chapter will concentrate on the design and use of the replication defective
HSV vector backbone.18
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2. HSV Biology in the Design of Replication
Defective Vectors

Although HSV has a complex genome, the genes are expressed in a well-
ordered cascade in which the immediate early (IE) regulatory genes are
required for activation of the early (E) and late (L) gene viral functions
(Fig. 5.3), the latter requiring in addition viral DNA synthesis to become
activated. Early viral genes are mostly involved in viral DNA replication
while late genes largely encode viral structural proteins, the virus capsid,

Fig. 5.3 HSV lytic and latent life cycles. Lytic HSV infection results in the onset of the three-phase
cascade of HSV gene expression. The five immediate early (IE) genes are the first genes transcribed,
and regulate the expression of the HSV early class genes involved in viral DNA synthesis. Following
DNA replication, these IE gene products activate late gene class expression, which enables virion
formation. Virion particles released from these cells encounter nerve terminals that innervate the site of
primary infection. The particle travels by retrograde axonal transport to the nerve cell nucleus. Instead
of entering the lytic phase, the viral genome circularizes, and all viral genes are silenced except for the
latency-associated transcripts (LATs), the hallmark of HSV latency.
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tegument and the envelope glycoproteins (Fig. 5.3). The interdependency
of viral gene expression can be demonstrated by the removal of just one
essential IE gene in order to render the virus defective for both early and
late viral gene expression.

There are five IE genes in HSV-1 (Fig. 5.3), only two of which are essen-
tial for virus replication. Infected cell protein 4 (ICP4) is an essential IE gene
that transactivates expression of early and late genes by directly recruiting
transcription factors to these viral promoters.23 ICP27 is an essential IE
gene whose function involves post-transcriptional activation of early and
late genes.24 ICP0, a non-essential gene, mediates the disaggregation of
nuclear structures termed PML bodies by degrading certain member com-
ponents, and arrests the cell cycle without the induction of apoptosis.25

Thus ICP0 plays an important role in establishing an intracellular milieu
favorable for viral replication and consequently is essential for virus reac-
tivation from latency. ICP22 is involved in redirecting RNAP II to sites
of viral transcription allowing the virus to expropriate the cellular tran-
scription machinery for viral transcription.26 ICP47 inhibits the loading of
immunogenic peptides onto MHC class I molecules, thereby transiently
mitigating immune recognition of infected cells.27 With the exception of
ICP47, the individual IE genes are highly cytotoxic to most cell types and
thus these genes must be removed in order to produce safe non-toxic vectors.
Cells of the nervous system are a notable exception since ICP0 is rapidly
degraded in neurons and there is reduced expression of cytotoxic viral
functions.28

Wild–type HSV is capable of establishing a latent infection in sensory
neurons of the TG or DRG depending on the site of initial virus interac-
tion with the host (Fig. 5.3). During latency viral lytic gene expression is
silenced and only a single region of the genome remains transcriptionally
active (Fig. 5.4A) producing a family of non-coding latency-associated tran-
scripts (LATs).29 The major 2.0 Kb LAT is neither capped nor polyadeny-
lated and represents stable introns that result from splicing of a large 8.3 Kb
unstable primary transcript. Latent viral genomes are partially methylated
and sequestered into an episomal minichromosome-like structure bound
by nucleosomes in basically inactive heterochromatin.30 Moreover, these
latent viral genomes have no discernible effect on function of the host cell.
Thus, HSV is particularly well suited for the delivery of genes to sensory
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Fig. 5.4 HSV latent gene expression. (A) The location of the LAT RNAs within the HSV genome is
depicted. The large 8.3 Kb LAT primary transcript has the 2.0 Kb LAT intron removed by splicing. The
location of the two latency active promoters, LAP1 and LAP2, are depicted in relation to the LATs.
(B) Replication defective recombinant vectors deleted for ICP4 and ICP27 [D] containing either LAP1
[L1], LAP2 [L2], LAP1+2 [L12], HCMV [H] or chimeric combinations driving expression of the
lacZ reporter gene [Z] were used to infect the trigeminal ganglia of mice (N = 10) following corneal
scarification and gene expression assayed using a kit is shown as relative light units (RLU) per mg of
total protein.

neurons and provides an excellent vehicle to target ectoptic expression of
transgenes to specific neuronal populations.

The LAT promoter/regulatory region has been shown to be composed of
two latency-active promoters, LAP1,31 a TATA box promoter with numer-
ous cis-regulatory sites, and LAP2,32 a TATA-less promoter that possesses
CT-rich repeats that contribute to the ability of this promoter region to
remain active when the genome is silenced.32 LAP2 is moveable and active
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in expressing transgenes for prolonged periods from both replication com-
petent and defective vectors;32 LAP1 does not possess this capability in
the absence of LAP2 (Fig. 5.4B).33 Moreover, LAP2 has the ability to keep
normally transiently active promoters (HCMV) active in the context of repli-
cation defective vector backbones (Fig. 5.4B), suggesting that LAP2 could
be employed to drive long-term transgene or therapeutic gene expression
when other viral or cellular promoters are non-functional.

3. HSV Vector Design Technology

The remainder of the chapter will focus on the creation of replication defec-
tive HSV-1-based vectors. The goal for the replication defective vectors
was to identify genomic configurations that provide vigorous transgene
expression while eliminating attendant cytotoxicity. Pertinent parameters
of vector characterization include target cell transduction efficiency, rela-
tive abundance and longevity of transgene expression, and cell viability.
The initial first generation replication defective HSV vectors evolved from
single gene deletions, such as ICP4 (SOZ.4 in Fig. 5.5). Since some of these
vectors were missing a gene product that is essential to the lytic life cycle,
the only way to propagate these vectors was by using complementing cell
lines which express the deleted gene product in trans.23 Although these
vectors have been effective for gene delivery to PNS neurons, they have
shown high levels of toxicity in most non-neuronal cell types. Therefore,
second generation replication defective vectors were generated to further
decrease the inherent toxicity to these cell types. Deletion of two IE regu-
latory genes such as ICP4 and ICP27 (DOZ.1 in Fig. 5.5) lead to vectors
which displayed increased levels of transgene expression with little to no
reduction in the cytotoxicity profile depending on the IE gene combination
deleted, again suggesting that the deletion of additional IE genes would
be required. The third generation vectors deleted the three IE genes ICP4,
ICP27 and ICP22 (TOZ.2 in Fig. 5.5). These vectors displayed only 50%
toxicity, a definite improvement over the second-generation counterparts,
and there was an increase in reporter gene expression. However, since these
vectors still retained significant cytotoxicity in non-neuronal cell lines, the
next goal was to eliminate the expression of ICP0 in this background, as it
appeared to display the greatest toxicity. Therefore, the fourth generation
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Fig. 5.5 Design of HSV replication defective vectors. Five subsequent generations of replication
defective HSV vectors deleted for single or multiple IE genes are depicted; grey boxes represent
deleted gene sequences. All of the vectors possess the same expression cassette composed of the ICP0
promoter driving expression of the lacZ reporter gene in the UL41 locus so that the levels of transgene
expression can be directly compared in the various mutant vectors. Toxicity of the vectors (Clear Bars)
and transgene expression (Black Bars) plotted as relative light units (RLU) in Vero cells at 2 days.

vectors deleted just the single copy of ICP0 present within the internal joint
sequences, leaving an intact copy of ICP0 within the terminal repeat at
the far left-hand end of the viral genome (JDTOZ in Fig. 5.5). This vector
showed further reduced toxicity (∼79% of control) while providing robust
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transgene expression. In an effort to further reduce vector-associated toxi-
city, the final copy of ICP0 was deleted from the fourth generation vector
to provide a replication defective vector devoid of all the four IE regulatory
gene products. This vector (JDQ0Z in Fig. 5.5) displayed no measurable
toxicity differences from uninfected cells, yet the loss of the second copy of
the ICP0 gene product resulted in a tremendous loss in transgene expression.
This result was similar to what has been reported in other studies where all
the IE regulatory genes were deleted.34 Some ICP0 expression is required to
enable transgene expression, however, ICP0 has some inherent cytotoxicity
that may be tolerated depending on the target cell type. Overall, these exper-
iments underscore the role of ICP0 in maintaining a transcriptionally active
genome and suggest that insight into the mechanism of virus genome silenc-
ing will be essential to providing a vector capable of transgene expression
in the total absence of vector toxicity.

4. Gene Transfer/Therapy Applications

Due to the ability of HSV to readily transduce neurons of the PNS as part
of its natural life cycle, the virus becomes the intuitive choice for treat-
ing diseases of the PNS. Replication defective vectors deleted for single or
multiple IE genes have been used in animal models of various (i) peripheral
neuropathies caused by diabetes35 and chemotherapeutics36 via delivery of
neurotrophic factors, (ii) pain37 with the delivery of enkephalin or GAD,
and (iii) also the delivery of neurotrophins for erectile dysfunction.38 Vec-
tor mediated therapeutic gene expression either prolonged neuronal sur-
vival measured by neuroanatomical methods or altered the behavior of the
animals. Transgene expression could be targeted to specific neuronal pop-
ulations by simply selecting the site of vector inoculation.

HSV has been employed as a vector to treat cancer, primarily those
cancers of the CNS such as GBM in which both replication-defective vectors
expressing HSV-TK and other anti-tumor agents,39 and the conditionally
replicating oncolytic HSV vectors have shown promise21 In fact, numerous
HSV oncolytic vectors have been used in phase-I human clinical trials and
have displayed excellent safety profiles and have in some patients shown
efficacy.40,41 In addition to the above-mentioned PNS and CNS disorders,
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HSV replication defective vectors have been employed in approaches to
treat muscle disease, arthritis, and have also been used as vaccine vectors.

5. Immunology

A major issue in any gene transfer approach concerns the immune response
to the virus and/or transgene. One needs to determine the effects of the
host innate and adaptive immune response to the virus vector as 50–80%
of the human population is seropositive for HSV. The response by NK
cells, macrophages, CD8 and CD4 cells, as well as the presence of virus
neutralizing antibodies determines the extent of initial virus infection and
spread as well as the ability of the host immune system to keep the virus in
a latent state. This plays an important role in cases where the approach may
require multiple or repetitive dosing to achieve a therapeutic response.

The host immune response to replication-defective genomic and
oncolytic HSV vectors has been studied in great detail. Different replication
competent oncolytic vectors have been examined.42,43 In all instances except
one,43 there was no observable difference in transduction, vector-mediated
gene expression or when measured therapeutic efficacy in pre-immune ani-
mals versus naïve animals following administration of one of the above
oncolytic HSV vectors. Moreover, while increased levels of neutralizing
Abs, NK cells, macrophages and T-cells in the sero-positive animals did
not result in reduced transduction at the site of vector injection, virus dis-
semination to off-target sites was limited by this host response.42 Similar
results were seen using a replication-defective HSV vector,44 where virus
transduction was limited to the site of injection.

One indication that HSV vectors may be able to be re-dosed is that mul-
tiple injections of an oncolytic vector performed over a period of days to
weeks did not lead to reduced transduction of animals, but rather resulted in
increased efficacy in pre-immune mice.42 Similar results have also been seen
in clinical trials40 where multiple injections of vector into HSV sero-positive
patients did not show increased toxicity but seemed to yield improved tumor
transduction and efficacy. Finally, re-dosing has also been achieved using
replication-defective HSV vectors expressing different and diverse thera-
peutic transgenes.37
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6. Safety and Regulatory Issues

Three main issues exist for the use of HSV vectors in human clinical trials.
Firstly, will virus introduced into specific tissues or organs spread within
that tissue, or spread to other tissues within the body? Second, is the issue
of the immune status of a patient in relation to the potential inflammatory
response to the vector or vector-mediated expression of the transgene. Third,
a major concern exists that the introduction of the HSV vector will cause
reactivation of a resident latent virus in sero-positive patients that could lead
to recombination event between the vector genome and the genome of the
reactivated wild-type virus.

To address the first issue, toxicology and bio-distribution studies have
been performed using conditionally replicating oncolytic and replication
defective HSV vectors in both rodent and non-human primate animal
models.44,46 No vector-mediated toxicity was observed and there was no
evidence of vector spread past the injection site either using qPCR for viral
genomes or HSV-specific IHC staining. As final support for the safety of
HSV vectors, multiple phase-I and I/II studies using oncolytic HSV vectors
demonstrated no evidence of viral encephalitis or reactivation of wild-type
virus.40,41 Furthermore, no adverse events could be unequivocally attributed
to the vectors. Finally the ability to reactivate latent endogenous virus was
not observed in phase-I human clinical trials with replication competent
oncolytic viruses.41 Moreover, pre-clinical studies in rodents and primates
pre-infected with wild-type HSV to establish latent infections did not detect
reactivation by super-infection with the oncolytic vectors.45

7. Summary

Considerable progress has been made in developing safe, non-toxic HSV
vectors to express therapeutic gene products that can be tailored to a variety
of applications, primarily to those affecting the nervous system such as
neuropathy, pain and cancer. In addition, methodologies to produce and
purify these vectors have enabled their production to high titers under cGMP
conditions as required by the FDA. Initial phase-I trials using these vectors
have shown an excellent safety profile, yet overall efficacy may require
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other improvements to the vector delivery system as a whole to improve the
clinical outcome.

References

1. Fatahzadeh M, Schwartz RA (2007). Human herpes simplex virus infections: epi-
demiology, pathogenesis, symptomatology, diagnosis, and management. J Am Acad
Dermatol. 57: 737–763.

2. Stevens JG (1989). Human herpesviruses: a consideration of the latent state. Microbiol.
Rev. 53: 318–332.

3. Herrera FJ, Triezenberg SJ (2004). VP16-dependent association of chromatin-
modifying coactivators and underrepresentation of histones at immediate-early gene
promoters during herpes simplex virus infection. J Virol. 78: 9689–9696.

4. Esclatine A, Taddeo B, Evans L, Roizman B (2004). The herpes simplex virus 1 UL41
gene-dependent destabilization of cellular RNAs is selective and may be sequence-
specific. Proc Natl Acad Sci USA. 101: 3603–3608.

5. Campadelli-Fiume G, Amasio M, Avitabile E, Cerretani A, Forghieri C, Gianni T, et al.
(2007). The multipartite system that mediates entry of herpes simplex virus into the
cell. Rev Med Virol. 17: 313–326.

6. Laquerre S, Argnani R, Anderson DB, Zucchini S, Manservigi R, Glorioso JC (1998).
Heparan sulfate proteoglycan binding by herpes simplex virus type 1 glycoproteins B
and C, which differ in their contributions to virus attachment, penetration, and cell-to-
cell spread. J Virol. 72: 6119–6130.

7. Lazear E, Carfi A, Whitbeck JC, Cairns TM, Krummenacher C, Cohen GH, et al.
(2008). Engineered disulfide bonds in herpes simplex virus type 1 gD separate receptor
binding from fusion initiation and viral entry. J Virol. 82: 700–709.

8. Nicola AV, Straus SE (2004). Cellular and viral requirements for rapid endocytic entry
of herpes simplex virus. J Virol. 78: 7508–7517.

9. Montgomery RI, Warner MS, Lum BJ, Spear PG (1996). Herpes simplex virus 1 entry
into cells mediated by a novel member of the TNF/NGF receptor family. Cell. 87:
427–436.

10. Geraghty RJ, Krummenacher C, Cohen GH, Eisenberg RJ, Spear PG (1998). Entry
of alphaherpesviruses mediated by poliovirus receptor-related protein 1 and poliovirus
receptor. Science. 280: 1618–1620.

11. Bender FC, Samanta M, Heldwein EE, de Leon MP, Bilman E, Lou H, et al. (2007).
Antigenic and mutational analyses of herpes simplex virus glycoprotein B reveal four
functional regions. J Virol. 81: 3827–3841.

12. Galdiero S, Falanga A, Vitiello M, Browne H, Pedone C, Galdiero M (2005). Fusogenic
domains in herpes simplex virus type 1 glycoprotein H. J Biol Chem. 280: 28632–28643.

13. Simpson SA, Manchak MD, Hager EJ, Krummenacher C, Whitbeck JC, Levin MJ,
et al. (2005). Nectin-1/HveC Mediates herpes simplex virus type 1 entry into primary
human sensory neurons and fibroblasts. J Neurovirol. 11: 208–218.

14. Menotti L, Cerretani A, Hengel H, Campadelli-Fiume G (2008). Construction of a
fully retargeted herpes simplex virus 1 recombinant capable of entering cells solely via
human epidermal growth factor receptor 2. J Virol. 82: 10153–10161.

82



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch05

Herpes Simplex Virus Vectors

15. Zhou G, Roizman B (2006). Construction and properties of a herpes simplex virus 1
designed to enter cells solely via the IL-13alpha2 receptor. Proc Natl Acad Sci U S A.
103: 5508–5513.

16. Nakano K, Asano R, Tsumoto K, Kwon H, Goins WF, Kumagai I, et al. (2005). Herpes
simplex virus targeting to the EGF receptor by a gD-specific soluble bridging molecule.
Mol Ther. 11: 617–626.

17. Markert JM, Parker JN, Buchsbaum DJ, Grizzle WE, Gillespie GY, Whitley RJ (2006).
Oncolytic HSV-1 for the treatment of brain tumours. Herpes. 13: 66–71.

18. Krisky DM, Wolfe D, Goins WF, Marconi PC, Ramakrishnan R, Mata M, et al.
(1998). Deletion of multiple immediate-early genes from herpes simplex virus
reduces cytotoxicity and permits long-term gene expression in neurons. Gene Ther. 5:
1593–1603.

19. Oehmig A, Fraefel C, Breakefield XO, Ackermann M (2004). Herpes simplex virus
type 1 amplicons and their hybrid virus partners, EBV, AAV, and retrovirus. Curr Gene
Ther. 4: 385–408.

20. Sciortino MT, Taddeo B, Giuffre-Cuculletto M, Medici MA, Mastino A, Roizman
B (2007). Replication-competent herpes simplex virus 1 isolates selected from cells
transfected with a bacterial artificial chromosome DNA lacking only the UL49 gene
vary with respect to the defect in the UL41 gene encoding host shutoff RNase. J Virol.
81: 10924–10932.

21. Currier MA, Gillespie RA, Sawtell NM, Mahller YY, Stroup G, Collins MH, et al.
(2008). Efficacy and safety of the oncolytic herpes simplex virus rRp450 alone and
combined with cyclophosphamide. Mol Ther. 16: 879–885.

22. Wolfe D, Mata M, Fink DJ (2009). A human trial of HSV-mediated gene transfer for
the treatment of chronic pain. Gene Ther. 16: 455–460.

23. DeLuca NA, McCarthy AM, Schaffer PA (1985a). Isolation and characterization of
deletion mutants of herpes simplex virus type 1 in the gene encoding immediate-early
regulatory protein ICP4. J. Virol. 56: 558–570.

24. Sandri-Goldin RM (2008). The many roles of the regulatory protein ICP27 during
herpes simplex virus infection. Front Biosci. 13: 5241–5256.

25. Everett RD, Parsy ML, Orr A (2009). Analysis of the functions of herpes simplex virus
type 1 regulatory protein ICP0 that are critical for lytic infection and de-repression of
quiescent genomes. J Virol. 83: 4963–4977.

26. Bastian TW, Rice SA (2009). Identification of sequences in herpes simplex virus type
1 ICP22 that influence RNA polymerase II modification and viral late gene expression.
J Virol. 83: 128–139.

27. Jugovic P, Hill AM, Tomazin R, Ploegh H, Johnson DC (1998). Inhibition of major
histocompatibility complex class I antigen presentation in pig and primate cells by
herpes simplex virus type 1 and 2 ICP47. J Virol. 72: 5076–5084.

28. Chen X, Li J, Mata M, Goss J, Wolfe D, Glorioso JC, et al. (2000). Herpes simplex
virus type 1 ICP0 protein does not accumulate in the nucleus of primary neurons in
culture. J Virol. 74: 10132–10141.

29. Spivack J, Fraser N (1988). Expression of herpes simplex virus type 1 latency-associated
transcripts in trigeminal ganglia of mice during acture infection and reactivation of latent
infection. J. Virol. 62: 1479–1485.

83



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch05

A Guide to Human Gene Therapy

30. Deshmane SL, Fraser NW (1989). During latency, herpes simplex virus type 1 DNA is
associated with nucleosomes in a chromatin structure. J. Virol. 63: 943–947.

31. DobsonAT, Sederati F, Devi-Rao G, FlanaganWM, Farrell MJ, Stevens JG, et al. (1989).
Identification of the latency-associated transcript promoter by expression of rabbit β-
globin mRNA in mouse sensory nerve ganglia latently infected with a recombinant
herpes simplex virus. J. Virol. 63: 3844–3851.

32. Goins WF, Sternberg LR, Croen KD, Krause PR, Hendricks RL, Fink DJ, et al. (1994).
A novel latency-active promoter is contained within the herpes simplex virus type 1
UL flanking repeats. J. Virol. 68: 2239–2252.

33. Perez MC, Hunt SP, Coffin RS, Palmer JA (2004). Comparative analysis of genomic
HSV vectors for gene delivery to motor neurons following peripheral inoculation
in vivo. Gene Ther. 11: 1023–1032.

34. Samaniego LA, Neiderhiser L, DeLuca NA (1998). Persistence and expression of the
herpes simplex virus genome in the absence of immediate-early proteins. J Virol. 72:
3307–3320.

35. Goss JR, Goins WF, Lacomis D, Mata M, Glorioso JC, Fink DJ (2002). Herpes simplex-
mediated gene transfer of nerve growth factor protects against peripheral neuropathy
in streptozotocin-induced diabetes in the mouse. Diabetes. 51: 2227–2232.

36. Chattopadhyay M, Goss J, Wolfe D, Goins WC, Huang S, Glorioso JC, et al. (2004).
Protective effect of herpes simplex virus-mediated neurotrophin gene transfer in cis-
platin neuropathy. Brain. 127: 929–939.

37. Goss JR, Mata M, Goins WF, Wu HH, Glorioso JC, Fink DJ (2001). Antinociceptive
effect of a genomic herpes simplex virus-based vector expressing human proenkephalin
in rat dorsal root ganglion. Gene Ther. 8: 551–556.

38. Kato R, Wolfe D, Coyle CH, Huang S, Wechuck JB, Goins WF, et al. (2007). Herpes
simplex virus vector-mediated delivery of glial cell line-derived neurotrophic factor
rescues erectile dysfunction following cavernous nerve injury. Gene Ther. 14: 1344–
1352.

39. Niranjan A, Wolfe D, Tamura M, Soares MK, Krisky DM, Lunsford LD, et al. (2003).
Treatment of rat gliosarcoma brain tumors by HSV-based multigene therapy combined
with radiosurgery. Mol Ther. 8: 530–542.

40. Hu JC, Coffin RS, Davis CJ, Graham NJ, Groves N, Guest PJ, et al. (2006). A phase
I study of OncoVEXGM-CSF, a second-generation oncolytic herpes simplex virus
expressing granulocyte macrophage colony-stimulating factor. Clin Cancer Res. 12:
6737–6747.

41. Markert JM, Liechty PG, Wang W, Gaston S, Braz E, Karrasch M, et al. (2009). Phase
Ib trial of mutant herpes simplex virus G207 inoculated pre-and post-tumor resection
for recurrent GBM. Mol Ther. 17: 199–207.

42. Lambright ES, Kang EH, Force S, Lanuti M, Caparrelli D, Kaiser LR, et al. (2000).
Effect of preexisting anti-herpes immunity on the efficacy of herpes simplex viral
therapy in a murine intraperitoneal tumor model. Mol Ther. 2: 387–393.

43. Herrlinger U, Kramm CM, Aboody-Guterman KS, Silver JS, Ikeda K, Johnston KM,
et al. (1998). Pre-existing herpes simplex virus 1 (HSV-1) immunity decreases, but
does not abolish, gene transfer to experimental brain tumors by a HSV-1 vector. Gene
Ther. 5: 809–819.

84



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch05

Herpes Simplex Virus Vectors

44. Wolfe D, Niranjan A, Trichel A, Wiley C, Ozuer A, Kanal E, et al. (2004). Safety and
biodistribution studies of an HSV multigene vector following intracranial delivery to
non-human primates. Gene Ther. 11: 1675–1684.

45. Sundaresan P, Hunter WD, Martuza RL, Rabkin SD (2000). Attenuated, replication-
competent herpes simplex virus type 1 mutant G207: safety evaluation in mice. J Virol.
74: 3832-3841.

85



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch05

This page intentionally left blankThis page intentionally left blank



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch06

Chapter 6

Adeno-Associated Viral (AAV)
Vectors

Nicholas Muzyczka∗

Adeno-associated Virus (AAV) is a non-pathogenic virus with wide tissue
and species tropism. AAV vectors have proven to be safe and efficient for
gene transfer to non-dividing cells, can generate long term gene expres-
sion in a variety of animal models and can accommodate a variety of
tissue specific and inducible promoter elements. Progress in understand-
ing the biology of the virus has helped in the development of efficient and
scalable production methods, and the simplicity of the viral structure sug-
gests that it might be possible to design targeted vectors. Recent clinical
trials also suggest that AAV will be useful in treating human disease.

1. Introduction

AAV is a parvovirus, which are small, non-enveloped viruses that contain
a linear, single-stranded DNA (ssDNA) that is about 5 kb.1 AAVs have
been isolated from a wide variety of vertebrate species, including humans,
monkeys, cows, horses, birds, and sheep. Over a hundred variants have
been isolated from primate and human tissues and a number of these have
been characterized for gene therapy. Most humans (∼80%) are positive
for AAV antibodies, but no human disease has been associated with AAV
infection. The lack of disease association is one of the major safety features
of AAV vectors. Over the last 10 years recombinant AAV (rAAV) vectors
have become widely used as a delivery vehicle for modeling the treatment
of various human diseases. More recently, rAAV has shown partial success
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in clinical trials2,3 and promises to be an important therapeutic tool. This
chapter will briefly summarize the biology of AAV, the vector technologies
used to produce and purify rAAV, the characteristics of the vector system
and recent attempts to develop the next generation of rAAV vectors that
incorporate tissue targeting.

2. Biology of AAV

AAV requires a helper virus for productive infection.1 Because AAV is
often found as a contaminant in human adenovirus isolates, it is believed
that human adenovirus (Ad) is the natural AAV helper. However, herpes
simplex virus (HSV) can also provide complete helper function. In the
absence of a helper virus, it is believed that AAV can produce a persistent
infection, which can be rescued when cells are infected with a helper virus. In
cell culture, AAV has been shown to integrate preferentially into a specific
human chromosomal location, 19q2, and it has been suggested that this
may be a mechanism for AAV persistence. More recent evidence, however,
suggests that wild type AAV persists in humans as an episome.4

The linearAAV genome (Fig. 6.1) contains two inverted terminal repeats
(ITRs) that flank two open reading frames, rep and cap1 Three promoters,
p5, p19, and p40 initiate spliced and unspliced mRNAs that code for two
large Rep proteins, Rep78 and 68, two short Reps, Rep52 and 40, and three

Fig. 6.1 AAV genetic map. Only the most abundant mRNA species are shown.

88



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch06

Adeno-Associated Viral (AAV) Vectors

capsid proteins, VP1, 2, and 3. The two shorter capsid proteins, VP2 and
VP3 are encoded by the same mRNA. VP2 (gray + yellow) is initiated
from an upstream ACG codon, while VP3 is initiated from the first ATG
codon (*). VP1 is coded by an alternatively spliced mRNA that uses an
alternative upstream splice acceptor site. The relative efficiencies of initiat-
ing translation from the two initiation codons in the VP2/3 mRNA and the
relative efficiency of the splice acceptor site usage accounts for the fact that
the VP3:VP2:VP1 ratio is 10:1:1. The Rep proteins are synthesized from
two promoters, p5 and p19 and their mRNAs use the same splice donor and
acceptor sites as the capsid mRNA, but are spliced less often than the cap-
sid mRNA. This accounts for the relative ratio of unspliced to spliced Rep
proteins (about 2:1). The p19 promoter is approximately 5 times stronger
than the p5 promoter and this accounts for the relative amounts of Rep52/40
to Rep78/68 (5:1). All of the Rep and capsid proteins contain overlapping
amino acid sequences in common from their respective open reading frames.
The ITRs are 145 bases long. They contain two short palindromes flanked
by a long palindrome, and an additional non-palindromic sequence that is
repeated at both ends. The ITRs are the only AAV sequences required in cis
for the production of rAAV vectors; they are the origins for DNA replica-
tion, packaging signals, and chromosome maintenance signals.5 The ITRs
are also Rep dependent enhancers for AAV transcription from all three pro-
moters, and in some tissues have been shown to have weak promoter activity
by themselves.

The helper functions provided by Ad have been studied extensively;
they are the E1a, E1b 55K and 19K proteins, E4 orf 6, E2a DNA binding
protein (DBP), and VA RNA genes.1 Most of these genes by themselves can
provide partial helper function that produces semipermissive conditions
for AAV replication, but completely permissive conditions require all of
these genes. The effect of these genes is to induce transcription from the
AAV p5 promoter (E1a and E2a), induce cellular S phase (E1a), inhibit
apoptosis (E1b, E4), inhibit mitosis, promote viral mRNA transport to the
cytoplasm (E1b, E4), inhibit the PKR antiviral response (VA), and inhibit
non-homologous end joining of AAV DNA (E1b, E4).6 The initial effect of
the Ad helper functions appears to be to push a quiescent cell into S phase,
freeze it in S phase by preventing mitosis, and prevent apoptosis, thereby
making cellular replication enzymes available for AAV DNA synthesis.
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When Ad is not present, Rep represses its own p5 promoter. Because Rep is
required for activating the other two AAV promoters, there is no detectable
wild-type AAV gene expression in the absence of Ad E1 genes. Ad E1a
turns on host S phase and activates p5 via YY1 and MLTF sites upstream
of p5; Rep then turns on p19 and p40. This results in a 300 fold increase
in AAV transcription once Ad genes are expressed.7 Autorepression of the
p5 promoter by Rep protein and derepression by Ad E1 also explains why
attempts to make rAAV producer cells in some established cell lines have
failed. Integrated AAV genomes are stable in HeLa and KB cells, but not
293 cells because expression of E1 genes in 293 cells presumably activates
Rep expression, thereby initiating AAV replication.

AAV relies primarily on cellular replication factors for DNA synthesis
in the presence of Ad, and in vitro reconstruction of AAV DNA replica-
tion has identified a minimum set of protein complexes;8 these are pol δ,
RFC, PCNA, MCM. All of these proteins are highly conserved enzymes in
eukaryotes and this may account for the fact that rAAV can be produced
equally well in human and insect cells using Ad, herpes or baculovirus as
helper viruses.9–11

The minimum helper functions for herpes infected cells have not been
completely characterized. Both the HSV DBP, and the helicase/primase
complex, are necessary. In addition, the herpes DNA polymerase and early
genes (ICP0, ICP4, ICP22) appear to provide partial helper function under
some conditions.12 Like Ad, HSV pushes quiescent cells into S phase, sug-
gesting that both helper viruses may provide genes that create the same
permissive environment for AAV. To date, nothing is known about potential
baculovirus helper functions.

AAV replicates by a modified rolling circle mechanism,1 whose basic
elements are illustrated in Fig. 6.2. The 3′OH of the input ssDNA forms a
primer for the synthesis of the complementary strand. In a process called ter-
minal resolution, the covalently closed hairpin of the monomer turnaround
(mT) genome is then cleaved at a unique position (trs, terminal resolution
site) so as to form a new 3′ primer, which is used to repair the end to a
normal duplex configuration (mE). The ITR of this intermediate is then
reconfigured to a double hairpin (reinitiation) and the 3′OH primer is used
to displace a ssDNA genome and new mT form which again undergoes
terminal resolution in the next cycle. A new ssDNA progeny molecule is
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Fig. 6.2 AAV DNA replication. The yellow box isolates the steps in terminal resolution, during which
the covalently joined hairpin end (mT, monomer turnaround) is resolved to a normal duplex end (mE,
monomer extended). When Rep nicks at the trs, it forms a covalent linkage with the 5′OH end of the
DNA (red circle). See text for more details.

made during each cycle and packaged. To accomplish terminal resolution,
Rep78 or 68 bind specifically to a 22 bp imperfect GAGC repeat within
the ITR called the Rep binding element (RBE). The helicase activity of
Rep then unwinds the nearby trs sequence and Rep cleaves on the appro-
priate strand forming a covalent phosphotyrosine linkage with the 5′OH
end of the nick.13,14 An accessory element called RBE’ stimulates the Rep
helicase activity when Rep is bound to a hairpin as opposed to a linear
ITR, thereby providing specificity for nicking the hairpin.14 Although the
RBE and trs sequences within the ITR are optimal for nicking, degenerate
sequences that are present in the p5 promoter and in human chromosome
19 are also recognized and cleaved albeit at a reduced level. This accounts
for the fact that ITR negative genomes that contain an RBE and a trs with the
appropriate spacing between them have been observed to undergo limited
DNA amplification when Rep is expressed and can be packaged into AAV
capsids.15

The AAV capsid is one of the simplest found in nature (Fig. 6.3). Sixty
polypeptides consisting of VP1, VP2 and VP3 in a 1:1:10 ratio form a T = 1
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Fig. 6.3 AAV capsid. The crystal structures of AAV4 and AAV2 are shown to 3.2 Å resolution. Both
capsids are centered on a 2 fold axis flanked by 5 fold pores horizontally and 3 fold axes vertically.
Color intensity indicates the height of the surface. Note that although AAV4 and AAV2 are only 55%
identical in amino acid sequence, they have similar core structures.

icosahedral capsid. It is generally believed that capsids are assembled first
as empty particles and that Rep 52 is used to drive the 3′OH end of newly
synthesized DNA into the capsid through the 5 fold pore.16

Although it was long believed that the ITR contained a packaging signal,
studies of ITR negative AAV genome amplification suggest that ITR nega-
tive molecules can also be packaged provided they have an RBE and trs.15

This suggests that the Rep78/68 protein, which is covalently attached to the
newly synthesized ssDNA progeny molecule, may be the packaging signal.
Consistent with this, Rep78 and 68 form complexes with capsid assembly
intermediates and with newly packaged full capsids. The full capsids have
an external Rep protein that is still covalently attached to ssDNA and is
accessible to both proteases and DNAse. The capsids are extraordinarily
stable to pH (<pH4), heat (65◦, 1 hr), detergents and proteases. X-ray crys-
tal structures of several different serotypes have shown that essentially the
same residues are used at the 2-, 3-, and 5- fold axes to provide capsid
integrity.17

AAV uses at least two cell surface receptors, one for binding to the
cell surface, usually a glycan (heparan sulfate or sialic acid), and a second
receptor that promotes clathrin mediated endocytosis,1,18 (e.g., fibroblast
growth factor receptor). To date, only the AAV2 heparan sulfate binding
site has been mapped on the capsid surface; it consists of a minimum of
5 amino acids in a basic patch at the 3 fold symmetry axis.1 Once the virus
binds to the cell surface, activation of an endosomal uptake receptor trig-
gers clathrin mediated uptake into an early endosome.18 Receptor binding,
uptake or subsequent pH changes in the early endosome appear to trigger
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conformational changes in the capsid surface that lead to the extrusion of
the N terminal regions of VP1 and VP2.19 These contain nuclear localiza-
tion signals (NLS) and the phospholipase A2 activity (PLA) that is unique
to VP1. Genetic studies have shown that both the PLA and NLS are nec-
essary for efficient infection.19,20 The role of the phospholipase domain is
not clear; it may be involved in release of capsids from endosomes or the
subsequent entry of capsids into the nucleus. Evidence exists for immediate
release of virus from the early endosome, as well as trafficking to recycling
endosomes, lysosomes and Golgi.18

Proteosome inhibitors generally increase transduction, although to dif-
ferent levels in different cell types, suggesting that virus released into
cytoplasm may be functional for transduction.18 This is consistent with
experiments in which injection of neutralizing antibodies into cells inhibits
transduction.19 Recently, phosphorylation of tyrosines on the capsid surface
has been implicated in AAV trafficking and transduction.21 Finally, there
is also no definitive agreement on whether intact virus particles enter the
nucleus prior to uncoating of the nucleic acid.

3. Vector Technology

Long term, persistent expression from an AAV vector was first achieved in
tissue culture cells by substituting a neomycin cassette driven by a heterol-
ogous SV40 promoter in place of the AAV capsid gene.10 The recombinant
was packaged by a plasmid cotransfection system in which the missing cap-
sid gene was supplied in trans. Subsequently, it was shown that all of the
AAV coding regions could be removed and supplied in trans, only the 145 bp
terminal repeat sequences were essential in cis for vector production.5 Lit-
tle attention was paid to AAV vectors until two groups demonstrated that
efficient transduction of mouse muscle tissue produced robust expression
of the transgene that persisted for up to a year with no apparent decrease in
expression.22,23 These early reports were followed by demonstrations that
rAAV could be used to efficiently transduce the eye, brain, and liver.24 AAV
transduction was unique among viral vectors in that transduction was effi-
cient, and appeared to persist unabated for the lifetime of the animal. The
longest uninterrupted expression engineered with AAV vectors thus far has
been in the eye, where expression of the rpe65 gene has been demonstrated
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in the deficient dog model for greater than 8 years with no loss in the level
of expression. This has made AAV the vector of choice for achieving long
term, persistent expression in animal models.

Interest in AAV vectors continued to lag until several groups solved
the problem of making helper free rAAV.25,26 Small amounts of research
grade vectors are typically made by cotransfecting two or three plasmids
into human tissue culture cells (Fig. 6.4). The process takes advantage of
the discovery that AAV and rAAV plasmids are infectious.27 Following
transfection into cells, the AAV ITR-containing genome is rescued from
the plasmid and undergoes standard AAV DNA replication. The rep and
cap gene products as well as the Ad helper function genes are supplied
on one or two additional plasmids (Fig. 6.3) that are co-transfected.25,26

This method generally produces approximately 103 mature viral particles
per cell, much lower than the yield from a wild type AAV infection, 105

particles per cell. However, it requires the construction of only one rAAV
plasmid containing the transgene and is easily achieved in most laboratories.
The method allows the rapid screening of transgene mutants as well as tissue
specific promoters that might be appropriate.

For clinical and commercial applications, several groups have developed
scalable methods for large scale virus production. These methods generate
much better yields of virus (>105 vector genomes per cell). They also rely
on virus infection rather than DNA transfection, and therefore, can be scaled
to large fermentor or bioreactor preparations using defined media. A variety
of methods have been described but the two that currently appear to be the
most robust use baculovirus or HSV as the helper viruses.11,28–30 When two
HSVs, one expressing rep and cap, and the other carrying the rAAV, are coin-
fected in human cells, the yield of rAAV is similar to that seen in wild-type

Fig. 6.4 rAAV production. The most commonly used method for producing rAAV vectors that are
free of helper virus is to transfect three plasmids that contain (1) the transgene cassette flanked by the
AAV ITRs, (2) a plasmid that expresses the Ad helper genes, and (3) a plasmid that expresses the AAV
rep and cap genes but is lacking the ITRs. Often the second and third plasmids are combined into one.
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AAV infections. To minimize the production of contaminating HSV virus, a
replication defective HSV is used. The use of baculovirus vectors in insect
cells is equally efficient for rAAV production. The development of these
scalable production methods should make clinical therapeutic applications
possible in the future.

Several methods have been used for rAAV purification, including CsCl
and iodixanol density gradient purification, ion exchange chromatogra-
phy, and affinity chromatography.31,32 In addition, large scale production
techniques have been developed that use only column chromatography for
virus purification, thereby eliminating inefficient centrifugation methods.33

Finally, the development of accurate and reproducible methods for deter-
mining the titer of full and empty particles and the relative infectivity of
vector preparations has been an equally important aspect of advances inAAV
vector technology, and this is discussed extensively in a recent review.34

Until recently only a limited number of AAV serotypes had been iden-
tified. However, Gao et al. and others have now isolated over a hundred
different serotypes from human, primate and other mammalian species.35

AAV serotypes do not appear to be species specific, so all of these serotypes
appear to be capable of transducing rodents, primates and other mammalian
species. Currently, serotypes 1-11 are routinely available and experiments
from many laboratories have demonstrated that each serotype has a unique
tissue tropism when injected into animals. The different serotype tropisms
are presumably due in part to the fact that each serotype capsid uses a dif-
ferent combination of cell surface receptors. However, it is also clear the
different serotypes may use different trafficking strategies or have different
rates of uncoating.18,36 Fortunately, it is easy to screen multiple serotypes
using the same transduction cassette. Typically, a vector construct con-
taining AAV2 ITRs can be packaged into capsids from serotypes 1-10 by
substituting the appropriate capsid in trans.32

The most severe limitation on AAV vectors is the packaging size. Typ-
ically, only 5 kilobases can be packaged into a rAAV capsid. Two strate-
gies have been proposed for increasing the packaging limit. The first takes
advantage of the splicing machinery and the fact that AAV DNA typically
forms head to tail concatemers during transduction.37 Thus, a gene can be
interrupted in an intron and the two halves (one carrying a splice donor
and a portion of the intron and the other carrying a splice acceptor, and the
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remainder of the intron can be packaged in separate vectors. When the two
vectors are simultaneously used to transduce cells, the resulting concatemers
can synthesize an intact mRNA that contains an AAV ITR junction within
the intron. Splicing of the intron produces a viable mRNA and removes the
ITR sequence. The second strategy is similar but incorporates an intein, a
protein sequence that self splices or ligates two polypeptides after they have
been synthesized.38 It is not yet clear whether either of these split gene–two
vector approaches will provide a viable solution for delivery of genes that
are too large to package into standard AAV capsids.

4. Vector Characteristics In Vivo

When first developed it was expected that AAV vector would integrate into
host chromosomes and that this was the mechanism for achieving persistent
expression. In early cell culture experiments, rAAV was found to be inte-
grated randomly throughout host chromosomes.5,39 Flotte et al. suggested
that this might not be the case in vivo by showing that rAAV carrying the cys-
tic fibrosis gene persisted in rabbit airway epithelial cells as a monomer lin-
ear episome.40 Subsequently, several groups have demonstrated that rAAV
persists as an extrachromosomal piece of DNA.4,41,42 This in part explains
why the long term transduction frequency in rapidly dividing hematopoi-
etic cells tends to be low, in contrast to what is seen in organs containing
non-dividing cells, such as brain, eye, liver and muscle. Studies in mouse
muscle could find no evidence of integration at a sensitivity that would
have detected 1 integrated vector in 200 that persisted in cells.42 Similar
studies in mouse liver also revealed that most of the rAAV genomes were
extrachromosomal with only a low level of integration (<10%).

Although it is now reasonably well established that rAAV genomes
persist as episomes, the reason for the persistent expression of AAV vec-
tors, compared to non-integrating Ad vectors, herpes vectors, plasmid DNA
transduction vectors, and integrating retroviral vectors is not clear. The fact
that rAAV does not integrate may spare it from a variety of host epigenetic
mechanisms, such as DNA methylation and histone acetylation, that have
been implicated in shutoff of other viral vectors. An alternative possibility
is that the AAV ITR may have signals that specifically prevent elimination
or silencing of the AAV genome.
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AAV vectors display low immunogenicity.43 AAV vectors do not activate
key components of innate immunity, including toll-like receptors, type 1
IFN responses or other cytokines. AAV capsids also blunt activation of
the complement cascade. In addition, because AAV vectors are completely
deleted for viral genes, the frequency of generating a cytotoxicT lymphocyte
(CTL) response to rAAV-expressed transgenes is reduced. This is in part
due to the fact that antigen presenting cells are less prone to be infected
by some AAV serotypes. There is also evidence that rAAV targeted to the
liver can induce tolerance to transgenes, which is apparently mediated by
regulatory T cells. As expected, infection with rAAV produces circulating
neutralizing antibodies to the AAV capsid, which prevent gene expression
when the same serotype is re-administered. Even low neutralizing titers can
prevent transduction. In contrast, some serotypes appear to be capable of
re-administration in partially immuno-protected organs, such as the eye and
brain with no evidence of inflammatory response or loss of expression on
second administration.

Because most animal models have not been exposed to human and pri-
mate AAV serotypes, there are neither neutralizing antibodies nor CTLs to
affect the initial application of vector. Most humans, however, have experi-
enced a prior exposure to AAV, most likely along with an Ad infection, lead-
ing to the development of both circulating antibodies and a CTL response
to AAV capsid. This is believed to have led to the CTL induced loss of
gene expression in a clinical trial to restore expression of Factor IX.43 In
contrast, a recent clinical trial for Alpha-1-antitrypsin produced long term
expression of the transgene inspite of inducing both circulating antibodies
and a CTL response to capsid protein.3 It is therefore, still not clear whether
the previous exposure that most individuals have had to AAV will make it
difficult to use rAAV for human gene therapy.

Most AAV vectors display a slow onset of gene expression in vivo
that takes 1-3 months to reach the maximum level, after which expression
plateaus and remains constant. Two explanations have been proposed for
this behavior. rAAV vectors can persist as intact particles for extended peri-
ods of time in infected cells,36 implying that uncoating is inherently slow.
In addition, once the nucleic acid material is released, the single stranded
DNA must synthesize the complementary strand before gene expression can
occur. This most likely occurs by de novo synthesis of the second strand.
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Srivastava and colleagues demonstrated that a phosphorylated cellular pro-
tein, FKBP52, was an inhibitor of second strand synthesis.44 This protein
bound to the newly exposed ssDNA just downstream of the trs.

To avoid the problem of second strand synthesis McCarty et al. have
developed a method for packaging an rAAV genome that consists of a
full length duplex DNA in which one end is covalently joined, i.e., a full
length inverted repeat.45 The disadvantage of this method is that half of the
packaging capacity of the rAAV capsid is lost; only cassettes that are 50%
of AAV genome size can be packaged. However, once the vector genome is
uncoated within the cell, it immediately “snaps back” on itself to produce a
duplex template for transcription. This produces dramatic increases in the
efficiency of transduction (up to 100 fold) and eliminates the delay in onset
of gene expression.

TheAAV ITR does not have a typical TATA like promoter element and in
most applications no expression is seen unless a promoter is included in the
transgene cassette.A wide variety of promoter and enhancer sequences have
been used successfully in rAAV. In general, tissue specific promoters have
behaved as expected and provided the same tropism that is seen in transgenic
mouse experiments. Although the packaging capacity of AAV puts a serious
constraint on the size of the promoter that can be used, some small tissue
specific promoters have been developed that provide cell type specificity.
The CMV enhancer/promoter and a CMV-chicken β actin (CBA) hybrid
promoter have been the most widely used constitutive promoters. Of these
the CBA promoter is the strongest promoter reported and has not been shown
to shut off in any tissue to date. Several groups have also demonstrated the
in vivo use of inducible promoters in an rAAV background.

5. Next Generation Vectors

All rAAV serotypes are promiscuous; they infect multiple organs and tissues
when vector is delivered systemically. Because the virus has a simple capsid
structure, a number of groups have explored the possibility of targetingAAV
to specific tissues. Two general strategies have been followed. The first uses a
directed approach in which novel cell surface ligands are genetically inserted
into the capsid sequence. Girod et al.46 were the first of several groups to
show that a short peptide could be inserted at aa 587 without affecting capsid
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viability. This approach has successfully increased the amount of rAAV that
was taken up by one or another cell type following systemic administration.
Peptides inserted at this position have the additional property that they split
the R585,588 heparan sulfate binding site, thereby reducing AAV2 binding
to its primary receptor.

An approach designed to accommodate large ligands has been suggested
by Warrington et al.47 This group has shown that GFP can be fused to the
N terminus of the minor capsid protein VP2 with no significant affect on
titer or viral stability. In this approach a ligand up to 35 kDa can be used to
decorate the outside of the capsid at 3-6 copies.

Although binding of the capsid to the surface of the correct cell is impor-
tant, other aspects of viral entry also presumably affect the efficiency of
transduction, including receptor endocytosis, trafficking and uncoating. To
identify viruses that are optimized for all steps in the viral entry process,
several groups have used a random library approach to identifying useful
capsid variants.48 These groups have screened capsid libraries that have
been shuffled from multiple existing serotypes and further mutagenized by
using error prone PCR. By selecting libraries with pooled human serum,
it is also possible to enrich for new capsid variants that do not react with
neutralizing antibody.

6. Conclusions and Outlook

rAAV has been a useful tool for engineering long term expression in animals.
Its safety profile has been excellent and the recent partial success in two
clinical trials suggests that it may be useful for curing a variety of human
diseases.
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Chapter 7

Regulatory RNA in Gene Therapy

Alfred. S. Lewin∗

Regulatory RNAs include trans-acting molecules such as miRNAs,
siRNAs, ribozymes and cis-acting elements within mRNA molecules.
Trans-acting RNAs may be delivered either as modified oligonucleotides
or via gene therapy vectors, such as plasmids or viruses. Oligonucleotide
therapy requires re-administration of the therapeutic RNA, while vector
mediated delivery may provide long-term expression of the siRNA or
ribozymes. Even though ribozymes have been studied for 25 years, RNA
interference using siRNAs has become the major tool for suppressing gene
expression for therapy. Non-specific effects of RNA mediated regulation
demands careful control experiments and testing of multiple therapeu-
tic molecules for each target gene. Adding or modifying sequences in the
3′ untranslated regions of mRNAs provides a powerful tool for controlling
mRNA stability, localization and translation.

1. Introduction

Regulatory RNAs may be broadly defined as non-protein coding RNA
sequences that in some way control the expression of genes. RNA molecules
such as Xist or naturally occurring siRNAs may lead to stabilization of het-
erochromatin and shut off entire chromosomes or chromosome regions.1

For gene therapy, in contrast, one wishes to control the expression of a
single gene and for this purpose specificity is required. For gene silencing,
gene therapists have therefore turned to antisense RNA, RNA decoys or

∗Correspondence: Department of Molecular Genetics and Microbiology, University of Florida,
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aptamers, ribozymes, artificial siRNAs or siRNAs disguised as miRNAs.
For gene regulation, cis-acting RNA elements may be added or modified.

Antisense RNA molecules are RNA molecules that are complementary
to the coding sequence of a messenger RNA. They may block gene expres-
sion by interfering with translation. Antisense molecules are most effec-
tive, however, when delivered as DNA oligonucleotides that can stimulate
RNAse H-mediated decay of mRNAs to which they bind. Alternatively,
morpholino based antisense molecules and PNAs (peptide nucleic acids)
can form stable duplexes with target mRNAs and prevent their translation
into protein.2 Although these are powerful experimental and therapeutic
approaches, they do not fall under the heading of regulatory RNA, and will
not be discussed in this chapter.

RNA decoys are simply segments of RNA that contain naturally-
occurring binding sites for viral or cellular proteins. If delivered and
expressed at a high level, they may sequester a protein essential for the
pathogenic process. An example is an HIV TAR decoy, which has been
embedded in a small nucleolar RNA and used to sequester the Tat protein
from the HIV promoter.3 RNA aptamers are products of reiterative RNA
selection methods designed to produce high-affinity binding sequences.
Aptamers usually bind proteins via the tertiary structure of the small RNA
rather than the primary sequence, and affinities can be quite high, compara-
ble to antigen antibody interactions. An aptamer to VEGF is commercially
available (as Macugen™) for the treatment of choroidal neovascularization,
a complication of age related macular degeneration.4

Ribozymes are catalytic RNA molecules. RNA catalysis was discov-
ered in the context of RNAse P and self-splicing introns and almost simul-
taneously was found to be a feature of self-processing satellite RNAs of
plant pathogens.5 Other RNA enzymes have been discovered in a variety
of contexts, and novel catalysts consisting of RNA or DNA have been arti-
ficially selected in the test tube. Pre-clinical gene therapy has made the
most use of two short ribozymes derived from tobacco ringspot virus satel-
lite RNA, the hammerhead and the hairpin ribozyme.6 The RNA subunit
of RNAse P can cleave targeted mRNAs, using a guide RNA to direct
the ribozyme to a particular mRNA. Once ribozyme mediated digestion
separates the 5′ cap structure from the polyA tail, mRNAs are rapidly
degraded by cellular exonucleases. Like protein enzymes, ribozymes exhibit
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catalytic turnover, and each ribozyme may cleave many potential target
RNAs. While their turnover is not dramatic relative to protein catalysts,
on the order of 10 per minute, most mRNAs are not abundant in the
steady state. Therefore, ribozymes can be useful tools for elimination of
specific RNAs.

RNA interference (RNAi) is mediated by small interfering RNAs
(siRNAs), which are 19-25 nucleotide RNA duplexes with sequence homol-
ogy to cellular mRNAs.7,8 One strand of an siRNA is exactly complemen-
tary to a target mRNA and is termed the guide strand, while the other
strand has the same sense as the mRNA and is called the passenger strand.
Naturally occurring siRNAs are processed from larger double stranded
RNAs by an endonuclease called Dicer. Like other nucleases of its class
(ribonuclease III), Dicer leaves 5′ phosphate groups and 3′ hydroxyls, with
2 nucleotide overhangs at the 3′ ends. Since mammalian cells are intoler-
ant of long double stranded RNA molecules (see below), for gene therapy,
siRNAs are either delivered as short dsRNA molecules with 3′ overhangs,
or they are expressed from DNA vectors as small hairpin RNAs that are
processed by Dicer into siRNAs. Once siRNAs are processed and delivered
to the cytoplasm, they associate with the RNA Induced Silencing Complex
(RISC), where they unwind and one RNA strand becomes incorporated into
the complex, which then directs cleavage of the complementary mRNA.

An alternative approach for delivery of siRNAs is to express them as
miRNAs.9 Like siRNAs, miRNAs are short RNA molecules that bind to
mRNAs in the context of RISC. However, miRNAs are not fully comple-
mentary to their target RNAs and, in general, bind to the mRNAs in the 3′

untranslated region (3′UTR). MicroRNAs block gene expression at the level
of protein synthesis and do not lead to immediate degradation of mRNA,
though RNA half-life may decrease. There are hundreds of natural miRNAs
in mammalian cells and each may regulate the translation of many mRNAs.
Because of this complexity, miRNAs themselves have not been advanced as
tools for gene therapy, except in the case of certain tumors in which miRNA
genes are defective. However, an RNA with exact complementarity to the
coding region of a mRNA can be placed within the context of a miRNA
precursor. This precursor will be processed in the nucleus and exported by
the same mechanism as native miRNAs, providing a mechanism to express
an siRNA using RNA polymerase II.
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Manipulation of cis-acting regulatory RNA sequences has not developed
as rapidly as the use of siRNAs for regulation of gene expression. Never-
theless, this approach is more subtle and discriminating than simple RNA
knockdown. Sequences in the 3′ UTR of genes delivered for therapy have
been modified to limit their expression in unintended tissues,10 and to direct
mRNAs to a particular location in the target cell.11 In addition, small RNAs
can be delivered in trans to affect the activity of cis-acting sequences that
govern alternative splicing.

2. Delivery of Therapeutic RNAs

Delivery is a major concern for those trying to use small RNA molecules as
tools for gene therapy. There are two basic approaches for delivering ther-
apeutic RNA to animals and humans (Fig. 7.1). The first is to deliver RNA
molecules directly and the second is to deliver DNA vectors that drive the
transcription of the therapeutic RNA. The development of oligonucleotides
as drugs has received support from the pharmaceutical industry. The efficacy
of siRNAs as inhibitors allows access to many cellular targets that were until
recently thought to be “undruggable”. Annotated genome sequences facil-
itate design of siRNAs and identification of potential unintended mRNA
targets. There are two key advantages to delivering RNA as a gene-directed
therapy, rather than as a gene therapy. The first is that RNA drugs can be
“dosed to effect” for a specific condition and a specific patient. The sec-
ond is that therapy can be halted upon adverse reaction, and the inherent
instability of RNA will lead to rapid clearance from the body. Delivering
RNA has several drawbacks, however. For one, RNA drugs are not orally
available, so that delivery may require infusion or injection. Intravenously
injected RNA molecules tend to be filtered by the kidney, liver, spleen and
lungs. If these are not target organs, then bioavailability may be limited.
Finally, because of the susceptibility of RNA to digestion by cellular and
extracellular enzymes and the clearance of nucleic acids from the circula-
tion, RNA drugs must be continuously reapplied in order to treat chronic
medical conditions. This may be seen as a disadvantage to a patient, though
not necessarily to an investor.

Because RNA is unstable under physiologic conditions, RNA thera-
pists rely on a series of modifications to the ribose-phosphate backbone to
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Fig. 7.1 Delivery of siRNA. Small interfering RNA may be delivered either as double stranded
oligonucleotides or as DNA vectors (plasmids or virus vectors). Oligonucleotides are delivered via
liposomes or nanoparticles and are released from the endosome before recognition by Argonaute pro-
teins (Ago) in the cytoplasm. DNA vectors are expressed in the nucleus as small hairpin RNAs or as
microRNAs before export to the cytoplasm and processing by Dicer. Both pathways converge on the
RNA induced silencing complex (RISC) and lead to degradation of complementary mRNA.

prevent spontaneous and nuclease catalyzed degradation.12 These modifi-
cations include blocking the 3′ termini, substituting phosphate groups with
phosphorothioate groups and modifying the 2′ position of the ribose sug-
ars. Locked nucleic acid (LNA) residues, which contain bonds between the
2′ and 4′ carbons of ribose have been particularly effective in stabilizing
siRNAs without blocking their activity. The trick is that most of these mod-
ifications must be made in the passenger strand of the siRNA in order to
retain guide strand directed cleavage of mRNA in the presence of RISC.
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In addition, a compromise must be made between stability and activity in
terms of the number of modifications that can be made. Typically, however,
the half-life of siRNA in serum can increase from seconds to hours using
modifications that do not reduce inhibitory activity substantially. Ribose and
phosphorothioate modifications are also compatible with ribozyme activity.
Again, a balance must be drawn between maximizing stability and retain-
ing catalytic activity: modifying purine groups in the catalytic core of the
hammerhead, for example, eliminates ribozyme function.

Both liposomes and synthetic nanoparticles have been employed to
deliver regulatory RNAs in vivo.13 Such particles can be directed to specific
cell types by including carbohydrate or protein ligands within the particle.
These approaches to nucleic acid administration are discussed elsewhere
in this book. A major advance in siRNA delivery was made by Soutschek
et al., who covalently modified the 5′ ends of an siRNAi directed against the
mRNA for apolipoprotein B mRNA.14 This modification led to silencing
of ApoB mRNA in the liver and jejunum, and opened the door for direct
targeting of siRNAs to tissues of interest following intravenous administra-
tion by adding cell penetrating peptides or single chain antibodies directly
to the RNA.15

Delivering therapeutic RNAs as DNA permits long-term expression of
the RNA molecules and may allow more precise delivery to a particular
organ or cell type. As for other therapeutic genes, control of RNA expres-
sion is determined by the specific virus and virus serotype employed, by the
site of injection and by the promoter sequence used. If longevity of expres-
sion is an advantage, it may also be detrimental, if treatment leads to harmful
side effects. As for other gene therapy applications, thorough pre-clinical
safety testing is required before human testing begins. For sequence specific
inhibitors such as siRNAs and ribozymes, however, animal testing may not
reveal unintended targets whose knockdown can cause human complica-
tions.

RNA delivery has employed both viral vectors and liposome formulated
plasmids. These delivery systems are described in other chapters in this
volume. Synthesis of ribozymes or siRNAs can be directed by either RNA
polymerase III promoters or RNA polymerase II promoters. RNA pol III nor-
mally produces small nuclear RNAs, transfer RNAs and 5S ribosomal RNA.
While pol III promoters are powerful, much of the small hairpin transcripts
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produced by pol III, remains in the nucleus, separated from mRNA targets.
In addition, pol III promoters are generally unregulated and expressed in all
cell types. The need for nuclear export signal and regulated promoter sys-
tems has persuaded many investigators to embed siRNA sequences within
miRNAs. MicroRNAs are typically produced by RNA pol II in the con-
text of larger precursors containing signals for processing by the nuclear
enzyme Drosha and transport to the cytoplasm by Exportin 5.16 They are
often made as part of long transcripts that may contain multiple miRNAs
or they may be encoded in the introns of protein coding genes. There-
fore, it is possible to insert a miRNA disguised siRNA in the intron or the
untranslated region of another gene. Details of such constructs are discussed
below.

3. Ribozymes

Ribozymes have been used primarily to suppress the expression of disease
related genes.6 As noted above, the hammerhead and the hairpin ribozymes
are the easiest to design and have target sequences (NUX for hammerheads
and BNGUC for hairpins, where N is any nucleotide, B is any nucleotide
but adenosine and X is any nucleotide but guanosine) that can be found in
any mRNA.5 To design a hammerhead ribozyme, for example, one looks
for NUX triplets (typically GUC, CUC or UUC) in the target mRNA and
designs an antisense RNA of 12 or 13 nucleotides surrounding the cytosine,
which does not form a conventional base pair with the ribozyme. The cat-
alytic core of the ribozyme is then inserted within the antisense sequence,
dividing it into two hybridizing arms which form mini-helices with the
target mRNA. Since product release may be rate limiting for ribozyme
turnover, these helices are kept short, typically 5–7 base pairs. Design of
the hairpin is somewhat more complex, with an 8 nucleotide loop inserted
between helices formed between ribozyme and target. To use RNase P for
RNA knockdown, one uses the endogenous enzyme and designs a guide
RNA resembling the acceptor stem of a transfer RNA when it is paired with
the mRNA to be digested.17 For all ribozymes, it is necessary to identify
accessible target sequences: cleavage sites cannot be buried in stable inter-
nal helices within the mRNA. Computer algorithms may help identify such
stems if used judiciously to analyze short stretches of sequence.
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An advantage of ribozymes relative to small interfering RNAs is that
ribozymes can be tested in cell-free reactions in order to identify which
are most catalytically active. Such testing should be performed at relatively
low magnesium concentration (10 mM) in order to eliminate ribozymes
that will not function efficiently in cells. The most active ribozymes can
then be tested in transfected cells to verify that they can cleave full length
mRNA within the cellular environment. Expressing ribozymes in human
cells also provides at least a crude assessment of “off-target” effects medi-
ated by ribozymes: if a ribozyme unintentionally retards the cell cycle or
leads to apoptosis, then it is time to choose a new target sequence. Finally,
those ribozymes that pass the in vitro tests can be cloned in a vector and
tested in animal models of human disease. Ribozymes have been expressed
from viral vectors using either pol II promoters or pol III promoters, in
which case the ribozymes may be expressed in tandem with tRNAs. Alter-
natively, RNA modifications can be introduced, including phosphorothioate
nucleotides at the 5′ end of the ribozyme, an inverted abasic nucleotide at
the 3′ end and 2′ amino and 2′O-methyl substitutions at certain residues in
the core of the ribozyme.18 Such modifications will lower cleavage rate in
vitro by 5–10 fold, but may increase stability in cells by a 1000 fold. Mod-
ified ribozymes can be delivered directly to the circulation or to affected
tissues.

Therapeutic targets for ribozymes have included dominant oncogenes,
RNA viruses and retroviruses and autosomal dominant disease genes. While
ribozymes have been successful in reducing tumor growth in animal models,
there have been few clinical trials of ribozyme gene therapy. Hammerhead
ribozymes directed against HIV-1 targets have been tested in lymphocytes
or progenitor cells infused into AIDS patients.19,20,21 A ribozyme directed
at proliferating cell nuclear antigen mRNA was tested, unsuccessfully, as
preventative of proliferative vitreoretinopathy.22 Despite over 20 years of
research, no therapeutic ribozyme has been brought to market as a dis-
ease therapy. Problems with ribozymes include their relatively low affinity
for target RNAs and the lack of specific targeting mechanisms for target
binding: ribozymes can be embedded in pol II transcripts for export from
the nucleus, but unlike siRNAs they do not associate with a protein com-
plex that promotes mRNA recognition. In addition, the active conformation
of cis-acting hammerhead ribozymes is stabilized by tertiary loop-bulge
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interactions that are hard to recapitulate in trans.23 Nevertheless, highly
active ribozymes can reduce mRNA levels as effectively as siRNAs, and
ribozymes can be partnered with small hairpin RNAs, as in the HIV exam-
ple, without competing for the same nuclear export system. Relative to the
RNAi user community, however, the ribozyme user community is small, and
commercial support for ribozyme technology is non-existent. For this rea-
son alone, the search for effective RNA-based inhibitors of gene expression
should begin with siRNA.

4. RNAi for Gene Therapy

As with ribozymes, siRNAs have been employed primarily to suppress
gene expression by inducing mRNA degradation. Therapeutic targets have
included dominant oncogenes, viruses, growth factors and almost any gene
that is induced or mis-regulated in disease.24 For example therapeutic siR-
NAs are being clinically tested for treatment of respiratory syncytial virus
using an inhaled formulation of a modified siRNA, for the down regula-
tion of VEGF in the eye, and for pachyonchia congenita, an inherited skin
disease.25 While it is possible to produce allele-specific siRNAs for the
treatment of dominantly inherited disease, single base changes may not be
sufficient to provide discrimination between the mutant and the wild-type
mRNA. One method to overcome this problem is to deliver an siRNA that
targets both mutant and wild-type mRNA. This siRNA may be delivered in
conjunction with an mRNA containing silent nucleotide changes rendering
it resistant to attack by the siRNA and RISC.26 Such an approach is also
feasible with ribozymes.

Effective siRNAs generally conform to certain design principles: siRNA
sequences should be short (19–21 bp); they should be of moderate G+C
content (30–60%); they should avoid runs of 4 adenosine or 4 guanosine
residues; they should contain an A-U pair at position 10 relative to 5′ end
of the antisense strand, and if possible, they should have a lower ther-
mal stability at the 5′ end of the antisense strand than at the 3′ end.27

The last requirement reflects the asymmetric loading of RNA strands onto
RISC. While either strand of an siRNA can be associated with the com-
plex, RNA is loaded in the 5′ to 3′ direction. Therefore, if the 5′ end of
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the guide (anti-sense) strand unwinds first, it will preferentially load into
RISC. Keeping the siRNA short is important. While longer siRNAs (25 nt)
are more effective in directing cleavage of mRNA, they are more likely to
stimulate pathways of innate immunity and to block the export of endoge-
nous miRNAs.28 As with ribozymes, it is important to avoid siRNA target
sites in regions of stable secondary structure. Fortunately, one does not have
to remember all of the design principles in selecting siRNA target sites,
as several good design algorithms are available on line.27 Some of these
sites are sponsored by biotechnology companies that sell dsRNA or vec-
tors expressing short hairpin RNA. In addition, several companies sell pre-
validated siRNAs or shRNA plasmids for human, mouse and rat mRNAs.
These commercial sources are the best choice for initiating an RNAi related
project.

It is important to identify siRNAs of the greatest potency, so that the level
of siRNA delivered can be minimized. Small interfering RNAs are assayed
in tissue culture before testing in animal models for disease. This testing may
be done by measuring the expression level of an endogenous gene using RT-
PCR, immunoblots or ELISA. Alternatively, siRNAs may be co-transfected
as RNA or as plasmids expressing small hairpin RNAs (shRNAs) together
with a plasmid expressing the target mRNA. It is convenient to insert a
segment of the mRNA containing the target sequence within the transcript
of an easily measured marker gene such as luciferase, GFP or secreted
alkaline phosphatase. This permits rapid screening of the inhibitory activity
of the siRNAs. It is important to recognize that for therapeutic applications,
one or two siRNAs per target are not enough. Non-specific effects of siRNAs
and pharmacodynamic properties of small RNAs are frequently sequence
specific. An siRNA that is potent in HeLa cells may be useless in vivo.

For gene therapy, siRNAs are usually delivered as small hairpin RNAs.29

Their expression is driven from DNA vectors using pol III promoters such
as U6 and H1. Alternatively, modified pol II promoters may be employed.
To limit overhanging sequences, these have been engineered to provide the
start site for RNA synthesis just before the shRNA coding sequence and
a polyadenylation site just afterwards. As mentioned above, an alternative
approach employs pre-miRNA sequences in which an siRNA is embedded,
replacing the sequence containing the mature miRNA. These precursors
contain processing sites for Drosha and Dicer, so that the siRNA can be
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expressed and exported from the nucleus by the normal miRNA pathway.
Small interfering RNAs disguised as pre-miRNAs may be expressed from
either pol II or pol III promoters. As noted, pol II promoters are more easily
regulated and may be cell type specific. On the other hand, pol III promoters
are more robust: they should yield high level expression of the miRNA or
shRNA in any cell type.

Off target effects are an important consideration in employing RNAi
for therapy.30 Off target effects lead to non-specific suppression of gene
expression and are caused in several ways: (1) An siRNA (or ribozyme for
that matter) can bind to and stimulate the degradation of an unintended
target RNA. (2) An siRNA can pair imperfectly with the 3′ UTR of an
mRNA and suppress its translation into protein. (3) A small hairpin RNA
can interfere with the trafficking of endogenous miRNA, and (4) siRNA can
stimulate the dsRNA response. The dsRNA response protects animal cells
from invading viruses, retrotransposons and the transcription of repetitive
sequences by activating PKR (dsRNA-dependent protein kinase) and 2′,
5′-oligoadenylate synthetase. In response to dsRNA, PKR autophosphory-
lates and then phosphorylates its substrates, including eukaryotic initiation
factor 2, leading to arrest of protein synthesis. PKR also initiates a signal
transduction pathway that leads to induction of interferons. Interferon pro-
duction results in the up-regulation of antiviral and antiproliferative genes
and mediators of apoptosis. The activation of 2′, 5′-oligoadenylate syn-
thetase results in the formation of oligoadenylates that bind to and activate
RNaseL, which cleaves RNA non-specifically, resulting in inhibition of
translation. Stimulation of the interferon response by siRNAs appears to be
mediated by Toll-like receptor (TLR) 7/8 or by TLR3.31,32 Incorporation of
2′-O-methyl nucleotides into the siRNA suppresses the TLR7/8 pathway but
may not inhibit activation of the TLR3 pathway. In one study of VEGF siR-
NAs used to inhibit laser-induced choroidal neovascularization in a mouse
model of age related macular degeneration, it was found that inhibition of
neovascularization could be attributed solely to TLR3-mediated induction
of interferon (Fig. 7.2).31

Off target effects can be minimized by several means. Sequence search-
ing programs may help to identify unintended targets with annotated
mRNAs. It is best to avoid using siRNAs that can form 15 or more consecu-
tive base pairs with another RNA that is expressed in the organ(s) of interest.
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Fig. 7.2 Gfp siRNA or Luc siRNA led to a modest suppression of choroidal neovascularizartion
(CNV) in Tlr3+/+ but not Tlr3−/− mice. P < 0.05 compared to vehicle (buffer). From Kleinman et
al. (Ref 31).

It is somewhat harder to exclude miRNA-like activity of siRNAs, because
base-pairing with the 7 base seed region (residues 2–8) of the siRNA may
be sufficient to inhibit translation of an unintended mRNA.33 Inhibition of
miRNA transport and stimulation of the interferon and 2′, 5′ oligoadeny-
late pathways can be avoided by keeping the siRNA short. Inhibition of
miRNA transport requires over-expression of shRNAs of 25 bp or more.28

While siRNAs of 19bp do not typically stimulate the dsRNA response, this
response is sequence specific, and some short interfering RNAs may turn
on the interferon pathway. Indeed, it has recently been suggested that many
of the early reports of antiviral activity of siRNAs are attributable to the
stimulation of interferon rather than the digestion of viral RNA by RISC.32

The best way to control for non-specific effects of siRNA is to have sev-
eral independent siRNAs for the target mRNA and to demonstrate that each
has the same physiologic impact. These positive controls should be com-
bined with several negative control siRNAs that together demonstrate that
digestion of the intended mRNA leads to a particular physiologic response.

5. Gene Therapy Using miRNA

Individual miRNAs regulate variety of genes; some modulate the translation
of hundreds of mRNAs.34 We know little about the regulation of miRNA
expression in human tissues. Therefore, it seems unlikely that delivery of
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native pri-miRNAs or pre-miRNAs using gene therapy vectors will be used
in the near future, since they are likely to lead to unforeseen consequences.
For now, pre-miRNAs are being used as vehicles for siRNAs (see above).
Nevertheless, coding sequences for some miRNAs are missing or defective
in specific tumors, so that it is conceivable to use gene therapy vectors to
replace these missing genes.35 Similarly, it is possible to inhibit the activity
of specific miRNAs using antisense sequences or surrogate target RNAs.
These can be used to decrease the impact of over-expressed miRNAs that
may lead to disease. Careful assessment of non-specific effects must be
made in developing these therapies.

6. Aptamers, Decoys and Bi-Functional RNAs

RNA aptamers are short oligonucleotides (usually less than 40 nt) with a
stable tertiary structure that permits high-affinity binding (Kd in the range
of 10−10 to 10−12) to specific proteins or other target molecules. Conse-
quently, aptamers have been developed as inhibitors of pathologic processes.
Aptamers are generated by a sequential selection method called SELEX
(systematic evolution of ligands by exponential enrichment).36 In this pro-
cess RNA libraries containing randomized regions are incubated with the
ligand of interest and RNA molecules that bind the target compound are
separated from those that do not bind. Binders are amplified by reverse
transcription PCR and transcribed into RNA for another round of selection
(binding).After multiple rounds of selection, high affinity aptamers are ana-
lyzed and counter selection with structural analogs of the target ligand may
be used to produce aptamers of greater selectivity.

For therapy, aptamers are delivered as oligonucleotides.As with siRNAs
and ribozymes they may be protected using ribose modifications, but these
modifications may affect the affinity of the aptamer, since binding involves
the RNA (or DNA) backbone as well as the nucleotide bases. As noted,
one aptamer has already found clinical application for treatment of macular
degeneration and it is delivered by direct and repeated ocular injections. It
is conceivable that aptamers could be delivered using DNA vectors for sus-
tained expression, but the folding of RNA sequences during transcription
may not recapitulate the folding of aptamer sequences during the selection
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process in vitro, and flanking RNA sequences may affect the tertiary struc-
ture as well.

Decoy oligonucleotides contain the recognition sites for nucleic acid-
binding proteins or RNAs. DNA decoys have been used to interfere with
the binding of transcription factors to promoter sequences. Rossi and col-
leagues have used an RNA decoy delivered by a retrovirus vector, to block
the interaction of TAR with the HIV-1 promoter.3 Decoy RNAs have also
been employed to block the activity of specific miRNAs, by providing mul-
tiple copies of a fully-complementary binding site. One type of miRNA
inhibitor has been called “antagomir”.37 These are synthetic and chemically
stabilized (LNA or 2′-O-methyl) oligonucleotides that inhibit the function
of endogenous microRNAs by complementary base pairing. Antigomirs
may also have modifications, such as cell penetrating peptides or choles-
terol, which promote their uptake by cells. They have been shown to inhibit
miRNA in vivo following intravenous injection. An alternative approach
to miRNA inhibition is to express repeated miRNA binding sites from a
strong pol II promoter. Such constructs are termed “microRNA sponges”
and they appear to block miRNA activity without lowering the level of target
miRNAs.38

Bi-functional RNAs represent a more complex approach to using recog-
nitions sites for RNA binding proteins. In bi-function molecules, the binding
sites for regulatory proteins are linked to antisense RNA in order to direct
the regulatory protein to a particular region of the target mRNA. Such bi-
functional oligonucleotides have been used to regulate alternative splicing
of pre-mRNA by recruiting SR proteins or hnRNP proteins to alternative
exons in order to either increase or decrease the utilization of an adjacent
splice junction. For example, Baughan et al. used AAV to deliver a chimeric
RNA to attract SR proteins (SF2/ASF, SC35, and hTra2h1) to the 5′ terminus
of exon 7 of the SMN2 gene.39 Infection of fibroblasts from patients with
spinal muscular atrophy led to an increase in exon inclusion and therefore
a significant increase in SMN2 protein.

7. Modification of Cis-Acting Regulatory RNA Sequences

Mature mRNAs are bound by proteins from their time of synthesis, through
nuclear transport and their translation into protein. Sequences within the
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mRNA govern which proteins bind and consequently determine mRNA
stability and transport. In a few instances, cis-acting sequences have been
used to control gene expression for gene therapy. However, in most cases,
gene therapists are constrained by the limitation of viral packaging limits or
available restriction sites, and they clip off important regulatory elements
in the 5′ and 3′ UTRs.

The stability of a particular mRNA is often determined by sequences
within the 3′ UTR of that mRNA, though RNA destabilizing sequences have
been identified in other locations.40 The best known stability element in the
3′ UTR is designated the ARE or AU rich element. Cellular proteins that
bind the ARE may either stabilize that mRNA (e.g. HuR) or destabilize the
mRNA (AUF1). Some of these trans-acting proteins are cell type specific,
while others are ubiquitous. The localization of mRNA is one mechanism to
achieve protein sorting in asymmetric eukaryotic cells. While this process
has been best described in yeast and in Drosophila oocytes, mRNA sorting
is extremely important in the nervous system, where local protein synthesis
in neural dendrites may explain how patterns of neural activity lead to
changes in synaptic connectivity in development and in adaptive responses
in the brain.41 In oligodendrocytes, mRNAs encoding proteins required for
myelin formation are localized. Disruption of mRNA sorting and localized
mRNA protein synthesis is a contributing factor of diseases such as fragile
X mental retardation and spinal muscular atrophy.

To date gene therapists have made little use of either stability ele-
ments or localization elements to obtain more precise control of gene
expression. There have been exceptions, however. In order to attain tumor
selective gene expression for virotherapy using adenovirus, Säkioja et al.
included an ARE element in the 3′ UTR of a passenger gene (luciferase)
and thereby suppressed expression in non-cancer cells but not in malig-
nant cells.42 Corral-Debrinski et al. have made an interesting use of
mRNA targeting to optimize allotropic gene expression of human mito-
chondrial genes. In yeast, they discovered that mRNAs translated on
mitochondrial-bound polyribosomes contain common elements in their
3′UTRs. They included one of these sequence elements in the 3′ UTR
of a transgene encoding the mitochondrial ND1 and ND4 genes ren-
dered in the nuclear genetic code and fitted with a mitochondrial protein
import sequence.43 Including the mRNA localization element increased the
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fraction of the allotropic mitochondrial mRNA that was bound to the target
organelle.

Of course the 3′ UTR is also the site of regulation by microRNAs, and
the target sites for miRNAs can be used to improve specificity of viral
mediated gene expression. To suppress the expression of coagulation fac-
tor IX (F.IX), Brown et al. modified a lentivirus vector to contain 4 tan-
dem copies of a 23 nucleotide sequence with perfect complementarity to
the hematopoietic-specific miRNA, miR-142-3p, in the untranslated region
(3′ UTR) of the transgene expression cassette (Fig. 7.3).44 The vector con-
tained an hepatocyte-specific promoter, but without the miR-142 target sites,
expression was detected both in the liver and the spleen of intravenously
infected mice. Inclusion of the miR-142-3p target sequences prevented unin-
tentional transgene expression from tissue-specific promoter specifically
within hematopoietic cells. Furthermore, miR-142-3p–regulated lentivirus
mediated stable human F.IX gene expression and correction of hemophilia B
mice. Since the immune response to the product of the transgene is
a concern for all gene therapists, this approach is likely to be widely
imitated.

Ribozymes can also be used as cis-acting regulatory elements in the
context of gene therapy vectors. Yen et al. developed a modified a ham-
merhead ribozyme from Schistosoma mansoni that is capable of extremely
efficient self-cleavage in mammalian cells.45 Placing this in the 5′ UTR
of a marker gene, they used high throughput screening to identify com-
pounds that could regulate ribozymes activity, and thus expression of the

Fig. 7.3 Map of a lentiviral vector used developed by Brown et al. to obtain liver specific expression
of Factor IX. ET is a chimeric, liver specific promoter (based on Ref 44).

118



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch07

Regulatory RNA in Gene Therapy

gene. Unfortunately, the most efficient regulators were potentially toxic
nucleoside analogues, toyocamycin and 5-fluorouridine. However, Win and
Smolke have developed cis-acting hammerhead ribozymes that can either be
activated or repressed based on an appended theophylline binding aptamer.46

This approach has the potential to produce regulatory riboswitches that may
be controlled by easily tolerated and approved drugs.

8. Conclusions

While gene therapy is usually designed to deliver genes for proteins, delivery
of regulatory RNAs has the capacity to suppress endogenous gene expres-
sion in order to attenuate disease. Protein-directed therapy is well suited for
recessive inherited disease, but gene silencing by siRNAs or ribozymes can
be used to treat a variety of acquired, dominantly inherited and infectious
diseases. In addition, modification of cis-acting RNA elements can make the
expression of protein genes more precise and, therefore, more effective. The
major dichotomy in the field concerns delivery: whether regulatory RNAs
are delivered as stabilized oligoribonucleotides or whether they are admin-
istered via gene therapy vectors. Obviously, the application will determine
the most suitable approach. For short-term applications, such as suppression
of scarring or treating acute infections, direct RNA delivery should be better.
For chronic diseases, however, gene therapy will ultimately replace the use
of oligonucleotides. The major cautionary note in the field of RNA-based
gene therapy is the potential for off-target effects, and the major method to
overcome this obstacle is to design and test many potential RNA-inhibitors
in order to develop a therapeutic RNA that has high activity for the intended
mRNA and a low profile of undesirable side effects.

It is now appreciated that almost the entire genome is transcribed, but
the role of the low-level transcripts produced from most of the genome is
undefined. There are certainly more regulatory RNAs to discover. Recently,
for example, short RNAs homologous to promoter regions were found both
to inhibit and to activate gene expression at the level of transcription.47

These promoter-directed short RNAs require Argonaute proteins and may
target promoter-specific antisense transcripts. While these so-called anti-
gene RNAs have not been adapted for gene therapy, they are likely to
become useful tools for allele independent suppression of mutant genes.
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As the functions of other minor transcripts are discovered, gene therapists
must stay aware of developments in the study of regulatory RNA.
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Chapter 8

DNA Integrating Vectors
(Transposon, Integrase)

Lauren E. Woodard and Michele P. Calos∗

Plasmid DNA vectors provide a way to sidestep many of the limitations
of viral vectors, such as capsid immunogenicity. However, gene expres-
sion from unintegrated plasmid DNA is typically transient. DNA vectors
that integrate into the chromosomes via either an integrase or transposase
provide permanent gene addition. Two such systems are under intensive
development. The Sleeping Beauty transposase integrates into TA din-
ucleotides in an essentially random fashion, while φC31 integrase is a
sequence-specific recombinase that integrates at a more limited number
of endogenous sites in mammalian genomes. Both systems have medi-
ated successful gene therapy in numerous animal models. The features of
these DNA integrating systems are described, including safety issues and
efforts to increase target site specificity.

1. Basic Vector Biology

While viral vectors were the first to be developed for clinical use in gene
therapy, they have often proven to be less successful than originally antici-
pated. Viral vectors are effective at overcoming cellular barriers such as the
plasma membrane. However, immune defenses against viral vectors may
result in an ineffective therapy or even death. Other major concerns include
oncogene activation and accidental production of a self-replicating vector.
For these reasons, plasmid DNA may provide a simpler and safer alternative

∗Correspondence: Department of Genetics, Stanford University School of Medicine, 300 Pasteur Dr.,
Stanford, CA 94305.
E-mail: calos@stanford.edu
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that is also easier to engineer and produce. In particular, integrating DNA
vectors can permanently place the therapeutic gene into the genome, pre-
venting short-term gene expression due to plasmid loss. Integration has been
achieved by using transposon and integrase systems.

1.1 Transposon Systems

Mobile DNA elements, or transposons, were first discovered because they
excise, replicate, and/or insert their DNA back into the genome, caus-
ing mutations. Retrotransposons and DNA transposons are the two major
classes of mobile DNA elements. The transposons that have been applied
to gene therapy applications thus far have been DNA transposons. Trans-
posons have been grouped into families according to their similarities. Most
transposons used for gene therapy, including Sleeping Beauty (SB), are from
the largest such family, the Tc1/mariner family.

Because SB is by far the most developed of all of the transposons that
have been tested for gene therapy, we will focus on the mechanism of
this transposon. By analyzing inactive transposon sequences found in a
fish genome, a consensus sequence was discovered that, when synthesized,
was found to be an active transposon.1 Because it was “awakened” from
the genome, it was named Sleeping Beauty. The system consists of both
the DNA sequence to be inserted (transposon) and the enzyme that accom-
plishes integration into the genome (transposase). Natural transposons code
for the transposase and contain the sequences required for its insertion,
called terminal inverted repeat (IR)/direct repeat (DR) elements. Only what
is between these elements will be permanently placed in the genome. In
engineered systems, the transgene cassette is placed between the two IR/DR
elements so that it will be inserted (Fig. 8.1). The transposase gene may
either be placed on the outside of the IR/DR elements so that it will be left
behind after insertion, or it may be placed on a separate plasmid. Once the
cell makes the transposase, it can insert the transposon into the genome.
Two molecules of SB transposase bind to each of the two IR/DR elements
that are located on the transposon DNA molecule. Then, the transposase
cuts the transposon DNA at the IR/DR elements in a staggered manner,
creating GTC overhangs on the transposon. It also cuts the host genomic
DNA in a staggered manner at a TA dinucleotide, creating TA overhangs. In
the final step, these overhangs are repaired by host cofactors. This process
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Fig. 8.1 Transposition using Sleeping Beauty for gene therapy. The transposase binds IR/DR elements
in the transposon and mediates recombination at TA dinucleotides in the genome.
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is evidenced by the duplication of the sequence GTCTA after transposon
insertion.

1.2 Integrase Systems

An integrase is a recombinase enzyme that is capable of integrating DNA,
usually that of a virus, into another piece of DNA, usually the host chromo-
some. Bacteriophages are omnipresent viruses that infect bacteria. In some
cases, bacteriophage DNA can be integrated into the host chromosome by an
integrase. If no cofactors are required, these integrases can also be utilized
in foreign organisms to incorporate genes into the genomic DNA. Micro-
bial recombinases can be broadly grouped into two categories dependent on
the amino acid responsible for cleaving the DNA, either a tyrosine or serine
residue. The serine integrases have been found to be the most useful for inte-
gration into the genomes of foreign organisms. Integrases recombine two
distinct sequences to create hybrid sites that can no longer be recognized
and recombined by the integrase, making integration irreversible. Of the
integrases studied thus far φC31 integrase has been found to have the most
favorable properties for gene therapy.

φC31 integrase attaches to specific sequences in both the phage and
bacterial genomes, termed attP and attB, respectively. The sites are some-
what palindromic, meaning that one half of the site is partially similar to the
other half. The minimal site length is 34 bp for attB and 39 bp for attP.2 It
is believed that one molecule of φC31 integrase binds to each half of the att
site and that the two sites come together through formation of a tetrameric
complex (Fig. 8.2). The DNA is cleaved at a core sequence in the att sites,
and the DNA-integrase complex rotates to form the recombination prod-
ucts. The resulting hybrid att sites are termed attL and attR, because they
are found to the left (5′) and right (3′) of the phage genome. Wild-type φC31
integrase cannot perform the excision reaction between attL and attR, so
integration is irreversible.3

φC31 integrase is relatively efficient at recombining at pseudo attP sites
when given an attB-containing plasmid, but poor at recombining at pseudo
attB sites.4 When used in mammalian cells for gene addition, the φC31
integrase system is comprised of two plasmids. One plasmid expresses the
active integrase enzyme. Another plasmid contains the attB sequence to
allow for sequence-specific integration, the transgene, and often a selectable
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Fig. 8.2 Integration using φC31 integrase for gene therapy. The integrase binds to both the attB
sequence supplied on the donor plasmid and native pseudo attP sequences in the genome, then recom-
bines the DNA to integrate the transgene permanently.
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marker that can be used to eliminate cells that have not received integration
events.

2. Vector Design and Production

2.1 Design of Transposon Systems

There are many factors that can affect transposition. A phenomenon called
overexpression inhibition has been observed with SB, which means that
too much of the transposase actually inhibits the transposition reaction.5

This complication necessitates the optimization of transposon to transposase
DNA ratios for every new application or vector. Both the size of the trans-
gene and the transposon-containing plasmid are inversely correlated with
transposition efficiency in the SB system.6 This correlation is even more
pronounced if DNA of prokaryotic, rather than eukaryotic, origin is used as
the transgene. If the distance between transposon ends is decreased, trans-
position increases.7 Another way to decrease the physical distance between
the transposon ends is to methylate the DNA, which causes DNA conden-
sation. Methylation of the transposon gave an 11-fold increase in overall
transposition rates.8

The first SB transposase was SB10, and the original transposon was
called pT. This system mediated transposition in only 0.3% of cultured
human cells, which was an increase of 20 to 40-fold over the background
rate of random integration. Improvements in the IR/DR sequences created
the pT2, pT3, and pMSZ transposons, which are 2-4 times more effective
than pT when combined with SB10.9−12 The enzyme SB10 has also been
improved many times. A recent improvement, HSB17 transposase, together
with the pMSZ transposon gave a 30-fold improvement in cell culture over
the original SB10/pT system.13 However, in mice the most effective enzyme
was the HSB2 enzyme, which was 7-fold improved over SB10 when used
with pT or pT3 transposons.9

2.2 Design of Integrase Systems

Some attractive features of the integrase system include that the donor
plasmid has no size limit, there is no known overexpression inhibition
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phenomenon, and the integrase does not require cell division, at least in
the liver where long-term integration events were found in cells that did not
undergo replication.14 Mutants of φC31 integrase have been identified that
have increased activity. One such mutant, P3, appeared to have increased
specificity for the wild-type attP site, making it useful for applications in
which a wild-type attP is present, such as plasmid excision or integration
into an engineered cell line.15 For gene therapy, a more useful mutant is P2,
which demonstrated two-fold increased integration efficiency at pseudo attP
sites in cell culture and mouse liver. There was no obvious change in speci-
ficity between P2 and wild-type integrase, but more extensive sequencing
of pseudo attP sites is necessary.15

For gene therapy, φC31 integrase has generally been expressed under
control of the strong constitutive cytomegalovirus (CMV) promoter.
Although adding a C-terminal nuclear localization signal was found to aid in
a chromosomal excision reaction,16 it hampered integration into pseudo attP
sites in vitro and did not aid integration in mouse liver.14 Also, codon opti-
mization was found to be helpful for an excision reaction in the early mouse
embryo.17 For increased control over enzyme expression, an inducible inte-
grase has been constructed.18

Donor plasmid construction is fairly simple. Generally the full-length
∼300 bp attB site is placed on the plasmid between coding regions for an
antibiotic resistance gene and the therapeutic gene. In tissue culture, the
34 bp site was found to be functional but somewhat inferior, with about
75% activity of the full-length attB site at integration into pseudo attP
sites.19 Depending on the application, the investigator may wish to use
tissue-specific promoters or insulator elements to aid expression. While
there is no size limit for integration, it is easier to construct and produce
DNA plasmids that are of a moderate size. Bacterial artificial chromosomes
may be used if the therapeutic gene is very large.20

2.3 Production of Plasmid DNA

Plasmids must have an origin of replication for E. coli and a selectable
marker to ensure that only E. coli carrying plasmid comprise the culture.
The United States FDA currently prefers plasmids that will be used as
molecular medicines to avoid using ampicillin resistance, since ampicillin
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is prescribed to patients for use as an antibiotic. Another important feature
is copy number, which is the number of plasmids per E. coli cell. High copy
number plasmids are preferable since they provide a better yield of plasmid
DNA from the same culture volume.

Plasmids are transformed into an optimal strain of E. coli. A culture is
grown from a single colony, which may be cell banked. E. coli are obtained
from liquid culture by centrifugation and then lysed and neutralized, result-
ing in the precipitation of protein and genomic DNA. The plasmid DNA is
purified from the supernatant by chromatography and isopropanol precipi-
tation. If the DNA will be used in vivo, endotoxins must also be removed
to avoid serious side effects such as fever and shock. For use in the clinic,
plasmids must be validated and then carefully monitored for purity and
integrity during storage.21

3. Gene Transfer Protocols and Potential Applications

Mammalian cells do not normally take up plasmid DNA efficiently. There-
fore, DNA integrating systems are limited by the availability of transfection
techniques. We will provide a brief overview of several transfection methods
and their gene therapy applications with integrating vectors.

3.1 Hepatocyte Transfection via Hydrodynamic Injection

Hydrodynamic injection is a fast, straightforward way to introduce DNA
into the liver cells of mice.22,23 This method uses a large volume of dilute
DNA solution, injected quickly through the tail vein, to introduce the DNA
into the hepatocytes. The human alpha-1 antitrypsin (hAAT) and human
Factor IX (hFIX) transgenes have been delivered to normal mice using both
SB and φC31 integrase, resulting in higher long-term transgene expression
when recombinase was present.24,25 SB and φC31 integrase have been com-
pared directly for hFIX expression. Long-term transgene levels when wild-
type integrase was used were about three-fold higher than those obtained
using an optimized SB system.26 Both systems have been shown to cor-
rect several mouse disease models using hydrodynamic injection and may
be tested in the clinic by using balloon catheters to achieve hydrodynamic
delivery.
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3.2 Lipophilic Complexes to Transfect Endothelial Cells
and Glioblastoma

Because DNA is negatively charged and must traverse the hydrophobic cell
membrane, DNA may be complexed in solution with lipophilic reagents
that have a positively charged head and a hydrocarbon tail. These reagents
then encapsulate the DNA in a fatty ball, allowing it to be endocytosed and
thus enter the cell. This strategy is extremely effective for cell culture and
is also a viable in vivo transfection method. Complexes have been used to
deliver the SB system to type II pneumocyte cells in the lung and to specif-
ically express in endothelial cells by way of a tissue-specific promoter.12

Lipophilic complexes were also used to target glioblastoma brain cancer
cells with success, shrinking the tumors and increasing survival times of
the mice when the SB system integrated cancer-killing genes.27

3.3 Direct DNA Injection and Electroporation to Target
Muscle, Retina, and Joints

An effective way to transfect muscle fibers is to use electroporation. The
muscle fiber is injected with plasmid DNA, then electrodes are placed on
either side of the injection site and a current is passed through the tissue to
disrupt the plasma membrane. This method was used to treat disease-model
mice with a dystrophin gene using φC31 integrase.28 φC31 integrase was
also used in conjunction with electroporation to deliver the VEGF gene for
hindlimb ischemia.29 Both of these strategies were carried out in juvenile
(12 day old) mice.

Electroporation has also been used to deliver DNA to the rat retina.
This transfection method was combined with φC31 integrase to achieve
long-term marker gene expression.30 Additionally, in a rabbit model of
arthritis, joints were injected intra-articularly with naked DNA, includ-
ing φC31 integrase.31 Transgene levels were higher when the integrase
was present, but overall transgene levels were still relatively low, reflecting
inefficient delivery.

3.4 Integration into Cultured Cells for ex vivo Gene Therapy

Depending on the ability of progenitor cells to be grown under tissue
culture conditions and transplanted, ex vivo approaches may be suitable
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for treatment of diseases using a combined gene and cell therapy. The
therapeutic cells are propagated, transfected with the integrating vector
system, and used to treat the disease model, where the stem cells may
contribute to the target tissue. Another use of this strategy is to improve
cells so that they are better at attacking a tumor. SB has been used to modify
peripheral blood leukocytes to stably express a suicide gene for cancer gene
therapy.32

Both SB and φC31 integrase have been used effectively to inte-
grate therapeutic genes into primary human keratinocytes isolated from
patients with epidermolysis bullosa.33,34 When these keratinocytes were
grafted onto immune-deficient mice, healthy skin grew, indicating a viable
gene therapy strategy. Muscle precursor cells have also been subjected
to gene addition with φC31 integrase, in another example of a possible
φC31 integrase-mediated treatment for dystrophin deficiency.35 Addition-
ally, a human T-cell line derived from a patient with X-linked severe
combined immune deficiency was successfully corrected using φC31
integrase.36 Other hematopoietic cells such as immortalized K-562 and
CD34+ hematopoietic stem cells have been given SB carrying the reporter
gene GFP.37 While transposition was successful, engraftment was poor.
However, blood outgrowth endothelial cells have been engineered with SB
to produce hAAT, hFIX and hFVIII.38 Embryonic stem cells and neural
progenitor cells have been modified with φC31 integrase and were differ-
entiated after modification into several lineages.39,40

4. Immunology

One of the major challenges facing gene therapy is the immune response
of patients to the vectors used to deliver helpful genes. Systems utilizing
plasmid DNA should be less immunogenic than viral vectors. No immune
response has been observed in response to either SB or φC31 integrase in
animals, and there is no reason to suspect that humans would be different in
this respect. The duration of SB and φC31 integrase protein expression after
hydrodynamic injection have been investigated. Both systems exhibit a short
expression time of the recombinase, on the order of a couple of days.41,42

This brief expression time may be due to the short period of transcription

132



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch08

DNA Integrating Vectors (Transposon, Integrase)

from the viral promoter (CMV) used to express the recombinase and is
favorable to limit adverse effects.

5. Safety and Regulatory Issues

There is a risk associated with genomic modification because insertion
events could cause oncogene activation or tumor suppressor loss, thereby
increasing the likelihood of cancer.

5.1 Integration Profiles and Associated Hazards

SB transposase requires a TA dinucleotide to integrate and otherwise has few
statistically significant sequence preferences. It prefers highly deformable
sequences, probably because the DNA must be bent in order for SB to
recombine it.43 SB may be less harmful than retroviruses, because SB inte-
gration is essentially random, rather than favoring transcriptionally active
regions. However, a randomly integrating system will still integrate in areas
that are problematic if enough cells are subjected to transposition.

φC31 integrase, on the other hand, is naturally sequence-specific. By
evaluating integration sites rescued from human cell lines a 28bp consen-
sus pseudo attP sequence was identified.44 While 60% of the 123 rescued
integration events occurred at only 19 sites, many sites were rescued only
once. Using a statistical method, it was estimated that approximately 370
potential integration sites may exist in the human genome. Of the rescued
sites, none were found in regions of the genome that could be expected
to contribute to malignant transformation of a cell, such as near an onco-
gene or disrupting a tumor suppressor. However, it was discovered that
about 10% of integrations occurred across chromosomes, meaning that
the plasmid integrated between pseudo attP sites located on two different
chromosomes.44

5.2 Efforts to Enhance Integration Specificity

Integrating gene therapies may be improved by placing the therapeutic gene
at a known, safe site in every cell. Strides have been made toward this
goal. SB has been targeted to a particular genomic location in cultured
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human cells 10% of the time, which is a 107-fold enrichment over random
integration.45 This approach used expression of another protein that bound
to both the transposase and the desired genomic sequence, thus bringing the
transposase closer to the desired location. If this system could be further
refined to eliminate random integration and were demonstrated in vivo, it
would be a major advance for the SB system.

φC31 integrase, while many orders of magnitude more specific than SB,
may also be modified to make integration more specific. Using a bacterial
screen for directed evolution of the integrase gene, φC31 was mutated to
integrate preferentially at a human pseudo attP site called psA. The best
mutant was ∼6-fold improved over the wild-type enzyme at integration into
the genomic location psA.46 φC31 integrase has also been mutagenized and
screened for increased recombination at the native attP site. Mutants with
∼8-fold higher specificity for attP were found.46 This higher specificity acts
as a proof of principle that the enzyme can be changed to recognize specific
sequences better.

5.3 Effects on Tumor Latency in Mouse Models of Cancer

SB is so effective at random integration that it has been optimized and
used for gene discovery to find cancer-causing genes in mouse and rat.
Transgenic mice expressing the transposase under tissue-specific promoters
have proven to be an advance over the traditional method of cancer gene
discovery using retroviruses.47 Although in these instances SB has been
optimized to find the cancer genes, this application highlights the risk that
even the more benign version of SB used in gene therapy could also cause
problems by integrating near cancer genes.

φC31 integrase is currently being tested in a transgenic mouse model
of liver cancer using hydrodynamic injection to deliver a donor plasmid.
Preliminary evidence suggests that the presence of φC31 integrase does not
cause acceleration of tumorigenesis in the liver, reducing concerns about
the carcinogenic potential of φC31 integrase.19 Upon completion, this study
will provide rigorous data to augment prior observations that cancers have
not been seen in treated mice.

In the future, integrating systems are expected to play an important role
in the formulation of gene therapies for the lifelong treatment of genetic
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disease. Further improvements in these systems, as well as upcoming clin-
ical trials using them for novel gene therapies, are eagerly awaited.
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Chapter 9

Homologous Recombination
and Targeted Gene Modification
for Gene Therapy

Matthew Porteus∗

The ability to manipulate the genome in a site-specific manner would
increase the specificity and perhaps the efficacy of gene therapy. Gene tar-
geting by homologous recombination, whereby an endogenous segment
of the genome is replaced by an introduced segment of DNA, can be used
to both correct disease-causing mutations (gene correction) and to target
the insertion site of transgenes (targeted transgene insertion). Gene tar-
geting can be mediated by adeno-associated virus and stimulated by the
induction of gene-specific double-strand breaks. Gene specific double-
strand breaks can be made by either designed zinc finger nucleases or
modified homing endonucleases. In addition, zinc finger nucleases can
create gene specific mutations when the cell repairs an induced double-
strand break in a mutagenic fashion. In this way, permanent gene-specific
mutations in human somatic cells can be created with therapeutic intent.

1. Introduction

Gene therapy is based on the principle that we can manipulate the nucleic
acid content of cells, usually the genome directly, for therapeutic purposes.
The field was born from the recognition of the genetic origin of thousands
of diseases and the discovery of the tools of molecular biology. The abil-
ity to create new DNA molecules and introduce DNA molecules into cells
seemed like a direct way to cure or ameliorate genetic diseases. In the

∗Correspondence: Department of Pediatrics and Biochemistry, UT Southwestern Medical Center.
E-mail: Matthew.Porteus@utsouthwestern.edu
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laboratory, the modification of cellular phenotype by molecular biological
techniques forms the backbone of contemporary biomedical research. The
translation of these routine techniques from the laboratory into improve-
ments in care for patients, however, has been more difficult. One of the
most efficient ways to alter the genome of cells is to use vectors, such
as retroviruses, lentiviruses, and transposons, that integrate new DNA into
the genome. A current characteristic of these vectors is that they integrate
in an uncontrolled fashion. These uncontrolled integrations have two fun-
damental problems. The first is that the integrations can occur in regions
of the genome that cause the gene of interest to be expressed inappropri-
ately secondary to “position-effects.” Position effect variegation can cause
both problems in safety (the gene of interest is expressed at a dangerous
time, place or amount) or efficacy (the gene of interest is not expressed at
the correct time, place or amount). The second problem is that uncontrolled
integrations cause uncontrolled mutations. That is, each integration creates a
new mutation. These mutations can result in the activation of a nearby onco-
gene, thus causing cancer in a relatively short-time frame (several years).
They can also result in the inactivation of potentially important genes that
can cause the cell to behave inappropriately. If a tumor suppressor was inac-
tivated by an insertion, for example, one might contribute to the oncogenic
process, the result of which might not become apparent for decades. A solu-
tion to the problem of uncontrolled integrations is to use controlled genome
modification (Fig. 9.1).

2. Problems with Using Gene Targeting by Homologous
Recombination

In gene targeting by homologous recombination (hereafter referred to as
“gene targeting” or “homologous recombination”), a fragment of DNA is
introduced into a cell and that fragment replaces a similar but not identical
region of the endogenous genome (Fig. 9.1). Through homologous recom-
bination both large and small sequence changes can be introduced into the
genome in a site-specific fashion.

The use of homologous recombination to modify genomes has been
widely used in many experimental systems including bacteria, yeast, murine
embryonic stem cells, and a few vertebrate cell lines. The major limitation
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Fig. 9.1 Schematic Representation of Strategies to Site-Specifically Modify a Genomic Target by
Either Homologous Recombination or Mutagenic Non-Homologous End-Joining (NHEJ). The “∗”
represents a correction of a small mutation, the “box” represents the targeted insertion of a transgene
including new regulatory elements, and “Ins/Del” represents the insertion or deletion of a small number
of nucleotides at the site of the ZFN induced double-strand break.

to using homologous recombination in mammalian cells has been two-fold.
First, the spontaneous rate of gene targeting (10−6) is too low to be clinically
useful.1,2 Second the relative rate of gene targeting, the ratio of targeted to
non-targeted integrations, is also too low to be usable. In vertebrate cell types
in which homologous recombination has been used experimentally, the rel-
ative rate of targeted vs. non-targeted integrations is higher than usual and
the targeted events can be identified using simple screening strategies.3 In
this chapter, three approaches to using homologous recombination for gene
therapy are discussed: 1) Using homologous recombination in embryonic
stem cells and then differentiating embryonic stem cells into tissue specific
stem cells for infusion back into a patient; 2) the use of adeno-associated
virus; 3) the use of nucleases to create gene-specific DSBs to stimulate the
rate of gene targeting.

3. Homologous Recombination in Embryonic Stem Cells

A standard paradigm for gene therapy for monogenic diseases is to remove
tissue specific stem cells from a patient, use gene transfer technologies to
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Fig. 9.2 Using Homologous recombination in ES/iPS cells for gene therapy.

manipulate the genome of those cells, and then re-infuse those cells back
into the patient. The clinical trials for the immunodeficiencies have followed
this paradigm.4,5 An alternative paradigm is based on using embryonic stem
(ES) cells (Fig. 9.2).

ES cells are immortal cells derived from the early blastocyst embryo and
are capable of giving rise to all three germ layers (ectoderm, mesoderm,
and endoderm). When implanted back into the early blastocyst, embryonic
stem cells can give rise to every cell in the body. In addition, ES cells can be
induced to form multiple different somatic cell types, including tissue spe-
cific stem cells, in vitro. In a gene therapy paradigm using ES cells, patient
specific ES cells would be generated. Patient specific ES cells can currently
be generated two possible ways. First, by nuclear transfer in which the
nucleus of a patient cell is used to replace the nucleus of an activated oocyte
thus creating a cell that is genetically identical to the patient.6 This modified
oocyte can then be converted in vitro into an ES cell. Second, patient specific
pluripotent cells can be created by the use of re-programming by transcrip-
tion factors. In this strategy defined transcription factors (such as Oct4,
Nanog, Klf4, Sox2, and c-Myc) are introduced into patient somatic cells.7

These transcription factors are able to reprogram a small fraction of the dif-
ferentiated somatic cells, by a mechanism that is currently not understood,
into cells with ES cell like properties (called “induced pluripotent stem
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cells” or “iPS” cells). Patient specific ES cells would be modified in vitro
by homologous recombination. The manipulation of murine ES cells by
homologous recombination has become a backbone of biomedical research,
the importance of which was recognized by the awarding of the Nobel Prize
in Medicine in 2007 to Capecchi, Smithies, and Evans for their development
of the technology. The ES cells having undergone homologous recombina-
tion are identified and expanded. Finally, the modified ES cells can then be
induced into tissue specific stem cells in vitro and re-infused to correct a dis-
ease. In the last decade, proof-of-principle experiments have been published
in mice demonstrating the feasibility of this approach in correcting mouse
models of immunodeficiencies and sickle cell anemia.8,9 These mouse pre-
clinical experiments highlight the promise of this strategy. There remain
several important obstacles, however, before this strategy can be adopted in
humans. First, a technique for the creation of patient specific iPS cells must
be established such that the iPS cells have no increased propensity for can-
cer and are fully capable of being converted into tissue specific stem cells.
Recent studies suggest that this problem may soon be solved for human
cells using non-integrating gene transfer techniques or other strategies.10

Second, while iPS cells seem to behave like true ES cells, there remains no
definitive way to establish this for human cells. The ability to form teratomas
in mice and differentiate into various tissue types in vitro are surrogates that
may or may not accurately reflect the true potentiality of any given iPS line.
Finally, reliable and non-oncogenic methods of converting ES cells into
transplantable tissue specific stem cells need to be established. The simple
injection of ES cells without such differentiation results in teratomas. The
differentiation of ES cells into transplantable hematopoietic stem cells, for
example, while possible in the murine model using proto-oncogenes such as
Cdx2 and HoxB4, still remains relatively inefficient and requires the use of
oncogenes.11

Although critical problems remain, overall, the paradigm of creating
patient specific stem cells using the iPS technology, correcting those cells
using homologous recombination or site-specific modification techniques,
expansion of those modified cells and then transplanting tissue specific stem
cells derived from the modified ES cells remains of high interest and great
potential.
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4. Homologous Recombination using
Adeno-Associated Virus

The major limitation to using homologous recombination for gene therapy is
the low spontaneous rate in human somatic cells. When naked DNA is intro-
duced into a human somatic cell, the rate of gene targeting is on the order of
10−6.1,2 An intriguing property of adeno-associated virus (AAV), is that it
stimulates gene targeting in a wide variety of human cell types.12,13 Using
high multiplicity of infections, targeting rates of greater than 1% have been
obtained.14 Using the AAV system, the entire range of genome modifica-
tions (correction of point mutations, the insertion of small or large segments
of DNA, the creation of small deletions) have been created by homologous
recombination. The use of AAV to create human somatic cell lines with
genomes modified by homologous recombination has been adopted by a
number of laboratories. The potential of using AAV-mediated homologous
recombination for therapeutic purposes was highlighted by the work of
Chamberlain, Russell and their colleagues.15 They demonstrated that they
could use AAV mediated gene targeting to selectively knockout the domi-
nant negative allele in mesenchymal stem cells from patients with osteoge-
nesis imperfecta.

5. Site-Specific Modification of the Genome using
Double-Strand Breaks

A third method to site-specifically modify the genome is to use enzymes that
create site-specific DNA double-strand breaks (DSBs). The way the DSB
is repaired determines the type of genomic modification that occurs. Gene
targeting occurs when the DSB is repaired using homologous recombination
while insertions/deletions can occur at the site if the DSB is repaired by non-
homologous end-joining (Fig. 9.1).

6. Double-Strand Break Repair

Double-strand breaks (DSBs) are among the most dangerous types of DNA
damage because they can lead to chromosomal translocations, chromosomal
loss and aneuploidy. The creation of a DSB activates a complex cell
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signaling pathway resulting in changes in chromatin structure, cell cycle
arrest, the repair of the DSB or ultimately apoptosis if the DSB is not
repaired in a timely fashion. Cells have redundant mechanisms to repair
DSBs; the most prominent of which are homologous recombination and
non-homologous end-joining (NHEJ).16

Conceptually the repair of a DSB by homologous recombination occurs
by a “copy and paste” mechanism.17 In homologous recombination, the
DSB is processed to form long single-stranded 3′ tails. These tails serve as
a major signal to the cell that damage has occurred and initiate the cellular
response to a DSB. In the repair of a DSB by homologous recombina-
tion, the repair machinery uses the 3′ tails to initiate strand invasion into
an undamaged, homologous repair template. The machinery then uses the
undamaged template to synthesize new DNA that spans the site of the DSB.
The amount of new DNA can vary from tens of bases (short-tract repair)
to thousands of bases (long-tract repair).18 The usual repair template is the
sister chromatid (an identical copy to the damaged DNA). The repair of a
DSB by homologous recombination using the sister chromatid will result in
a perfect restoration of the damaged DNA and is considered a high-fidelity
form of DSB repair. If the cell chooses a repair template that is homolo-
gous, but not identical, to the damaged DNA, then the cell will incorporate
the sequence differences from the template into the damaged site, thereby
creating a “gene conversion” event. Gene targeting occurs when the cell
uses an experimentally introduced homologous, but not identical, DNA
fragment as the template for repair. Thus, the stimulation of gene targeting
by the induction of a site-specific DNA DSB is the result of harnessing
the cell’s own DNA repair machinery to repair the DSB by homologous
recombination.

In contrast, the repair of a DSB by NHEJ is conceptually like gluing
the two ends together.19 In NHEJ, the ends are recognized, cell signaling
is activated, the ends are processed and ultimately ligated together. If the
ends of the break are “ragged,” that is, not easily ligated back together,
the repair by NHEJ will result in small insertions and deletions at the site
of the break. Even if the ends are “clean,” where the ends can be easily
joined, the repair of a DSB by NHEJ can sometimes lead to small insertions
and deletions at the site of the break. Thus, repeated cutting of a single
site by an endonuclease can lead to mutations at the site of the break. This
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mutagenic effect of NHEJ is utilized to create site-specific mutations using
ZFNs (discussed below and Fig. 9.1).

7. Double-Strand Break Induced Homologous
Recombination

Double-strand breaks are powerful inducers of homologous recombina-
tion. There are multiple examples in nature where a nuclease induced DSB
is made to stimulate genome rearrangement by homologous recombina-
tion including meiotic recombination, yeast mating type switching, and the
genetic transfer of homing endonucleases. In addition, homologous recom-
bination is a major mechanism by which cells repair spontaneous DSBs.20

In the 1990’s several labs determined that DSBs could stimulate gene tar-
geting in mammalian cells.2,21−26 In these studies, a recognition site for the
I-SceI homing endonuclease (an 18 basepair sequence) was introduced into
a reporter gene thereby inactivating the reporter gene. The reporter gene was
then chromosomally integrated as a single copy into the genome to make a
reporter cell line. The reporter cell line was co-transfected with an expres-
sion plasmid for I-SceI and a fragment of DNA (called the repair/donor)
to fix the mutation in the reporter gene. I-SceI would create a DSB in
the reporter gene, this DSB would be repaired by the cell by homologous
recombination using the repair/donor DNA fragment and 1000-50,000 fold
stimulation in gene targeting was achieved when compared to when the DSB
was not induced. Thus, a DSB stimulated the process of gene targeting by
3-5 orders of magnitude in human somatic cells.2 In principle, therefore, a
path to using homologous recombination for gene therapy was established
if a mechanism to create gene specific DSBs could be found.

8. Re-design of Homing Endonucleases to Recognize
New Target Sites

Homing endonucleases, of which I-SceI is a member, are genetic par-
asites that catalyze their duplication by DSB mediated homologous
recombination.27 There are now hundreds of such proteins and the impor-
tant characteristic of this family is that the endonucleases all have long
recognition sites giving them excellent specificity. The widespread use of
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I-SceI as a tool to explore DSB repair with no reports of off-target geno-
toxicity, suggest that homing endonucleases could be powerful tools in
stimulating homologous recombination for gene therapy. The major obsta-
cle, however, is that the homing endonucleases have to be re-engineered to
recognize endogenous gene target sites. In the last several years, progress
using computational and selection approaches have been used to modify
homing endonucleases to recognize novel target sites.28−32 These homing
endonucleases have been shown to stimulate gene targeting using reporter
assays but have not yet been shown to be able to modify an endoge-
nous gene target. It is likely that with improvements in the re-design of
homing endonucleases to new target sites, however, that milestone will be
reached.

9. Development of Zinc Finger Nucleases

An alternative approach to modifying homing endonucleases to recognize
new target sites is the use of zinc finger nucleases (ZFNs) to generate
sequence-specific genomic DSBs. ZFNs are artificial proteins that fuse a
zinc finger DNA binding domain to the nuclease domain from FokI, a type
IIS restriction endonuclease (Fig. 9.3). To create a DSB, two ZFNs need
to bind their cognate binding sites in the proper orientation. In the proper
orientation, the nuclease domains dimerize and generate a DSB between the
two binding sites. ZFNs were originally developed by Chandrasegaran and
his colleagues and further developed in collaboration with Carroll and his
colleagues.33−36 Those two groups first showed that purified ZFNs could
create a DSB in a DNA fragment in a living cell and prompt the cell to repair
the DSB in a recombinogenic fashion to create a new DNA molecule.37

These results set the stage for using ZFNs to modify genomic DNA.

10. Using Zinc Finger Nucleases to Stimulate
Gene Targeting

The stimulation of gene targeting by I-SceI induced DSBs in reporter assays
in mammalian cells, suggested that any method that creates a gene-specific
DSB could stimulate gene targeting by several orders of magnitude. This
hypothesis was confirmed using a chromosomally integrated GFP based
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Fig. 9.3 Schematic depiction of a pair of ZFNs binding to a full target site. In this figure, three-finger
ZFNs are shown but ZFNs with more fingers have also been used. The sequence of the spacer region
(shown in purple text) has not been shown to affect the ability of ZFNs to cut DNA. If two 3-finger
ZFNs are used, the full recognition site consists of 18 basepairs, a length that is statistically unique in
the mammalian genome.

reporter assay in which recognition sites for model ZFNs were inserted
adjacent to the recognition site for I-SceI.2 The model ZFNs stimulated
gene targeting as efficiently as I-SceI. In these experiments, the ZFNs were
designed to target arbitrary sequences and just like I-SceI did not target
sequences already present in a gene. The power of ZFNs, however, is that
there are multiple ways to re-design the zinc finger DNA binding domain
to recognize target sequences from natural genes. First, using modular-
assembly, ZFNs were designed to stimulate gene targeting in GFP directly,
rather than at sequences inserted into the GFP gene.38 These ZFNs stimu-
lated targeting at approximately 10-20% of the efficiency of I-SceI. More
importantly, using a combination of selection based approaches, modular-
assembly, and empiric design, a pair of ZFNs were made to target exon 5
of the IL2RG gene (mutations in which are the cause of X-linked severe
combined immunodeficiency, SCID).39 In these experiments, the gene spe-
cific ZFN pair were transfected into cells along with a repair/donor plas-
mid that contained a single basepair change from the chromosomal target
creating a restriction site polymorphism. Gene targeting was measured by
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determining the presence or absence of this polymorphism in the gene.
Using the IL2RG-ZFNs in K562 cells, a human erythroleukemia cell line,
11% of cells underwent targeting at a single allele and 6% of cells underwent
targeting at both alleles. In primary T-cells, 4% of the IL2RG alleles could
be targeted. Moreover, using these ZFNs one could create bi-allelic modifi-
cation of the IL2RG gene and then subsequently re-modify both alleles. This
established a proof-of-principle on the potential use of ZFNs to stimulate
gene targeting by homologous recombination to correct small mutations in
disease-associated genes.

The repertoire of genomic changes that can be created by ZFN-mediated
homologous recombination, however, is not limited to small point muta-
tions. In addition, ZFNs can induce both small and large insertions into a
target locus by gene targeting.38,40,41 In this way, full genes including regula-
tory elements such as promoters and enhancers, can be specifically targeted
to integrate into specific genomic locations by homologous recombination.
By targeting transgene insertion to a site that has no oncogenic potential
and is not subject to chromatin silencing, the use of ZFN-mediated gene
targeting could increase both the safety and efficacy of gene therapy based
on the integration of transgenes.

In summary, the use of ZFN mediated gene targeting by homologous
recombination has been shown in pre-clinical models to be a method that can
directly correct disease causing mutations and a way of targeting transgene
insertion in situations where direct correction of a disease causing mutation
is neither desirable nor feasible.

11. Using Zinc Finger Nucleases to Site-Specifically
Modify Genes by Mutagenic Non-Homologous
End-Joining

Carroll and his colleagues established in flies an alternative use of ZFNs to
perform site-specific modifications of the genome. In addition to showing
that ZFNs could stimulate gene targeting by homologous recombination,
they demonstrated that gene specific mutations could be created by the
mutagenic repair of a ZFN induced DSB by NHEJ.42 In their seminal work,
they used ZFNs to recognize the yellow locus, a gene that controls eye color.
They demonstrated that their ZFNs could induce a high rate of germline
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mutations in the yellow gene. When they sequenced the gene, they found
small insertions and deletions that were created by the mutagenic repair
of a DSB by NHEJ. This strategy has been applied to create gene specific
mutations in zebrafish and has also been applied to mammalian cells where
ZFNs have been used to create gene-specific inactivating mutations in the
DHFR gene, the CCR5 gene, and the glucocorticoid receptor gene.43−46 This
strategy of using ZFNs to create gene specific mutations by the mutagenic
repair of a DSB is one that has great potential in creating experimental cell
lines, particularly human lines, that could not be easily generated in other
ways. The ability to create such specific cell lines should be a powerful tool
in biomedical research. In addition, the possibility of using this strategy
to knock-out dominant disease causing alleles is a potential use in gene
therapy.

The inactivation of the CCR5 gene by CCR5 specific ZFNs deserves
special attention because it is the first use of ZFNs in a clinical trial.46 In
HIV infections, patients who have a bi-allelic deletion in the CCR5 gene
are resistant to HIV infection and AIDS.47 While these patients do seem
to be more susceptible to other infections, such as Listeria and West Nile
Virus, their immune systems are otherwise functional. The strategy is that
by harvesting T cells from HIV infected patients, treating them with CCR5
specific ZFNs to inactivate both alleles of the CCR5 gene by mutagenic
NHEJ, a pool of patient specific T cells would be created that would be
relatively resistant to HIV infection and thus might protect the patient from
developing AIDS or even help limit the proliferation of HIV itself. In con-
trast to RNAi or ribozyme based strategies to target CCR5, the ZFN strategy
has the advantage of permanently modifying the CCR gene itself and thus is
not dependent on the continued trans-repression of the gene. In pre-clinical
models, CCR5-ZFNs have been designed that after delivery into primary T
cells by adenovirus can bi-allelically inactivate the CCR5 gene in approx-
imately 1-3% of cells. When the ZFN modified cells were injected into an
immunodeficient mouse (NOG mice) the modified T cells had a selective
advantage compared to un-modified cells when the animals are inoculated
with HIV. Based on these results, a clinical trial to test the safety of this
approach in humans has opened. One caveat is that the in the mouse pre-
clinical studies, the ZFN modified T cells consisted of 10% of the T cells
in the animal prior to HIV challenge. In contrast, the ZFN modified T cells
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will likely represent less than 0.1% of the total number of T cells in the
body in patients. Furthermore, in the mouse studies a single CCR-tropic
virus was used to challenge the animal. In contrast, human HIV infected
patients harbor a mixture of both CCR5 and CXCR4 tropic viruses. The
knockout of the CCR5 gene would not be expected to have any effect on
the kinetics of the CXCR4 tropic viruses. These quantitative and qualitative
factors may be of such magnitude to prevent any clinical efficacy from being
demonstrated. Nonetheless, this application is a logical first use of ZFNs in
a human clinical trial.

12. Strategies of Zinc Finger Nuclease Design

ZFNs have been used to stimulate homologous recombination and to create
gene specific mutations in mammalian cells; uses that have direct application
to gene therapy. The key factor to ZFNs is to design the zinc finger DNA
binding domain such that it has high affinity and high specificity for its
target binding site, as that will determine the quality of the ZFN. A zinc
finger DNA binding domain consists of an array of individual zinc finger
units. Each unit binds to a 3-4 basepair sequence of DNA. To create a zinc
finger DNA binding domain with sufficient affinity for a specific sequence,
at least three individual fingers must be assembled in an array and this
3-finger domain recognizes a 9-10 basepair site. Proteins with more fingers,
including 4, 5, or 6 fingers, which will have longer target sites, can be made.
Proteins with more fingers can have increased affinity for their target site
but may not necessarily have greater specificity. There are three general
methods to designing the zinc finger DNA binding domain: 1) Modular-
Assembly; 2) The Sangamo Biosciences Platform; 3) Selection.

In modular-assembly, new zinc finger proteins are assembled from pre-
viously identified individual zinc finger units to create a new zinc finger
protein.48 These individual units have been identified for most of the
64 possible 3-basepair binding sites.49−52 These units have been identified
using a variety of methods, including from naturally occurring zinc finger
proteins, phage display and empiric design. Using standard molecular biol-
ogy techniques individual units can be assembled into a multi-finger protein
to target a specific DNA sequence. This strategy has been used with suc-
cess in creating artificial zinc finger transcription factors and several ZFNs
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(including those that target the GFP gene and the fly yellow genes).38,42,48 A
broad study of three-finger proteins assembled by modular-assembly, high-
lighted the limitations of this approach.53 Modular-assembly has a relatively
low probability of being a successful design strategy for a large proportion of
potential target sequences.54 In addition, in comparison with ZFNs designed
by the approaches described below, ZFNs designed by modular-assembly
have less specificity and more toxicity in cells.55 Thus, the ease of creating
a ZFN by modular-assembly must be balanced against the possibility that
the ZFN will not have sufficient affinity to be active and may be more toxic
than desired.

A second approach to ZFN design is a proprietary strategy from Sangamo
Biosciences and now licensed for research use to Sigma-Aldrich. In this
strategy, two-finger cassettes are selected by phage display against a wide
range of 6 basepair binding sites.56 To create a ZFN, a target sequence is
compared against a private database of the two finger cassettes to identify
potential ZFN target sites. In this strategy, two two-finger cassettes are
assembled to create a four-finger protein to recognize a specific twelve-
basepair target site. A series of four-finger proteins are created and these
are screened using both in vitro binding assays and cell-based nuclease
assays to identify a pair of ZFNs that have the best activity at a target
site within a given locus.44 This strategy was used to design the IL2RG
and CCR5 ZFNs described above.39,46 The major limitation of this ZFN
design strategy is that it depends on a proprietary algorithm and database
that is not available to academic researchers. For investigators interested in
using ZFNs for research purposes, they can buy ZFNs made by this strategy
from Sigma-Aldrich. Investigators interested in using ZFNs made with this
platform for therapeutic use, must establish a collaborative agreement with
Sangamo Biosciences.

A third approach to designing ZFNs is to use a selection-based
strategy.55,57−59 In this approach, a large library of three-finger proteins
is created and then using either iterative phage display or serial bacterial
based selections, proteins with high affinity for the desired target site are
identified. While phage display was the first type of selection strategy to
be used, this selection strategy has been replaced by the simpler, but still
relatively complex, bacterial based systems.43,55,58,60 Using the bacterial
based systems, active ZFNs have been made to stimulate gene targeting
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by homologous recombination in human cells, to create site-specific mod-
ifications in endogenous genes in human cells and, to create heritable
site-specific gene mutations in zebrafish.43,55,58 ZFNs made by bacterial
selection strategies have been shown to have greater specificity and con-
sequently less cellular toxicity than ZFNs made by modular-assembly and
to have similar, if not better, activity and toxicity characteristics made by
the proprietary Sangamo Biosciences approach.55,58 While this approach is
available to all researchers, the major limitation to this strategy is that it
remains relatively complex, currently requires substantial molecular biol-
ogy expertise to perform and still can take weeks to months to generate the
desired proteins.

There are advantages and disadvantages to each of the ZFN design tech-
niques. With the development of ZFNs, there has been a renewed interest in
developing bioinformatic and computational design approaches to making
zinc finger proteins. It is likely that as the database of ZFNs increases, these
approaches will become increasingly useful. Even if they do not absolutely
determine the best ZFN in terms of activity and toxicity, if computational
approaches can provide guidance to selecting a relatively small number of
potential ZFNs to screen, they will be a significant advance in the field and
dramatically shorten the time from experimental use to concrete results.

13. Aspects of Zinc Finger Binding Sites and Structure
of Zinc Finger Nucleases

Figure 9.3 shows the general structure of a pair of ZFNs binding to their
cognate binding sites. In this figure, the separation of the ZFN binding
sites (the “spacer”) is 6 basepairs. In practice, the ZFN binding sites can be
separated by 5, 6, 7, or 16 basepairs.61 Spacer distances of 3 and 4 basepairs
have been shown not to work and a spacer length of 8 basepairs has been
shown to be sup-optimal in comparison to a 6 basepair spacer.2

Figure 9.3 also shows a pair of three finger ZFNs binding to their
9-basepair cognate binding sites. In a 3-finger zinc finger protein, each
finger is linked to its neighbor by a 5 amino acid linker. In 4-finger ZFNs
there is an extra serine in the linker region between fingers 2 and 3. This
extra amino acid allows the zinc finger DNA binding domain and the major
groove of DNA in which the zinc finger binds to remain in register. Finally,
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Fig. 9.3 depicts an amino acid linker that connects the zinc finger DNA bind-
ing domain to the nuclease domain. This linker can be 2, 4, or 5 amino acids
long without affecting the activity of the ZFN. The linker length between the
zinc finger DNA binding domain and the nuclease domain does affect the
structure of the ZFN target site. For example, if the linker length between
the two domains is 5 amino acids, the ZFNs effectively cut target sites
with a 6 or 7 basepair spacer but do not efficiently cut sites separated by
5 basepairs. In contrast, if the linker length is 2 or 4 amino acids, the ZFNs
effectively cut sites separated by 5 or 6 basepairs, but do not seem to cut
sites separated by 7 basepairs. Thus, the target site guides what linker needs
to be used to connect the zinc finger DNA binding domain and the nuclease
domain.

14. Zinc Finger Nuclease Toxicity: Measuring
and Minimizing

In addition to the challenges in designing active ZFNs, the other major
problem in the use of ZFNs is limiting their cellular toxicity. When ZFNs
were compared to I-SceI in gene targeting in mammalian cells, they were
found to have significantly more cellular toxicity.2 The toxicity of ZFNs was
also observed in flies.62 The toxicity in flies was abrogated when the nuclease
activity of the ZFNs was mutated suggesting that the toxicity of ZFNs was
due in major part from off-target DSBs.62 The translation of ZFN technology
to use in humans for gene therapy requires that these off-target effects be
quantitatively determined, better understood, and minimized to a substantial
degree because the creation of off-target DSBs would be predicted to lead
to oncogenic mutations.

ZFN toxicity has been measured in a number of different ways includ-
ing the use of assays that measure cell survival after exposure to ZFNs, the
frequency with which ZFNs create extra DSBs, and by deep sequencing
of potential off-target break sites.46,55 Using these assays, several differ-
ent approaches have been used to minimize the off-target effects. The first
approach was to use more sophisticated design methods for the zinc finger
DNA binding domain.39,55,58 These more sophisticated design methods have
led to improvements in ZFN cellular toxicity but as more sensitive measures
of cellular toxicity have been developed, they show that improved zinc finger
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design does not solve the problem entirely.63 Further decreases in toxicity
were achieved by modifying the nuclease domain.55,64,65 As Fig. 9.3 depicts,
cutting of the target site requires dimerization of the nuclease domains from
two different ZFNs. It is possible, however, that off-target cutting can arise
from the homodimerization of a single ZFN. To prevent such homodimer
cutting at off-target sites, the nuclease domain has been re-engineered using
a combination of structure based approaches and empirical design to cre-
ate domains that are only permissive for heterodimerization. That is, the
nuclease domain from ZFN1 can only dimerize with the nuclease domain
of ZFN2, not with itself, thus allowing cutting at the target site but reducing
cutting at off-target sites. This modification should theoretically result in
a 50% reduction of off-target cutting, but empirically it is observed that
a much greater reduction in toxicity is observed with these “obligate het-
erodimer” ZFNs. Better understanding of the mechanism by which these
have reduced cellular toxicity and reduced creation of extra DSBs should
help unravel the different ways that ZFNs can create off-target damage.
Finally, a third approach to minimizing cellular toxicity is to use small
molecule regulation of ZFN expression level.63 ZFN based genome modi-
fication is based on a “hit and run” strategy and continued expression of the
ZFN is neither needed nor desired. By attaching a domain to the N-terminus
of the ZFN that destabilizes the ZFN except in the presence of a small
molecule, the expression level of the ZFN can be tightly regulated so it is
only expressed for a short window of time. This tight regulation of ZFN
expression results in reduced cellular toxicity without compromising ZFN
efficacy.63

In summary, there are now multiple strategies that can reduce the off-
target effects of ZFNs and increasingly sensitive assays to measure such
effects. One of the major lessons from the development of retroviral vectors
for gene therapy for the immunodeficiencies, however, is to push the enve-
lope on developing pre-clinical models to quantitatively assess the onco-
genic potential of any gene therapy approach. This lesson applies to the
use of ZFNs — the potential safety of using site-specific genome modifica-
tion needs to be measured against the potential oncogenic risk of off-target
DSBs. Until better pre-clinical assays are developed, it remains unclear
whether the oncogenic risk of ZFNs falls in the tolerable range, such as that
created by radiation therapy for life threatening malignancies, or falls in a
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range that would be considered too high for the disease processes the ZFNs
are designed to treat.

15. The Challenge of Delivery

In addition to the challenge of designing highly active and specific ZFNs
and minimizing the off-target toxicity of ZFNs, the challenge of how to
best deliver the ZFN based components to therapeutically important cell
types, such as tissue specific stem cells, needs to be determined. While ZFN
manipulation of the genome can be classified as a “non-viral” strategy, the
problem of how to deliver the components for ZFN manipulations into the
cell still remains. The upcoming clinical trial with the CCR5 directed ZFNs
for treatment of HIV uses ex vivo adenoviral delivery of ZFN expression
constructs followed by expansion of transduced cells.46 The expansion of
T cells after manipulation should reduce the probability of a host immune
response to either the viral vector or the foreign ZFN. But this must be care-
fully monitored given the experience with the in vivo use of adenovirus for
the treatment of OTC deficiency.66 The use of integration deficient lentivirus
has also shown promise in pre-clinical studies, but the low rate of gene
targeting in human CD34+ using this delivery method demonstrates that
further improvements are needed.41 Since ZFN based genome manipula-
tion is a hit and run strategy, delivery methods that introduce either pro-
tein or mRNA for the ZFNs rather than DNA ZFN expression constructs
may provide an added degree of safety. In fact, the delivery of mRNA
to zebrafish fertilized eggs was an effective method in that organism,43,44

but scaling that process up for human clinical use, where millions if not
hundreds of millions of cells might need to be manipulated remains a tech-
nological hurdle. Another possible delivery method is the use of AAV. As
discussed above, AAV, through mechanisms not entirely clear, can stim-
ulate targeting on its own. But AAV can be combined with the creation
of a gene-specific DSB to stimulate gene targeting.67,68 While the packag-
ing size of AAV can limit certain gene therapy applications, it should not
pose as great a limitation in a gene targeting approach. Finding the optimal
serotype to transduce human embryonic or tissue specific stem cells remains
an important problem for either the ex vivo or in vivo modification of cells for
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therapeutic use. In summary, once again, gene transfer remains an important
problem in translating an exciting laboratory based approach into human
therapy.

16. Future Directions and Promise of Homologous
Recombination as a Gene Correction Approach
to Gene Therapy

While the gene therapy field has worked hard to translate laboratory based
techniques into therapy for humans and the progress has been slower than
either expected or desired, the promise of being able to cure genetic diseases
with genetic techniques remains great. Moreover, while short and interme-
diate term successes are likely to continue using vectors that integrate in an
uncontrolled fashion, the ultimate long-term broad success of gene therapy
is likely to depend on finding ways to either directly correct disease causing
mutations or to control the target site of transgene integration. The use of
homologous recombination by AAV, the potential of embryonic stem cell
therapy, and the progress with gene specific modifications using modified
homing endonucleases and zinc finger nucleases all suggest that the specific
targeting of the mammalian genome for therapeutic purposes may one day
be successful.
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Chapter 10

Gene Switches for Pre-Clinical
Studies in Gene Therapy

Caroline Le Guiner∗, Knut Stieger, Alice Toromanoff∗,
Fabienne Rolling∗, Philippe Moullier∗
and Oumeya Adjali∗,†

Numerous preclinical studies have demonstrated the efficacy of viral gene
delivery vectors. However, the tight control of transgene expression is
likely to be required for therapeutic applications and/or safety reasons. For
this purpose, several ligand-dependent transcription regulatory systems
have been developed. Among these, the tetracycline and the rapamycin
dependent systems have been largely used. However, if long-term regu-
lation of the transgene has been obtained in small animal models using
these inducible systems, when translational studies were initiated in larger
animals, especially in nonhuman primates (NHP) the development of an
immune response against proteins involved in transgene regulation were
often observed. Such immune response was especially documented when
using the TetOn tetracycline (Tet) regulatable system in NHP especially
after intramuscular injection of the vector encoding for the Tet-regulated
transgene. This chapter will emphasize on the tetracycline and rapamycin
gene switch systems, which we believe are the more relevant in a preclin-
ical setting and potentially in future clinical trials.

1. Introduction

The clinical efficacy and safety as well as the application range of gene
therapy will be broadened by developing systems capable of fine-tuning
the expression of therapeutic genes. A regulatable system that can turn

∗Correspondence: INSERM UMR 649, Institut de Recherche Therapeutique IRT UN, Nantes, Fance.
E-mail: †oumeya.adjali@univ-nantes.fr
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“on” and “off” therapeutic gene expression will not only be crucial for
maintaining appropriate levels of a gene product within the therapeutic
range, thus preventing toxicity, but also allow the turning “off” of therapeutic
gene expression to avoid harmful side effects. The development of ligand-
dependent transcription regulatory systems is thus of great importance.

In human gene therapy, a pharmacologically regulated system should
fulfill several criteria: (1) the ligand should activate (On-switch) rather than
silence transcription (Off-switch). Indeed, Off-systems suffer from 2 draw-
backs: a prolonged exposure to the drug is required to silence the system
and the induction kinetic is mainly determined by the rate of drug clear-
ance; (2) the inducer drug should be orally bioavailable and penetrate the
target tissue; (3) the system should not interfere with endogenous metabolic
pathways and the inducer compound should have a drug metabolism pro-
file compatible with prolonged therapeutic uses; (4) transcription should
be fully and rapidly reversible to enable prompt changing of the dosing
regimen; (5) the system should be inactive in the absence of the inducer
drug but strongly stimulated by the drug administration; (6) a precise cor-
relation must exist between drug dosage and target gene expression level;
(7) the transcriptional activator should not elicit an immune response
in human.

Four drug-dependent regulatable systems were developed for the in vivo
control of transgene expression: the tetracycline (Tet) and the rapamycin
regulatable systems, the mammalian steroid receptor (mifepristone and
tamoxifen) and the insect steroid receptor (ecdysteroid)-based systems. The
molecular mechanisms underlying the regulatory effect and the pharmaco-
logic characteristics of the inducer drug are distinct in these different regu-
latory systems, but transgene regulation has been documented in vitro and
in rodent models with all of them. Only the Tet and the rapamycin regulat-
able systems were tested in large animal models.1−7 However, when these
translational studies were initiated in larger animals, the development of an
immune response against the proteins involved in transgene regulation was
observed,1−3,6 whereas in the murine model both were able to permanently
sustain transgene regulation.8,9

Because the Tet and the rapamycin-based systems are the most potent
and clinically relevant for future trials, this chapter will focus on the molec-
ular mechanisms involved in transgene regulation, the pharmacology of the
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inducer drug and the immunotoxicity observed (or not) for each of the two
systems.

2. Rapamycin-Dependent Regulatable System

2.1 Molecular Mechanisms Involved in Transgene Regulation

The basic concept of the rapamycin regulatory system is to express the
two critical domains of a transcription factor as separate polypeptides that
can be reversibly crosslinked only in the presence of the inducer drug,
the bivalent “dimerizer” drug (Fig. 10.1). In cells, the natural product
rapamycin or its analogs, binds to two peptides, FKBP12 (FK506 binding
protein of 12kDa) and FRAP (FKBP rapamycin associated protein), brings
them into close proximity, thus, activating their transcriptional specificity
as inhibitor of T-cell proliferation and immunosuppression. The fusion of
the FKBP12 domain to a DNA binding domain, called ZFHD1 (zinc fin-
ger homeo domain 1) and of one portion of FRAP, called FRB (FKBP
rapamycin binding), to a transcriptional activation domain from the p65
subunit of the transcription factor NF-kB, results, when dimerization of
FKBP12 and FRB occurs, in the formation of a functional transactivator.
In the presence of rapamycin, the complex FKBP12-ZFHD1/FRB-p65 is
able to associate to the ZFHD1 corresponding DNA sequence upstream of
a minimal Interleukin-2 promoter (pIL2min), and the transactivator allows

Fig. 10.1 Schematic representation of the rapamycin dependent regulation system. This system is
composed of two chimeric proteins, FRB-p65 and FKBP12-ZFHD1. The FKBP12-ZFHD1 protein
is able to interact with the corresponding DNA sequence (ZFHD1), which is fused to a minimal IL2
promoter. The second protein is soluble. Rapamycin allows dimerization of FKBP12 and FRB, resulting
in the formation of a functional transactivator, which allows transgene expression. In the absence of
rapamycin, the FRB and FKBP12 domains cannot interact, and no transgene expression is observed.
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the expression of the transgene. In the absence of rapamycin, the two pep-
tides FKBP12-ZFHD1 and FRB-p65 are unable to interact, and are then
transcriptionally inert (Fig. 10.1).9

2.2 Pharmacology of Rapamycin

The pharmacologic profile of rapamycin is well known, but one major
obstacle for its application in gene therapy clinical trial is that rapamycin
is a powerful immunosuppressive agent used in humans for many years.
Since a long-term treatment with rapamycin could have significant deleteri-
ous effects, efforts were made to develop non-immunosuppressive analogs.
Analysis of the rapamycin-FRB complex led to the development of the
so called “rapalogs” carrying punctual substitutions.10,11 Several of these
rapalogs are considerably less immunosuppressive and, yet, were shown
to efficiently induce transgene expression in nonhuman primate (NHP)
muscle.6 However, one analog was tested in the retina and failed to be
as efficient as the original drug.5

2.3 Translation Development of the Rapamycin Dependent
Regulation System

This system employs exclusively human peptides, thus rendering the pos-
sibility for immune reactions against the chimeric transactivator mini-
mal when tested in other species. Since its first description in 1996, the
rapamycin regulatable system was used in vivo in rodents, using different
viral vector platforms.1,12−14 The long-term regulation of the erythropoietin
(Epo) transgene was also obtained in NHP eye and muscle, after subreti-
nal, intravitreal and intramuscular (IM) injection of recombinant Adeno-
Associated Virus (rAAV) vectors.5,6 The NHP that received rapamycin-
regulated expression cassettes are summarized in Table 10.1.

In 1999, Ye et al. injected a first group of NHP, with two rAAV-2
vectors (in grey in Table 10.1). If the first two administrations of rapamycin
resulted in the rapid induction of Epo, its expression was decreased 20 fold
at the third induction, and became indistinguishable from endogenous Epo
after the fourth induction.1,6 Antibodies directed against the influenza virus
hemagglutinin tag contained in the transcription factor were detected in
serum of at least one animal after two rounds of rapamycin induction.
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Table 10.1. Summary of NHP that received rapamycin-regulated vectors
(nd = non determined; IM = intramuscular; SR = subretinal;
IVit = intravitreous).

Mode of NHP Injected Expression Duration of Host immune
Study delivery identification vector cassette(s) the regulation response?

Ref. 6 IM 95C002 rAAV-2 CMV-TF1 + rhEpo-3 2 months Yes
IM EWP rAAV-2 CMV-TF1 + rhEpo-3 1,5 month nd
IM FJX rAAV-2 CMV-TF1 + rhEpo-3 2,5 months nd
IM GXF rAAV-2 CMV-TF1 + rhEpo-2 >24 months nd
IM FFT rAAV-2 CMV-TF1 + rhEpo-2 >34 months nd
IM 94B091 rAAV-2 CMV-TF1 + rhEpo-2 >73 months nd
IM FTF rAAV-2 CMV-TF1Nc + rhEpo-2 >66 months nd
IM AC7B rAAV-2 CMV-TF1Nc + rhEpo-2 >66 months nd
IM 97E010 rAAV-2 CMV-TF1Nc + rhEpo-2 >12 months nd
IM 97E036 rAAV-2 CMV-TF1Nc + rhEpo-2 >58 months nd
IM 97E081 rAAV-2 CMV-TF1Nc + rhEpo-2 >12 months nd
IM 97E102 rAAV-2 CMV-TF1Nc + rhEpo-2 >6 months nd
IM 97E091 rAAV-2 CMV-TF1Nc + rhEpo-2 >54 months nd
IM 97E099 rAAV-2 CMV-TF1Nc + rhEpo-2 >54 months nd
IM 99E120 rAAV-2 CMV-TF1Nc + rhEpo-2 >20 months nd
IM 00E022 rAAV-2/1 CMV-TF-rhEpo-2.3 >18 months nd

Ref. 14 SR NHP rAAV-2 CMV-TF1Nc + rhEpo-2 >3 months nd

Ref. 5 SR 94B106 rAAV-2 CMV-TF1Nc + rhEpo-2 >27 months nd
SR E009 rAAV-2 CMV-TF1Nc + rhEpo-2 >23 months nd
IVit AC3H rAAV-2 CMV-TF1Nc + rhEpo-2 >25 months nd

However, the presence of a cellular mediated immune response against
the transactivator was not clearly established.1 In contrast, three NHP that
were co-injected with a slightly modified target vector (rhEpo-2) and the
same vector encoding the transactivator (CMV-TF1), showed long term
(more than 6 years) regulation of Epo expression.6 The only difference
between the rhEpo-3 and the rhEpo-2 expression cassettes was the dele-
tion of a chimeric intron, initially present after the pIL2min driving the
Epo expression. Therefore, this result suggests that rather than the pres-
ence of heterologous sequences in the transactivator, the presence of this
intron had a harmful effect on the ability to sustain long-term regulation.
Unfortunately, if the study also showed that long-term regulation of Epo was
achieved with a modified transactivator in which nonhuman sequences were
removed (CMV-TF1Nc), or with one single rAAV vector encoding all three
components of the expression/regulation system (CMV-TF-rhEpo-2, -3),
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the immune status against the transactivator in this NHP cohort was not
reported (Table 10.1).

Finally, the retina of other NHP was injected with the same rAAV vectors
encoding for the Epo under the control of the rapamycin-regulated transac-
tivator. In these animals, tight and long-term regulation of Epo expression
was observed for more than two years.5,14 Again, if this result suggests the
absence of an immune response against the transcription factor, there was
no indication on the absence/presence of circulating antibodies against the
transactivator.

In summary, it is now clearly demonstrated that an efficient rapamycin-
regulation of transgene expression can be obtained after a single IM or
intraocular administration of a rAAV vector in NHP. One major advantage of
this regulation system would be that it employs human peptides exclusively,
thus minimizing the possibility for an immune reaction against the transacti-
vator. However, the presence of a humoral and/or a cellular immune response
against this transcription factor has not yet been fully characterized.

3. Tetracycline-Dependent Regulatable Systems

3.1 Molecular Mechanisms Involved in Transgene Regulation

Tet-responsive systems are widely used because they are able to tightly
control transgene expression in a wide range of cultured cells as well as
plants, yeast, insects and mammals in vivo.2,4,7,8,15−18 They are based on
the Escherichia coli Tn10 Tet resistance operator, which consists of the
Tet repressor protein (TetR) and the Tet operator DNA sequence (TetO).
In the absence of Tet or its derivate doxycycline (Dox), the TetR protein
interacts with the TetO DNA sequence, while in the presence of this drug,
TetR changes its conformation, thus detaching from the DNA. Based on this
bacterial operator system, three different Tet-responsive regulatory systems
have been developed (Fig. 10.2).

The first two systems contain the TetR protein fused to the transactivator
VP16 (viral protein 16) of the Herpes simplex virus (HSV).19,20 If trans-
gene expression is allowed only in the absence of Dox, the system is called
TetOff. If transgene expression is allowed in the presence of Dox, the sys-
tem is called TetOn. The third system contains the TetR protein fused to a
human inhibitor protein: the krüppel associated box (KRAB) of zinc-finger
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Fig. 10.2 Schematic representations of the three Tet dependent regulation systems. A. In the TetOff
system, the chimeric protein tTa is composed of the Tet repressor protein TetR and the viral transactivator
VP16. In the absence of Dox, the tTA protein binds to the TRE, which is fused to a minimal CMV
promoter, and allows transgene expression. In the presence of Dox, the tTA protein cannot interact with
the TRE, and no transgene expression is observed. B. In the TetOn system, the rtTA transactivator is also
a chimeric protein composed of the TetR and the VP16 domains, but due to four mutations in the TetR
domain, it fixes the TRE only in the presence of Dox, thus allowing expression of the transgene. In the
absence of Dox, rtTA detaches from the DNA and no transgene expression is observed. C. The chimeric
TetR-KRAB transactivator is a fusion protein of the original TetR domain with the KRAB box of the
human zinc finger protein Kox1. In the absence of Dox, TetR-KRAB binds to the TRE and inhibits
transgene expression driven by a normal promoter. In the presence of Dox, TetR-KRAB detaches from
the TRE, thus disabling the inhibition of the promoter and allowing transgene expression.
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proteins.21 This system is designed to allow transgene expression only in
the presence of Dox.

In the TetOff system, the transactivator protein, called tTA (for Tet-
controlled transcriptional activator) is a chimera made by the fusion of the
TetR protein and the transactivator VP16. In the absence of Dox, tTA is
able to bind to seven repeats of the TetO sequence, also referred to as TRE,
for Tet responsive element. Binding of tTA to the TRE activates the TRE
associated promoter (usually a minimal CMV promoter), resulting in the
expression of the adjacent gene. If Dox is present, tTA detaches from the
TRE and gene expression is silenced (Fig. 10.2A).19

Four mutations in the TetR part of the transactivator tTA were shown to
reverse its interaction with the TRE in the presence or absence of Dox20:
rather than attaching to the TRE in the absence of Dox, this mutant,
called rtTA (for reverse tTA), stays soluble. In the presence of Dox, the
conformation of the rtTA changes, which in turn allows the transactiva-
tor to interact with TRE. Therefore, the system changes to a TetOn sys-
tem, i.e. only the presence of Dox allows expression of the transgene
(Fig. 10.2B). Because the original rtTA version was prone to high back-
ground leakage in the “Off” stage and poor inducibility in some instances,
novel rtTA variants were generated after random and directed mutagen-
esis as well as codon optimization. These variants, called rtTA-S2 and
rtTA-M2, contain mutations in the DNA binding domain that connects
the DNA with the core of the protein. They showed an improved sensi-
tivity to the inducer drug and a reduced background activity in the absence
of Dox.22

In 1995, Deuschle et al. developed a system, in which the original TetR
protein was fused to the repressing KRAB domain of the human zinc-finger
protein Kox1, generating a transrepressor called TetR-KRAB.21 Zinc-finger
proteins are mammalian regulatory proteins and their KRAB box is known
to inhibit all DNA Polymerases I, II or III within a range of 3 kilobases
of its DNA attachment site.23 In the absence of Dox, TetR-KRAB binds
specifically to the TRE and suppresses the activity of the nearby pro-
moter(s), while in the presence of Dox, TetR-KRAB detaches from the
TRE, thus allowing transgene expression (Fig. 10.2C). The mechanism by
which KRAB inhibits expression of genes is not entirely known. Three
pathways seem to be involved: (i) local change in chromatin structure;
(ii) local histone deacetylation, and; (iii) the indirect influence of the
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arrangement of the basal transcription machinery. Therefore, until recently
the hypothesis was that only integrated promoters could be inhibited by
the TetR-KRAB.23,24 But, it was recently demonstrated that the TetR-
KRAB system could also be functional in vitro and in vivo in the mouse
model in a non-integrative context, using non-integrative lentiviral andAAV
vectors.25

This KRAB-mediated inhibition system was also incorporated in the
TetOn system, in order to minimize the background expression observed in
the latter regulation system.26 For this purpose, the TetR-KRAB gene, also
called tTS (for Tet controlled transcriptional silencer), was cloned into a
bicistronic expression cassette downstream of the transactivator separated
by an IRES (internal ribosomal entry site). In the absence of Dox, the rtTA
transactivator stays detached from the TRE while the tTS transrepressor
binds and inhibit background expression of the transgene. In the presence
of Dox, the two chimeric proteins change their conformation and reverse
their respective activity, allowing transgene expression.

3.2 Pharmacology of Doxycycline (Dox)

The antibiotic Dox has been extensively documented over the past 40 years.
It has a half-life of 14–22 hours after absorption and an excellent tissue
penetration, including the brain. The bioavailability of Dox after oral
administration is 100% and it is rapidly metabolized and eliminated by
the gastrointestinal tract. Dox has been extensively used in patients and
is well tolerated, at least for medium term (months) applications. Side
effects during prolonged administration of Tet include infrequent rise in
blood-urea nitrogen, which is apparently dose-related as well as a dose-
dependant photosensitivity. A concern when using an antibiotic-driven reg-
ulatory switch remains the possibility of raising resistance to the antibiotic
itself. The generation of a nonantibiotic Dox analog-system would improve
biosafety in that respect.

3.3 Translational Development of Tet-dependant
Regulation Systems

The different Tet-derived regulation systems were used to study trans-
gene expression in several rodent models using recombinant retrovirus,
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AAV, adenovirus or naked DNA as vehicles.8,18,24,25,27−30 All these studies
demonstrated the ability for the Tet-derived systems to sustain permanent
transgene regulation with no adverse effect. Of note, however, and even
with more advanced versions of the chimeric transactivators, background
activity in the absence of the inducer remains an issue, especially when high
copy numbers of the vector per cell are achieved.

To date, among the Tet-derived systems used to regulate gene transcrip-
tion, the TetOn system is the most widely developed. Importantly, it was
tested in large animal models particularly in NHP, in the liver,31 in the
skeletal muscle2,4 and in the retina.7,32

The NHP that received Tet-regulated vectors are summarized in
Table 10.2. Unlike in rodent models, translation of the Tet-based systems
into NHP resulted in some studies in the rapid loss of transgene regulation
with an immune response towards the chimeric transactivators (in grey in
Table 10.2). It appears that the targeted organ, as well as the route of admin-
istration of the vector, are likely to impact the development (or not) of this
immune response.

When rtTA and TetR-KRAB were used to regulate the expression of
either macaque Epo or the secreted alkaline phosphatase (SEAP) from skele-
tal muscle, after rAAV, plasmid or recombinant adenovirus-mediated gene
transfer, no immune response was observed against the transgene protein,
but a large majority of individuals developed an immune response against
the rtTA or the TetR-KRAB proteins. The mechanism involved included
both humoral and cellular responses, and resulted in the destruction of the
genetically modified cells.2,3

Such immune response even occurred when using the so-called muscle-
specific desmin promoter instead of an ubiquitous promoter to drive the
expression of the transactivator rtTA [Moullier et al., unpublished data].
However, one should emphasize that when the NHP immune system toler-
ates the chimeric transactivator rtTA, transgene regulation is achieved for
several years (more than 6 years) [Moullier et al., unpublished data].

Importantly, Table 10.2 indicates that skeletal muscle transduction after
Regional Intravenous delivery (RI) using an rAAV vector, leads to perma-
nent TetOn-mediated transgene regulation (more than 7 Dox-inductions). In
the fully immunocompetent injected animals, neither anti-rtTA nor lympho-
cyte infiltration were detected in the muscle [Toromanoff et al., submitted].

172



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch10

Gene Switches for Pre-Clinical Studies in Gene Therapy

Table 10.2. Summary of NHP that received tetracycline-regulated vectors
(nd = non determined; IM = intramuscular; IV = intravenous; RI = Regional
Intravenous; SR = subretinal).

Mode of NHP Injected Expression Duration of Host immune
Study delivery identification vector cassette(s) the regulation response?

Ref. 3 IM M113 Adenovirus TK.TetOn.SEAP 0.5 month Yes
IM M114 Adenovirus TK.TetOn.SEAP 0.5 month Yes
IM F128 Adenovirus TK.TetOn.SEAP 0.5 month Yes
IM F129 Adenovirus TK.TetOn.SEAP 0.5 month Yes
IM F132 Adenovirus TK.TetOn.SEAP 0.5 month Yes
IM M102 Plasmid TK.TetOn.SEAP 0.7 month Yes
IM M107 Plasmid TK.TetOn.SEAP 0.7 month Yes
IM M109 Plasmid TK.TetOn.SEAP 0.7 month Yes
IM F121 Plasmid TK.TetOn.SEAP 0.7 month Yes
IM F124 Plasmid TK.TetOn.SEAP 0.7 month Yes

(Refs. 2, 4,
Moullier et al.,
unpublished
data and
Toromanoff
et al.,
submitted (or
the reference
number if
updated in the
list))

IM Mac 4 rAAV-2 LTR.TetOn.Epo 5 months Yes

IM Mac 5 rAAV-2 CAG.TetOn.Epo 3 months Yes
IM Mac 6 rAAV-2 CAG.TetOn.Epo 3 months Yes
IM Mac 7 rAAV-2 CAG.TetOn.Epo 6 months Yes
IM Mac 8 rAAV-2 CAG.TetOn.Epo >13 months No
IM Mac 9 rAAV-2 Desmine.TetOn.Epo 4 months Yes
IM Mac 10 rAAV-2 Desmine.TetOn.Epo 3 months Yes
IM Mac 11 rAAV-2 Desmine.TetOn.Epo 2 months Yes
IM Mac 12 rAAV-2 Desmine.TetOn.Epo 2 months Yes
IM Mac 13 rAAV-2/1 Desmine.TetOn.Epo >72 months Yes
IM Mac 14 rAAV-2/1 Desmine.TetOn.Epo 2 months Yes
IM Mac 15 rAAV-2/1 Desmine.TetOn.Epo 4 months Yes
IM Mac 16 rAAV-2/1 Desmine.TetOn.Epo 3 months Yes
IM Mac 17 rAAV-2/5 Desmine.TetOn.Epo 5 months Yes

Ref. 31 IV 95-14 Adenovirus TTR-TetOn-tINFα <3 months nd
IV 96-15 Adenovirus TTR-TetOn-tINFα <3 months nd
IV 96-20 Adenovirus TTR-TetOn-tINFα <3 months nd
IV 97-01 Adenovirus TTR-TetOn-tINFα 0 month nd

[Toromanoff et
al., submitted]

RI Mac 19 rAAV-2/1 Desmine.TetOn.Epo >22 months No

RI Mac 20 rAAV-2/1 Desmine.TetOn.Epo >22 months No

(Continued)
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Table 10.2. (Continued)

Mode of NHP Injected Expression Duration of Host immune
Study delivery identification vector cassette(s) the regulation response?

RI Mac 21 rAAV-2/1 Desmine.TetOn.Epo >22 months No

(adjali
et al., in
prepa-
ration)

IM Mac 22 rAAV-2/1 CAG.TetR-KRAB.cmEpo 0 month Yes

IM Mac 23 rAAV-2/1 CAG.TetR-KRAB.cmEpo 2 months Yes
IM Mac 24 rAAV-2/1 CAG.TetR-KRAB.cmEpo 2 months Yes

Refs. 7, 32 SR P5.1 rAAV-2/5 CAG.TetOn.Epo >48 months No
SR P5.2 rAAV-2/5 CAG.TetOn.Epo >32 months No
SR P5.3 rAAV-2/5 CAG.TetOn.Epo >32 months No
SR P4.1 rAAV-2/4 CAG.TetOn.Epo >31 months No
SR P4.2 rAAV-2/4 CAG.TetOn.Epo >31 months No
SR P4.3 rAAV-2/4 hRPE65.TetOn.Epo >12, 5 months No
SR P4.4 rAAV-2/4 hRPE65.TetOn.Epo >12, 5 months No

What makes the classical IM route of delivery rather efficient to trig-
ger the host immune system against the transgene is believed to be, at
least in part, local factors including high vector concentration at the site of
injection, poor diffusion in the muscle, and high transgene expression in
focal areas of the tissue.33 In contrast, the RI route results in homogeneous
and uniform transgene distribution within the injected limb with no trans-
gene overexpression in muscular focal areas.33 While immune tolerance
(i.e. Treg induction) or ignorance with respect to the rtTA transactivator,
in this context still needs to be analyzed, this study suggested that the RI
route of administration could be an attractive procedure to achieve safe
and non-immunogenic regulated gene transfer to the skeletal muscle using
Tet-regulatable systems.

Also, and likewise the rapamycin regulatable system, ability for the
TetOn system to establish long-term transgene regulation was systemati-
cally demonstrated in the retina of NHP following subretinal injection of
rAAV vectors (Table 10.2).

The fact that no antibody directed against the rtTA could be detected
in the eye or in the serum of these NHP, and that all the animals displayed
persistent regulation of Epo secretion (more than 4 year study period), is
consistent with the hypothesis that, unlike skeletal muscle, the retina is
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likely an immune-privilege site. An important aspect for future clinical
applications was that transgene regulation was achieved with equivalent
efficiency, whether Dox was given intravenously or orally by pills.32

Another study suggested that the brain might also be an immunologi-
cally “silent” site for transgene regulation when using the TetOn system,
even in the presence of a systemic immune response against the vector, a
recombinant adenovirus.34 However, these results were obtained in rats and
have not yet been translated in a large animal model.

4. Other Regulatable Systems

Other regulatable systems were developed for the regulation of transgene
expression, but have not yet been tested in large animal models. In the
mifepristone (RU486) regulatable system, the original DNA binding domain
of the human mifepristone receptor was replaced by a GAL4 DNA bind-
ing domain, and the promoter-activating domain by the Herpes Simplex
Virus (HSV) VP16 transcriptional activation domain to construct a chimeric
protein. In the presence of mifepristone, this protein is able to bind to the
GAL4 corresponding DNA sequence and to activate the downstream pro-
moter to express the transgene of interest. This system was commercialized
with the registered trademark Geneswitch®, and was validated for trans-
gene regulation in rodent models.35 However, since it contains the GAL4
binding domain, which is a peptide derived from yeast, it is reasonable to
expect an immune response when tested in higher mammals.

A fully humanized tamoxifen-dependent transactivator has been devel-
oped for exclusive use in muscle tissue.36 The chimeric transactivator, called
HEA-3, comprises: (i) a DNA binding domain from human hepatocyte
nuclear factor 1a (HNF 1a), a protein not expressed in muscle cells; (ii) a
mutant antiprogesterone receptor that binds tamoxifen specifically, and; (iii)
the human p65 activating domain of NF-kB. Induction of transgene expres-
sion was observed in mouse muscle over a long time period.36 To date, the
system has not been tested in higher animals. As this system lacks any non-
human peptides, induction of an immune response against the transactivator
would, theoretically, be minimized. However, if tamoxifen is a clinically
validated drug for the treatment of breast cancer, doses to induce transgene
expression would exceed those tolerated in clinical practice. Therefore,
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before this system can be applied in clinical gene therapy, development of
less toxic tamoxifen analogs is warranted.

Another inducible regulation system, which was never tested in large
animal models, is the ecdysteroid receptor-based regulatable system. Ecdys-
teroid hormones, such as ecdysone, regulate metamorphosis and other devel-
opmental processes in insects. It binds and activates the ecdysteroid receptor
EcR, which in turn forms a heterodimer with the ultraspiracle protein (USP),
leading to the activation of gene expression. USP is the insect homolog to
mammalian retinoid X receptor (RXR). By replacing the original DNA
binding site of fruitfly Drosophila melanogaster (Dm) EcR by a GAL4
DNA binding domain, and the activation protein by human RXR fused to a
VP16 activation domain, a dimerizer-based regulatory system was created
and commercialized under the name Rheoswitch®. Another version of this
system contains the silkworm Bombyx mori (Bm) EcR fused to the VP16
activation domain. This system was used to regulate transgene expression
in vitro and in rodents.37,38 However, as these transactivators contain insect
sequences, the possibility of an immune response to the chimeric proteins
can be expected. Here too, testing in higher mammals is warranted.

Finally, recently developed protein-free regulation systems, which con-
trol transgene translation, either by specific small molecule-responsive
riboswitches,39,40 would likely alleviate the host immune response in large
animal models. These molecular switches consist solely of RNA molecules,
which undergo restructuring on metabolite binding. This affects gene
expression by either causing inhibition of translation initiation, or ribozyme
mediated mRNA degradation. Efficient gene regulation has been demon-
strated in yeasts and bacteria using tetracycline-responsive riboswitches.39

However, no such regulation was yet reported with such elements in mam-
malian cells, and even less in vivo. One study reported the control of mam-
malian gene expression through modulation of RNA self-cleavage in mice,
using a toyocamycin-responsive riboswitch.40 Unfortunately at this time,
the toxicity of the inducer drug is not compatible with preclinical evalua-
tion in large animal models.

A recent approach described the exogenous control of gene expression
relying on the control of translational termination.41 To achieve gene regu-
lation, the transgene-coding sequences were modified by the introduction of
a translational termination codon just downstream from the initiator AUG

176



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch10

Gene Switches for Pre-Clinical Studies in Gene Therapy

codon. Translation of the resulting mRNA leads to significant reduction in
expression of the desire gene product. Addition of small molecules such as
aminoglycoside antibiotics capable of suppressing translational termination
results in production of the desired full-length protein. This original system
was successfully tested in vitro and in vivo in the mouse (lung and bone
marrow).41 Evaluation in NHP of such regulatable systems should be of
great interest.

5. General Conclusions

Regulatable systems have now been used in a variety of platforms such as
plasmids, AAV, adenovirus, lentivirus or HSV vectors. Most applications
were experimental studies to demonstrate the feasibility of such an approach
in vitro or in vivo in rodent models but only a few moved to the large ani-
mal models, i.e. the NHP. Among the different gene switch platforms, the
tetracycline- and the rapamycin-regulatable systems are the most widely
developed. In particular, Tet-based systems have been fairly developed in
relevant and challenging preclinical models with respect to future gene ther-
apy trials targeting different organs such as the skeletal muscle, the retina
or the liver. Among the several information derived from such preclinical
studies, the immune reactions against the chimeric transactivators emerged
as a main limit for the clinical translation. Factors involved in this immuno-
toxicity are likely numerous, but depend at least in part on the vector system
used, the targeted organ and the route of administration.

Finally, new developments in the field avoiding the use of chimeric drug-
sensitive transactivators are emerging, with the potential to not trigger the
host immune system. However, they need to be tested in higher species to
appreciate their clinical potential.
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Chapter 11

Gene Therapy for Central
Nervous System Disorders

Deborah Young∗ and Patricia A. Lawlor

The chronic nature of many diseases affecting the central nervous system
makes gene therapy an attractive alternative treatment option. In this
chapter, we provide an overview of the gene therapy strategies for the
major brain diseases including Parkinson’s disease, Alzheimer’s disease
and temporal lobe epilepsy and highlight some early clinical findings
using gene therapy approaches that suggest a promising outlook for this
technology.

1. Introduction

One of the greatest potential applications of gene therapy is for the treat-
ment of diseases affecting the central nervous system (CNS). Debilitating
diseases like Parkinson’s disease (PD), Alzheimer’s disease (AD), Hunt-
ington’s disease (HD), epilepsy, stroke, and amyotrophic lateral sclerosis
(ALS) still affect a large percentage of the world’s population. Pharmaco-
logical agents that help alleviate disease symptoms or disease progression
are introduced into the market each year, yet many only provide symp-
tomatic relief and have modest effects on disease progression. Many do not
target the disease process, leading to low therapeutic efficacy. More specific
and targeted therapies are still required.

The chronic nature of these diseases and thus the potential requirement
for long-term delivery of therapeutic molecules makes gene therapy an

∗Correspondence: Dept of Pharmacology & Clinical Pharmacology, University of Auckland, Auckland,
New Zealand.
Email: ds.young@auckland.ac.nz
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attractive treatment option. In particular, the ability of many viral vectors
to mediate gene transfer to neurons leading to long-term production of a
therapeutic protein helps circumvent the problems of repeated dosing reg-
imens that are the hallmark of conventional drug treatments. Delivery of
therapeutic molecules to the CNS has always been a significant challenge
due to the physical barriers imposed by both the skull and the blood–brain
barrier, which prevents the passage of large molecules from the blood-
stream into brain tissue. Furthermore, the brain is composed of both neurons
(that are post-mitotic) and non-neuronal cell types. Cell-to-cell communi-
cation occurs locally but also via interconnecting circuits throughout the
brain. Moreover, there is global involvement of the brain in certain diseases
(e.g. AD) but the involvement of very specific regions in other diseases
(e.g. PD). These aspects have been taken into consideration when design-
ing gene therapy approaches and in some cases these unique attributes have
been exploited to develop more rational, targeted treatment approaches for
these diseases. In the following sections, we provide an overview of the
major gene therapy strategies developed for diseases affecting the brain.

2. Gene Therapy for Parkinson’s Disease

PD is the second most common neurodegenerative disorder and affects
1% of the population over the age of 65. The majority of cases of PD
are idiopathic, whereas rare familial forms are linked to gene mutations
in α-synuclein and other proteins involved in the ubiquitin-proteasome
pathway.1 Both forms of PD share similar pathology, with the selective and
progressive degeneration of dopamine neurons in the substantia nigra pars
compacta (SNc) and the presence of abnormal intracellular protein aggre-
gates called Lewy bodies in the remaining cells. Up to 50% of the dopamine-
producing cells in the SNc that project axons to release the neurotransmitter
dopamine in the caudate-putamen (striatum) can be lost before the mani-
festation of clinical symptoms. As striatal dopamine levels play a central
role in the control of voluntary movement, dopamine depletion causes the
characteristic debilitating motor symptoms associated with the disease.

The pharmacological mainstay for treatment of PD has been L-DOPA,
the dopamine precursor that when taken orally readily crosses the blood–
brain barrier to be converted to dopamine. While effective symptomatic
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relief can be provided in early stage PD, chronic L-DOPA use is associated
with on–off effects and increasing doses of L-DOPA are required as the
disease progresses.

Several features make PD an attractive gene therapy target: well-
characterized and focal pathology that causes downstream effects on brain
circuitry and clinical symptoms, well-established and characterized rodent
and primate models of PD with predictive value regarding the dopamine
deficiency, and the availability of non-invasive methods (e.g. motor function
tests) for assessing phenotypic recovery following treatment. Thus in the
early days of CNS gene therapy, PD was used as the prototype for evaluating
the applicability of gene technology. Much of the data in these early studies
provided insights into the types of gene delivery systems suitable for CNS
gene therapy applications as well as the design of gene expression cassettes.

The first gene therapy strategies for PD involved boosting local
dopamine production in the striatum. Conceptually, the aim was to cir-
cumvent the requirement of the surviving dopamine neurons to increase
dopamine synthesis and instead use vectors to mediate transfer of genes
involved in dopamine synthesis to neurons in the striatum, the region where
dopamine levels are depleted. Thus the goal was to change the phenotype of
striatal neurons, which normally do not produce dopamine, to cells capable
of producing and secreting dopamine locally where required. The primary
focus for early studies involved delivery of a cDNA for tyrosine hydroxylase
(TH), the rate-limiting enzyme in dopamine synthesis using both defective
Herpes simplex virus (HSV-1) and adeno-associated viral (AAV) vectors.2,3

This strategy was tested in a rat model of PD involving unilateral lesioning of
the dopamine neurons in the SNc with the neurotoxin 6-hydroxydopamine.
One advantage of this rat model is that significant numbers of dopamine
neurons can be killed in one brain hemisphere only causing an asymmetry
in dopamine levels relative to the unlesioned side. The ability of treatment
strategies to normalize the asymmetrical bias in striatal dopamine levels can
be assessed non-invasively using spontaneous motor function tests and drug
challenge with dopamine agonists such as apomorphine and amphetamine.
Striatal dopamine levels were increased by 120% in the striatum injected
with vectors expressing TH and this was associated with a reduction in
motor dysfunction. Striatal neurons producing TH were observed in the
striatum, however HSV-mediated expression levels decreased over time and
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cytopathological effects were found, whereas no such decrease was found
using the AAV vector. Subsequent studies attempted to optimize dopamine
production by evaluating other enzymes involved in dopamine synthesis,
either individually or when co-expressed (by using multiple vectors or by
use of bicistronic cassettes). Thus combinations of TH and aromatic acid
decarboxylase (AADC) were evaluated in a Parkinsonian non-human pri-
mate model, with the addition of AADC postulated to improve dopamine
production, as AADC can be rate-limiting in the presence of increased TH
activity.4 Partial phenotypic correction of the dopamine deficit was observed
in Parkinsonian monkeys as well as in rodent models. Many of these studies
highlighted the deficiencies in vector gene transfer systems at the time, with
only small numbers of transduced neurons found surrounding each injection
site. One of the main limitations of this type of approach is that dopamine
levels are largely unregulated. An alternative strategy relies on a pro-drug
strategy to achieve regulated dopamine delivery by peripheral administra-
tion of L-DOPA following AADC gene transfer.5 In this manner, L-DOPA
dosage could potentially be titrated to a level to achieve therapeutic benefit
and thus customized for individualized patient use.

The dopamine restoration strategies aim to provide symptomatic relief
for PD, but they do not address the continual temporal progression of the
disease. The decline in striatal dopamine function is estimated at a rate
of 5-10% per year. This factor, combined with ongoing requirements to
incorporate regulatory systems in order to maintain dopamine at thera-
peutic levels led to assessment of alternative strategies. The second line
of strategies stemmed from the observation that a significant dopamine cell
population is still present during early stages of the disease, and thus genetic
manipulation and protection of an existing cellular population may be more
effective. Gene therapy approaches have centered on the overexpression of
growth factors known to be critical for dopamine neuron survival as a strat-
egy to slow down disease progression and/or promoting functional recovery
by modulating regeneration of the surviving dopamine axon terminals. Two
neurotrophic factors that have featured prominently are glial-derived neu-
rotrophic factor (GDNF) and brain-derived neurotrophic factor (BDNF).
In particular, GDNF overexpression has shown great promise. Both intra-
nigral and intra-striatal infusion strategies using AAV, lentiviral and aden-
oviral vectors have been evaluated with the intra-striatal infusion paradigm
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showing the greatest therapeutic benefit.6 When injected into a partially
lesioned striatum of rats or non-human primates, GDNF counteracted the
further loss of dopamine cell bodies and promoted sprouting from surviv-
ing axonal terminals leading to a gradual reversal of motor deficits. These
studies highlighted the importance of careful consideration of the choice of
infusion sites for studies in the CNS as protection of dopamine cell bodies
in the SNc in the absence of functional striatal reinnervation was not suffi-
cient to preserve intact motor performance. Functional recovery was only
achieved when vectors were used to overexpress GDNF in the striatum.7

Clinical experience using a growth factor approach has been currently lim-
ited to a related growth family member. Neurturin was delivered into multi-
ple sites into the caudate putamen via an AAV2 vector and although initial
data supported the safety and tolerability of this approach, no appreciable
therapeutic efficacy was found in neurturin-treated patients compared to
controls in phase II trials.8,9

Although most therapeutic efforts have centered on modulating the
nigro-striatal pathway, the recognition that dopamine neuron loss causes
downstream consequences to overall basal ganglia circuitry has led to devel-
opment of a strategy that has shown very promising clinical results. The
subthalamic nucleus, a component of the basal ganglia circuit, is a small
nucleus that becomes disinhibited as a consequence of dopamine cell loss,
thus leading to pathological excitation of downstream target brain regions
involved in movement control. Dampening the excitatory activity of the
subthalamic nucleus appears to be an effective strategy for controlling
the motor symptoms associated with the disease, as shown by deep brain
stimulation of this nucleus. AAV2 vector expressing glutamic acid decar-
boxylase (GAD), the major enzyme involved in synthesis of the inhibitory
transmitter GABA, was delivered into the subthalamic nucleus as a strat-
egy to phenotypically change these excitatory neurons into inhibitory neu-
rons. Phase I clinical trials showed no adverse effects related to gene ther-
apy and interestingly, significant improvements in motor function rating
scores were observed.10,11 Expansion to phase II clinical trials is currently
underway.

Other approaches targeting mechanisms potentially involved in the dis-
ease process have also been evaluated including anti-apoptotic factors.
Within the last decade, a growing body of evidence has highlighted the
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importance of defective protein handling and quality control as a major
pathogenic mechanism contributing to dopamine neuron demise. Toxic
forms of α-synuclein, a major component of Lewy bodies, are involved
in the cell death process and while the precise mechanisms are still being
elucidated, it is evident that this avenue of research will yield additional
gene therapy targets for this disease.

3. Gene Therapy for Temporal Lobe Epilepsy

The epilepsies are a collection of distinct syndromes characterized by
the occurrence of spontaneous recurrent seizures. Temporal lobe epilepsy
(TLE), the most common form of seizure disorder is an ideal disease tar-
get for gene therapy. Like PD, the clinical manifestations of the disease
originate from neuropathological changes in a very specific region of the
temporal lobe, the hippocampus. Hippocampal cell loss and the subse-
quent reorganization of neuronal circuitry in this region leads to devel-
opment of an “epileptic focus”, a hyperexcitable region that is a site for
seizure initiation.12 Pharmacological approaches are currently used to con-
trol this chronic debilitating condition but despite the development of
new antiepileptic medication, approximately 30% of patients suffer from
pharmaco-resistant epilepsy. Furthermore, antiepileptic drugs do not pre-
vent disease progression and long-term drug-based management is often
associated with debilitating side effects. Surgical resection of the epileptic
focus is often the only effective therapeutic option available.

There are several well-characterized rodent models of TLE. Typically,
excitotoxins like kainate or application of focal repetitive electrical stimula-
tion to a specific brain region is used to elicit short bouts of seizure activity
in naïve animals. Another widely used model involves using excitotoxins
or electrical stimulation to induce status epilepticus, a period of prolonged
seizure activity sufficient to cause a selective pattern of hippocampal cell
loss and subsequent reorganization of neuronal circuitry of surviving neu-
rons that contributes to the development of chronic spontaneous recurrent
seizures. These post-status epilepticus models of TLE, although consid-
erably more laborious, are considered to be the best parallel with human
TLE, because the neuropathology and seizure phenotype is similar to that
in humans.
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Gene therapy strategies for epilepsy could provide opportunities for
achieving not only a sustained anticonvulsant effect, but also an antiepilep-
togenic effect that will block disease progression.13 Approaches have
focused on manipulating neurotransmission in this region and have ranged
from increasing local GABA levels in the epileptogenic zone as a strat-
egy to increase the threshold for neuronal excitability and hence prevent
seizure initiation and propagation, to modulating NMDA glutamate recep-
tor function.14 Enhancing GABA receptor function by direct gene transfer
approaches or ex vivo gene transfer and transplantation of GABA-secreting
cells in various brain regions and circuits involved in seizure propagation
caused a decrease in seizure severity or anticonvulsant effects. However
many of the effects observed following cell transplantation were short-lived
due to problems associated with graft survival and rejection.

The other main gene therapy targets have been the delivery of the pep-
tides NeuropeptideY and galanin, and modulation of adenosine levels, com-
ponents that are believed to constitute an endogenous system that controls
epileptic activity.13 AAV-mediated overexpression of galanin in the hip-
pocampus prevented hippocampal cell loss and decreased the number and
duration of kainate-induced seizures. Similarly, NPY overexpression in the
hippocampus delayed seizure onset and reduced the number and duration
of seizures induced by kainate and retarded the rate of kindling epileptoge-
nesis. Antiepileptic efficacy in a chronic post-status epilepticus rat model of
TLE was also reported, with NPY overexpression decreasing spontaneous
seizure frequency and progression.15,16 These studies clearly establish the
antiepileptic potential of these two peptides. Modulation of the hippocampal
adenosinergic system to increase adenosine levels also appears to be a good
therapeutic target that has also been supported by data from ex vivo gene
therapy approaches.17−19 Further work is still required before evaluation of
these types of strategies in humans.

4. Huntington’s Disease Gene Therapy

HD is an inherited adult-onset neurodegenerative disease caused by a muta-
tion in the IT15 gene encoding huntingtin (htt). The mutation causes the
abnormal expansion of a polyglutamine tract that confers a toxic gain of
function to an otherwise benign protein. Mutant htt is prone to aggregation
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and forms intracellular protein aggregates that sequester other important
cellular proteins leading to neuronal dysfunction and the demise of spe-
cific neuronal populations in the striatum and cerebral cortex.20 HD typi-
cally strikes afflicted individuals in midlife and with no effective treatments
currently available, individuals usually die within 10-20 years following
disease onset. Classical clinical symptoms of HD include chorea, progres-
sive cognitive decline and psychiatric disturbances. Several animal models
that reproduce many of the neuropathological and behavioral characteris-
tics of the human disease are available for screening new therapies. These
include transgenic mouse lines that express N-terminal fragments of mutant
htt (e.g. R6 mouse lines), knock-in mice or mouse lines that express full-
length mutant htt (e.g. yeast artificial chromosome-transgenic lines), as well
as chemical lesion or viral vector-mediated overexpression of mutant htt
N-terminal fragments in rodents and non-human primates.

Early gene therapy strategies for HD were similar to those for other neu-
rodegenerative diseases, with the main focus on the delivery neurotrophic
factor genes as a direct means for protecting vulnerable striatal neurons
against mutant htt-mediated toxicity. Alternative approaches have focused
on the delivery of molecules aimed at directing neurogenesis, the production
of new adult neurons to replace neurons lost in the disease.21

More recently, the development of effective gene silencing approaches
using RNA interference technology has led to evaluation of strategies aimed
at selectively reducing mutant htt expression. Genetic screening to identify
individuals that have inherited the HD mutation provides the opportunity
to intervene in the pathogenic process prior to onset of disease symptoms.
Thus repressing expression of the disease-causing protein is expected to
delay disease onset and mitigate severity of the disease.

A few recent studies have highlighted the feasibility and promise of
such a gene silencing approach. AAV vector-mediated delivery of short-
interfering RNAs or microRNA sequences that target huntingtin in a non-
allele specific manner led to a concomitant reduction in mutant as well as
normal htt gene product. This resulted in the attenuation of neuropatho-
logical and behavior deficits in HD transgenic and viral overexpression
models.9,22−25 Importantly, these studies suggest that complete elimination
of the mutant allele may not be required. Although allele-specific target-
ing of the mutant htt allele would be ideal, thus preserving the biological
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functions of wild-type huntingtin, no single nucleotide polymorphisms res-
ident in the mutant transcript have been identified to distinguish mutant
versus normal allele. No toxicity was found in a knock-in mouse model of
HD in which levels of htt expression were decreased by more than 50%
for up to 4 months.24 Further investigation is required to determine to what
extent gene expression can be reduced without incurring toxicity due to loss
of normal htt function.

5. Amyotrophic Lateral Sclerosis (ALS)

ALS is the most devastating and common adult-onset motor neuron disease
in humans. The clinicopathological features of ALS are the progressive and
selective loss of cortical, and spinal/bulbar motor neurons that causes skele-
tal muscle wasting, paralysis and ultimately death. Ninety-five percent of
ALS cases are sporadic and of unidentifiable etiology, with the remaining
familial cases dominantly inherited. Approximately 15% of familial ALS is
associated with missense mutations in the SOD1 gene encoding the cytoso-
lic enzyme Cu/Zn-superoxide dismutase. Indeed, the major animal models
used for screening novel therapies are transgenic mouse lines expressing
mutant SOD1 (mSOD1) that share many pathological features observed in
human ALS. Defects in SOD1 function however, are not found in sporadic
ALS suggesting involvement of other pathogenic mechanisms including
oxidative stress, autoimmunity and glutamate-mediated excitotoxicity due
to a decrease in excitatory amino acid transporter function, in the demise
of motor neurons.26 This needs to be borne in mind when extrapolating
the potential efficacy of a promising treatment in mSOD1 mouse models
to sporadic forms of ALS in humans. Currently there is no effective phar-
macological treatment for ALS, with the glutamate antagonist riluzole the
only approved drug treatment. Most drugs tested so far have only produced
modest benefits suggesting alternative treatments are needed.

Apoptotic pathways are a target for disease intervention in ALS and the
neuroprotective efficacy of a range of growth factors that support motor
neuron survival such as vascular endothelial growth factor (VEGF), insulin
growth factor (IGF1), GDNF and ciliary neurotrophic factor (CNTF) have
been evaluated in ALS animal models, with effects on delaying disease
onset and increasing lifespan of these mice one of the primary outcome
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measures. As motor neuron degeneration in genetic mouse models develops
over several months, long-term chronic delivery of therapeutic molecules
might be necessary to confer significant protection. Long-term systemic
infusion of growth factors is fraught with problems. For example, although
CNTF is a potent survival factor for motor neurons, poor bioavailability and
toxicity following systemic administration has complicated its therapeutic
use for ALS. Targeted delivery methods such as that mediated by gene
therapy approaches may overcome some of these obstacles.

Gene therapy approaches for ALS have included overexpression of neu-
rotrophic factors, anti-apoptotic genes and antioxidants via direct injection
into the affected areas or in remote intramuscular sites that rely on retro-
grade transport of the protective molecule to motor neuron cell bodies. Most
of these have been evaluated in the mutant SOD1 mouse model, with AAV
and lentiviral-mediated delivery of IGF1, GDNF and VEGF, Bcl-2 effec-
tive in delaying disease onset and/or prolonging mouse lifespan (reviewed
in Ref. 27). To date, most therapeutic approaches are targeted towards the
genetic manipulation of neurons but the discovery that disease progres-
sion occurs in a non-cell autonomous manner suggests that vector-mediated
manipulation of astrocytes that contribute to disease pathogenesis may yield
greater therapeutic efficacy.28 The development of astrocyte-targeting vec-
tors will help address these issues.

Similarly, gene silencing approaches using RNA interference sequences
or antisense oligonucleotides that may have a lower risk profile for
human usage due to the short-lived nature of these molecules could
also be investigated.29 Indeed approval for clinical trials using an anti-
sense approach to knockdown mutant SOD1 expression is currently being
sought.30

6. Gene Therapy for Canavan Disease

The world’s first gene therapy trial for a CNS disorder was undertaken for
Canavan disease, an inherited and incurable leukodystrophy.31 Symptoms
of the disease appear early in infancy leading to loss of early motor skills and
mental retardation. Most Canavan disease patients live only into childhood.
The underlying cause of the disease is a defective aspartoacylase gene that
normally functions to break down N-acetyl aspartate. As a result of the loss
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of gene function, N-acetyl aspartate breakdown is impaired and accumulates
to levels that are toxic to myelin, the fatty insulation around nerve fibers
in the brain. Degeneration of the white matter of the brain occurs leading
to a spongy appearance.32 Thus a logical treatment approach for this dis-
ease would entail expressing a functional copy of the aspartoacylase gene.
A liposomal-based gene transfer system and subsequently an AAV2 vector
was used to deliver an aspartoacylase gene to the brains of infants with
the genetic defect in two phase I clinical trials. Both treatments appeared
to be well tolerated.31,33,34 Long-term monitoring and extension to phase
II/III trials will be required before definitive statements can be made on
efficacy.

7. Gene Therapy for Alzheimer’s Disease

AD, the leading cause of dementia in the elderly, is a progressive neurode-
generative disorder identified clinically by a characteristic decline in cog-
nitive function. These cognitive changes are accompanied by characteristic
anatomical changes — both familial and sporadic forms of AD display the
same neuropathological hallmarks including accumulation of extracellular
Aβ plaques and intracellular neurofibrillary tangles (NFTs), synaptic and
neuronal loss in cortical brain regions, basal forebrain cholinergic deficits
and inflammation.35

Given its pivotal role inAD pathogenesis, cerebralAβ is a target for gene
therapy of AD. Aβ, the primary component of the extracellular plaques
found in AD brain, is the product of proteolytic processing of amyloid
precursor protein (APP) by beta- and gamma-secretases. Numerous gene
mutations linked to AD alter APP metabolism to increase Aβ production,
resulting in its accumulation.36 However, the overall concentration of Aβ

in the brain is modulated not only by Aβ production, but by its clearance,
with several endogenous proteases known to degrade cerebral Aβ. Both
production and clearance processes could be manipulated by gene therapy
to prevent Aβ accumulation, and several strategies have been tested in AD
transgenic mice to reduce Aβ load. For example, reducing secretase activ-
ity could decrease Aβ production. Indeed, a lentiviral vector expressing
siRNA targeting BACE1 (beta-secretase) led to decreased BACE1 expres-
sion and activity, reduced amyloid production and fewer neurodegenerative
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and behavioural deficits following injection into the brain ofAPP transgenic
mice.37

Likewise, overexpression of Aβ proteases could be expected to reduce
Aβ load by increasing clearance of extracellular Aβ. This has been achieved
by gene transfer of neprilysin, a transmembrane protein that functions to
degrade both intra- and extra-cellular Aβ. In APP transgenic mice, short-
term overexpression of neprilysin (1 week) reduced amyloid deposits by
50%.38 Long-term neprilysin gene transfer (6 months) to APP transgenic
mice not only lowered the amyloid plaque load but was associated with
reduced intracellular Aβ levels, amelioration of dendritic and synaptic
pathology and improved performance in cognitive tests.39 Others have used
an ex vivo gene delivery approach — following implantation of geneti-
cally modified fibroblasts expressing a secreted form of neprilysin, robust
plaque clearance was observed in the hippocampus of aged APP trans-
genic mice with advanced plaque deposition.40 The protease endothelin-
converting enzyme (ECE-1) has also shown promise as an Aβ clearing
agent in a murine AD model.41

An additional and quite different gene therapy strategy for reduction
of Aβ deposits involves using AAV to immunize against the Aβ peptide,
resulting in clearance of Aβ and attenuation of memory deficits in APP
transgenic mice.42

In addition to Aβ, the basal forebrain cholinergic system is a major
target for gene therapy treatment of AD. Reduced activity and loss of these
neurons is associated with the cognitive decline seen in AD — treating
this cholinergic hypofunction and degeneration is the mechanism of action
for most currently available pharmacological treatments for AD. This can
also be achieved by gene therapy — gene transfer to increase levels of
neurotrophins like nerve growth factor (NGF) could be used to prevent
cholinergic neurons from dying and to improve the functioning of these
neurons by preserving their synapses. Early clinical studies using infusion
of recombinant NGF protein directly into brain resulted in adverse side-
effects such as pain and weight loss, and highlighted the need for delivery
of NGF in pharmacologically relevant concentrations in target brain areas,
while preventing access to non-target areas. This localized NGF delivery
could be achieved by use of gene therapy, and there is much preclinical
evidence from studies on both AD transgenic mice and aged primates which
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confirm a role for NGF in both cognitive enhancement and protection of
basal forebrain cholinergic neurons.43

NGF gene therapy has proceeded to at least three phase I clinical tri-
als, each utilizing a different method of NGF gene transfer.43 The first trial
used ex vivo NGF gene transfer — the patients’ own fibroblasts, obtained
by skin biopsy, were cultured and genetically modified using a retrovirus
to produce and secrete human NGF. The cells were transplanted back into
the cholinergic basal forebrain by stereotaxic surgery and patients followed
up for 22 months. This phase I trial was completed, with encouraging clin-
ical outcomes and prompted a second clinical trial (currently ongoing) in
which in vivo NGF gene therapy is being used — subjects receive bilat-
eral stereotactic injections of AAV2 NGF (“CERE-110”, CereGene) into
the basal forebrain and are being assessed for 24 months. In a third on-
going NGF gene therapy trial, genetically modified encapsulated cells that
secrete NGF (NsG0202, NSGene) are being trialled. A catheter-like device
containing genetically modified human fibroblasts enclosed behind a semi-
permeable membrane that allows for the influx of nutrients and outflow of
NGF is implanted into the brain. This form of delivery allows controlled,
site-specific, local delivery of NGF but does not allow for direct contact
between the foreign therapeutic cells and host tissue.

To date development of gene therapy treatments for AD has largely been
based on gene transfer for enhancement of Aβ clearance or on gene transfer
to increase trophic support of vulnerable cholinergic neurons. However the
coupling of gene knockdown technology (RNA interference) to viral vector
expression systems means we now have the ability to not only over-express,
but to knockdown gene expression and alternative strategies such as BACE1,
APP and amyloid β-binding death inducing protein (AB-DIP) knockdown
can now be evaluated.

8. Conclusions and Outlook

This chapter focuses on current developments and the application of gene
therapy in the central nervous system. The chronic nature of the neurode-
generative diseases, and the paucity of good effective treatments for many
of these diseases makes gene therapy an attractive option for the future
management of these diseases. There are still several hurdles to overcome
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such as the refinement and incorporation of regulatory systems into gene
cassettes for safety purposes and development of vector systems capable of
widespread global transduction of large brain regions for certain neurolog-
ical diseases. This field is still in its early days, but data from early clinical
trials have shown promising outlooks for this technology, paving the way
for more widespread evaluation of the technology in humans.
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Chapter 12

Gene Therapy of
Hemoglobinopathies

Angela E. Rivers and Arun Srivastava∗

Human hemoglobinopathies, such as β-thalassemia and sickle cell disease
(SCD), are the most common human genetic diseases worldwide, and
are an attractive target for potential gene therapy. This potential could
be realized if a functional β-globin gene could be safely and efficiently
introduced into hematopoietic stem cells (HSCs), and lineage-restricted
expression of the β-globin protein exceeding 15% could be achieved
in erythroid progenitor cells. The use of first generation retroviral vec-
tors remained limited due to the inability to achieve therapeutic levels of
β-globin expression. Although therapeutic levels of β-globin expression
could be achieved by second-generation retroviral vectors, their use in
gene therapy trials for immuno-deficiency resulted in insertional mutagen-
esis leading to leukemia in several children, which raised serious concerns.
The use of lentiviral vectors expressing β-globin has led to phenotypic
correction of β-thalassemia and SCD in mouse models, but long-term
safety issues with lentiviral vectors remain to be evaluated. This chap-
ter will provide a brief review of obstacles that were encountered, and
achievements that have occurred over the past two decades, including the
development of an alternative vector system based on a non-pathogenic
human parvovirus, the adeno-associated virus (AAV), for the potential
gene therapy of β-thalassemia and sickle cell disease.

∗Correspondence: Divisions of Hematology and Oncology, and Cellular and Molecular Therapy, Depart-
ments of Pediatrics and Molecular Genetics and Microbiology, University of Florida College of
Medicine, Gainesville FL 32610.
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1. Introduction

As a group, hemoglobinopathies are the most common genetic diseases
that afflict humans worldwide.1 Severe forms cause a congenital anemia,
which is only curable by allogeneic hematopoietic stem cell transplan-
tation (HSCT).2,3 Hemoglobinopathies can be divided into two groups.
The first group, thalassemia, is a quantitative disorder in which there
is a decrease in the α-globin chain (α-thalassemia) or in the β-globin
chain (β-thalassemia).4 The second is a qualitative disorder in which
there are structural variants in the hemoglobin molecule. In qualita-
tive hemoglobinopathies, individuals inherit hemoglobins with structural
defects that lead to abnormal pathophysiology, such as in sickle cell dis-
ease (SCD).5,6 The majority of hemoglobinopathy research focuses on
β-thalassemia and SCD. In β-thalassemia, patients have severe anemia asso-
ciated with cachexia, fatigue, congestive heart failure, growth retardation,
and bone abnormalities. SCD is associated with painful and potentially
life-threatening crises, which result from the inability of erythrocytes with
sickle hemoglobin to flow effectively in blood vessels and an inflammatory
response from chronic hemolysis. This results in end organ ischemia and
crises such as acute chest syndrome, stroke, retinal hemorrhage, splenic
sequestration, and myocardial infarction.7 Although HSCT from bone mar-
row or cord blood could potentially be therapeutic, a vast majority of patients
with hemoglobinopathies do not have suitable family donors. Furthermore,
the risks of complications associated with unrelated bone marrow donors
or cord blood transplant do not make this treatment a practical option for
most patients. A safe and effective strategy involving gene therapy would
be of significant benefit to a large number of patients who could be cured
of their disease.

2. β-Thalassemia

In β-thalassemia, the excessive α-globin chain precipitates and leads
to damage to the red blood cell membrane. Ineffective erythropoiesis
leads to anemia, bone marrow expansion, extramedullary hematopoiesis
and increased intestinal iron absorption. Clinically, β-thalassemia are
divided into three categories: β-thalassemiaminor, β-thalassemiaintermedia, and
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β-thalassemiamajor. Individuals with β-thalassemiaminor have a mild ane-
mia and are usually asymptomatic. Individuals with β-thalassemiaintermedia

have moderate anemia, which requires intermittent transfusion. Individuals
with β-thalassemiamajor are severely anemic and require monthly transfu-
sions. In β-thalassemiamajor, the goal of transfusion therapy is to achieve
total hemoglobin of 13–14 g/dl. At this hemoglobin level, there is improved
growth and development and bone marrow complications are prevented.
Patients can receive as much as 3–8 g of iron per year depending on their
age, but since iron-loss is fixed, patients become iron-overloaded. Unbound
iron accumulates in organs and may also be converted to a free radical
that damages the lipid membrane of cells. This leads to cardiac (cardiomy-
opathies and conduction disturbance), endocrine (hypothyroidism, growth
failure, and diabetes mellitus), hepatic (hepatic fibrosis and cirrhosis), and
joint toxicities. Patients with β-thalassemiamajor are protected in utero by
the expression of fetal hemoglobin and thus are usually born healthy. This is
very unlike α-thalassemia in which the fetus usually develops hydrops fetalis
and dies in utero. However, recent advancements in umbilical cord sampling
allow in utero diagnosis and treatment with intrauterine transfusions. Sur-
viving infants are treated with chronic transfusion therapy or hematopoietic
stem cell transplant (HSCT).8 With these new advances, patients would ben-
efit from the development of gene therapy approaches involving the globin
genes.

3. Sickle Cell Disease

Sickle cell disease (SCD) is an autosomal recessive disorder affecting mil-
lions of people worldwide. The causative mutation is an A–T transversion
in the sixth codon of the β-globin gene which leads to the substitu-
tion of valine for glutamic acid, resulting in the formation of abnormal
hemoglobin, known as hemoglobin S (Hb S).6 Following deoxygenation
in red blood cells (RBCs), Hb S forms polymers causing the RBCs to
become deformed (sickled) and adherent, leading to vaso-occlusive events,
which may result in splenic infarct, kidney failure, stroke, painful crises,
and chronic anemia.5,7,9−13 At physiologically relevant conditions, deoxy-
genated Hb S has a lower solubility than oxygenated Hb S, deoxygenated
Hb A, or oxygenated Hb F.14 The reason that patients with heterozygous
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genotype (βS/βA) experience no symptoms is two-fold: (1) The cellular
concentration of Hb S in βS/βA is ∼15 g/dL. This is below the 17 g/dL sol-
ubility under physiological conditions. (2) The predominant hemoglobin
is the hybrid heterotetramer [(αβA)(αβS)]. Thus, the probability that the
mixed hybrid (αβA)(αβS), which forms within the cell in proportion to the
binomial distribution, will enter the polymer is about half that of Hb S
[(αβS)(αβS)]. Treatment modalities for SCD involves allogeneic bone mar-
row transplantation, induction of fetal hemoglobin, control of infections,
and pain management.11,15−19 Allogeneic transplantation usually requires
myeloablative conditioning with cyclophosphamide, busulfan, antithymo-
cyte globulin or total lymphoid radiation. In addition, cyclosporine and
methotrexate are used post-transplant to induce immunosuppression.20

Hydroxyurea (HU) is the only drug approved by the US Food and Drug
Administration (FDA) to treat SCD. HU increases Hb F in SCD by induc-
ing erythroid regeneration and augmenting γ-globin gene expression in a
nitric oxide-dependent pathway.21 Other drugs that increase Hb F and that
are currently in phase I/II clinical trials for SCD are as follows. Decitib-
ine, an analog of 5-azacytidine, induces Hb F by causing hypomethylation
of the γ-globin genes.9 Histone deacetylase (HDAC) inhibitors have also
been shown to enhance γ-globin gene expression through histone hyper-
acetylation and alteration of chromatin structures.22 Again, a gene therapy
approach involving hematopoietic stem cells transduced with anti-sickling
globin genes followed by HSCT would potentially be therapeutic.

4. Gene Therapy

As illustrated in Table 12.1, human hemoglobinopathies are the most com-
mon monogenic disease worldwide, and are among the likely candidates
for gene-based treatment provided that the pluripotent hematopoietic stem
cell can be stably transduced, and that long-term, regulated expression of a
functional β-globin gene in the erythroid progenitor cell can be achieved.

Both the qualitative and quantitative hemoglobinopathies are only cur-
able by HSCT. However, the majority of patients do not have an HLA-
matched bone marrow donor, and due to concerns regarding conditioning
regimens and graft versus host disease (GVHD), not all patients are eligible
for bone marrow transplant. There is 10-20% mortality and morbidity rate of
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Table 12.1. Relative incidence of monogenic human genetic diseases.

Disease Incidence Defective gene Target

Severe Combined
Immunodeficiency

Rare ADA Bone Marrow

Hemophilia B 1:30,000 Factor IX Liver
Hemophilia A 1:10,000 Factor VIII Liver
Duchenne’s Muscular

Dystrophy
1:7,000 Dystrophin Muscle

Inherited Emphysema 1:3,500 α1-antitrypsin Lung/Liver
Cystic Fibrosis 1:2,000 CFTR Lung
Lysosomal Storage

Disease
1:1,500 Enzymes Disorder-dependent

Sickle cell disease and
β-thalassemia

1:600 Globin Bone Marrow

patients who receive transplantation.23 GVHD is a common complication
of allogeneic bone marrow transplantation in which functional immune
cells in the transplanted marrow recognize the recipient as "foreign" and
mount an immunologic attack. In theory, cells that have undergone gene
transfer would not elicit an immune response since they would be from the
same patient. Therefore, effective and safe gene therapy would potentially
increase the number of patients who could be cured of hemoglobinopathies
and decrease their mortality and morbidity during transplant. Once gene
therapy is developed, patients with a family history could have HSCs
collected from one of three sources: (i) umbilical cord cells collected at
birth, (ii) HSCs collected from peripheral blood following mobilization
with Granulocyte Colony-Stimulating Factor (G-CSF), and (iii) reprogram-
ming of human fibroblasts into HSCs.24 The goals for effective gene ther-
apy in hemoglobinopathies are similar to goals for all gene therapies in
that it must be safe and effective. Additionally, the globin gene must be
expressed in high amounts at a specific time in the erythroid lineage. In the
case of β-thalassemia, the goal would be to achieve a normal hemoglobin
level of 13–14 g/dl. In the case of SCD, it would be to achieve an anti-
sickling hemoglobin level of at least 20% without unbalancing the α/β
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globin ratio in red blood cells.25,26 There has been much work in the
past 30 years, and it appears that these goals are on the verge of being
achieved.

4.1 Oncoretroviral Vector-Mediated Globin Gene Transfer

Mouse leukemia virus (MLV)-derived vectors, also referred to as oncoretro-
viral vectors, were the initial vectors that were used for β-globin gene trans-
fer in the 1980’s. These initial vectors included the β-globin gene, β-globin
gene promoter, and β-globin gene enhancer. These first vectors were able to
express β-globin tissue-specifically; however, they were unable to achieve
therapeutic levels of β-globin expression in the HSC progeny.27−29 During
this same period, the locus control region (LCR) was discovered.30 LCR is
a 20 kb enhancer, which is located 60 kb upstream of the β-globin gene. The
β-globin LCR consists of 5 DNAse-hypersensitive sites (HS) upstream of
the εglobin gene. There is a sixth HS site located downstream of the β-globin
cluster at the 3′ end. The LCR serves four known functions: it activates the
entire β-globin domain, functions as a transcriptional enhancer, insulates
globin genes from the effect of surrounding inactive chromatin, and confers
copy number-dependant expression of linked genes.31 Initially, subfrag-
ments of the LCR (∼1.0 kb) were incorporated into oncoretroviral vectors
(Fig. 12.1A); which resulted in low expression, and vectors that were
prone to sequence rearrangements.32−34 When HS2, HS3 and HS4 sites
were incorporated into oncoretroviral vectors, increased expression levels
were seen in murine erythroleukemia cells.35,36 However, it failed to abol-
ish positional variability of expression, which limited the number of genes

Fig. 12.1 Schematic representation of single-stranded recombinant AAV2-globin vectors: ssAAV2-
HS2-βp-Aγ-globin (A) and ssAAV2-HS432-βp-β87+-globin (B).
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that could be expressed per construct.36 Incorporation of larger LCR regions
showed increased vector instability and genomic rearrangements. Some suc-
cess was also seen using other erythroid-specific promoters: α locus HS-40,
ankyrin, and hereditary persistence of fetal hemoglobin (HPFH) γ-globin.
The ankyrin promoter driving a γ-globin gene was able to produce γ-globin
gene to an average expression of 8% compared with α-globin gene.37−39

The promoter of a patient with HPFH was also successfully used to reverse
the transcriptional silencing of the γ-globin gene.40,41 Although a recent
report documents the successful use of retroviral vectors for gene therapy
of severe combined immuno-deficiency (SCID) in patients with adenosine
deaminase (ADA) deficiency,42 their use in gene therapy trials for X-linked
SCID has led to the development of leukemia in several children, and is thus
unlikely that retroviral vectors will be utilized in potential gene therapy of
hemoglobinopathies for the foreseeable future.

4.2 Lentiviral Vector-Mediated Globin Gene Transfer

To overcome the limitations of oncoretroviral-mediated globin gene trans-
fer, ‘self-inactivating’ (SIN) lentiviruses have emerged as an alternative
to oncoretroviruses. Lentiviruses can infect non-dividing cells and have
improved RNA stability. A deletion of the promoters in the U3 region of
both the 3′ and 5′ long terminal repeat (LTR), results in transcriptional inac-
tivation of the LTR in integrated provirus. May et al., were the first to show
stable transduction of a lentiviral vector, TNS9, shown schematically in
Fig. 12.1B, carrying the β-globin gene could achieve therapeutic correction
of β-thalassemiaintermedia.43 The TNS9 vector also contained a large LCR
fragment (3.2 kb), deletion of a cryptic polyadenylation site within intron 2,
β-globin 3′ proximal enhancer, and an extended promoter sequence at the
flank. This study was highly significant because it was able to show improve-
ment in hemoglobin levels to 11–13 g/dL, decreased reticulocyte count,
improvement in extramedullary hematopoiesis, and markedly reduced hep-
atic iron accumulation. The studies that followed showed therapeutic cor-
rection of several β-thalassemia phenotypes, using SIN lentiviral vectors,
which contain LCR made of HS2-3-4, expressing γ- or β/γ-globin, in var-
ious mouse models;44−49 Rivella et al., were able to achieve hemoglobin
levels averaging 6.5 ± 2.9 g/dL. However, Pearson et al., demonstrated a
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high variability, 7–90%, among their experimental mice in Hb F-containing
RBCs. Imren et al., showed pancellular correction of the thalassemic pheno-
type in a β-thalassemiamajor mouse model. Lisoski et al., demonstrated that
addition of the HS1 site could increase human β-globin expression in mice
by 50%.50 They were able to achieve hemoglobin levels of 9.5 g/dL. Puthen-
veetil et al., and Malik et al., using a NOD/SCID transplant mouse model,
were able to correct CD34+ cells from patients with β-thalassemiamajor

to normal Hb A levels.48,51 In sickle cell mouse models, therapeutic lev-
els of anti-sickling β-globin expression has also been achieved by lentivi-
ral vectors and phenotypic correction of SCD has been reported in mouse
models.52−55

In contrast to the sustained expression of β-globin using lentiviral vector
constructs, the few experiments done using similar lentiviral vector con-
structs containing the α-globin gene, the α-globin gene was only expressed
at low levels for several months. The above body of work demonstrated
that lentiviral vector appears to be effective; however its clinical safety is
still under investigation. Several studies have reported the propensity of
lentiviral vectors to integrate into active genes.54,56 Genomic sequencing of
vector containing fragments from CD34+ cells transduced with a lentivi-
ral vector expressing anti-sickling β-globin showed that 86% of proviral
integration occurred in genes.54 Although clinical trials with third genera-
tion of lentiviral vectors for β-thalassemia and SCD have been initiated,57

and preliminary results from a phase I clinical trial with a lentiviral vector
for HIV gene therapy has so far shown no adverse effects, the potential
for insertional mutagenesis and long-term safety issues with lentiviral vec-
tors remains to be addressed. Thus, we believe that further development of
alternative vector systems, such as AAV, must continue to be pursued for the
potential gene therapy of hemoglobinopathies, given the proven safety and
efficacy of AAV vectors in several clinical trials in general, and efficacy in
the gene therapy of Leber’s congenital amaurosis (LCA) in particular.58−61

4.3 Adeno-Associated Viral Vector-Mediated
Globin Gene Transfer

Several groups have demonstrated erythroid-restricted expression of globin
genes from AAV vectors in vitro62−64 as well as in vivo65 using first
generation single-stranded (ss) AAV2 vectors depicted schematically in

204



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch12

Gene Therapy of Hemoglobinopathies

Fig. 12.2 Schematic representation of single-stranded recombinant AAV2-globin vectors: ssAAV2-
HS2-βp-Aγ-globin (A) and ssAAV2-HS432-βp-β87+-globin (B).

Fig. 12.2. However, when a ssAAV2 vector containing a human γ-globin
gene under the control of the human β-globin gene promoter and the HS2
enhancer element (Fig. 12.2A) was used, transduction efficiencies of only
∼8%, and transgene expression of ∼4% at an MOI of 1, and 6% at an MOI
of 10 in transplant recipient normal C57BL/6 mice could be achieved.65 The
levels of expression seen in these experiments were secondary to the use
of low-density bone marrow cells (LDBM) and not enriched hematopoietic
stem/progenitor cells. In addition, there was no selective pressure for expres-
sion of the transduced human globin gene since the recipient cells expressed
high levels of the endogenous mouse globin genes. In subsequent studies,
using a ssAAV vector containing the human β-globin gene under the control
of its own promoter with an upstream mini-LCR cassette consisting of HS2,
HS3 and HS4 enhancer elements (Fig. 12.2B), and enriched HSCs from
homozygous β-thalassemic mice, long-term, erythroid lineage-restricted
expression of a human β-globin gene could be achieved.66 Although the
expression level of the transduced human β-globin gene reached up to 35%
of the endogenous murine β-globin gene, expression analyses were based
on RT-PCR assays at the RNA level, that are not indicative of globin protein
production.

In view of the low transduction efficiency of ssAAV2 vectors in murine
HSCs,67 additional ssAAV serotype vectors, AAV1 through AAV5, have
been evaluated, and ssAAV1 serotype vector have been shown to be the
most efficient in transducing primary murine HSCs, both in vitro and
in vivo.68 The efficacy of double-stranded, self-complimentary (sc) AAV
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serotype vectors, scAAV6 through scAAV10, containing the enhanced
green-fluorescence protein (EGFP) reporter gene has also been evaluated.
The use of self-complimentary AAV vectors circumvents the rate-limiting
step of second-strand DNA synthesis of the transcriptionally-inactive
single-stranded viral genomes.69 These studies revealed that the transduc-
tion efficiency of scAAV7 serotype vectors was similar to that attained
by scAAV1 serotype vectors,70 and the use of erythroid lineage-specific
promoters, such as the β-globin promoter and the human parvovirus B19
promoter at map unit 6 (B19p6), led to transgene expression levels rang-
ing between 16–32% in erythroid progenitor cells.71 Interestingly, higher
level, erythroid-lineage restricted transgene expression was detected from
the B19p6 promoter, even in the absence of the HS2 enhancer element,
compared with that from the HS2-β-globin enhancer/promoter. No signifi-
cant expression was detected in any other lineage in both primary and sec-
ondary transplant experiments in all serotypes tested. EGFP expression was
readily detected in the erythroid lineage 9 months after primary transplan-
tation, indicating that a stem cell with long-term repopulation ability had
been transduced, and evidence of stable integration of the proviral genomes
in mouse bone marrow cells 9 months post primary transplant suggested a
random pattern in bone marrow progenitor cells.70,71

Recombinant AAV vectors containing a human anti-sickling β-globin
gene expression cassette have been optimized.72 In a comparative analy-
sis of conventional ssAAV2 vectors (Fig. 12.3A, i) with scAAV2 vectors
(Fig. 12.3A, ii), it became apparent that scAAV2 vectors were more effi-
cient in mediating high-level expression of the anti-sickling β-globin gene
in human K562 cells in vitro, even though they contained only one enhancer
element (HS2). Since the transduction efficiency of scAAV2 vectors was
better than that of ssAAV2 vectors, a vector containing β-globin under
the control of the entire locus control cassette (HS2 + HS3 + HS4) in a
double stranded genome would be better, but given the size-limitation of
scAAV2 vectors (∼3.3 kb),73 a dual-vector approach has been utilized.74

In this strategy, a single gene is split into two separate scAAV vectors,
which then undergo intermolecular recombination following cellular entry
and viral uncoating. Following co-infection of scAAV2-βp-globin vector
(Fig. 12.3B, i) with either scAAV2-HS234 (Fig. 12.3B, ii), or scAAV2-
HS432 (Fig. 12.3B, iii) vectors, transgene expression was observed from
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Fig. 12.3 Schematic structures of the single-stranded (ssAAV2-HS432-βp-β87+-globin (i), and
self-complementary (scAAV2-HS2-βp-β87+-globin (ii) vectors (A); scAAV2-βp-β87+-globin (i),
scAAV2-HS234 (ii), and scAAV2-HS432 (iii) vectors (B); and scAAV-HS2-βp-β87+-globin (i), and
scAAV-B19p6-β87+-globin (ii) vectors (C).

both groups. Although the dual vector approach worked, the extent of the
transgene expression was not significantly enhanced compared with that
from a single scAAV2-HS2-βp-globin vector. Since the human parvovirus
B19 promoter at map unit 6 (B19p6) is a strong viral promoter, expres-
sion from which is restricted to differentiating hematopoietic erythroid
progenitors,75−77 coupled with its small size (∼200 bp), prompted further
studies to determine whether expression of the β-globin gene could be
obtained from the B19p6 promoter alone, and whether expression from
the scAAV-HS2-βp-globin vector (Fig. 12.3C, i) could be superseded by
that from the scAAV-B19p6-β-globin vector (Fig. 12.3C, ii). These stud-
ies revealed that expression from the scAAV-B19p6-globin vector was
∼4-fold higher than expression from the scAAV-HS2-βp-globin vector in
both AAV2 and AAV1 serotypes. These results corroborate the ability of
the B19p6 promoter to mediate high-efficiency β-globin gene expression
in the complete absence of the β-globin gene enhancer elements. Addi-
tional studies have documented that ∼16% of primary murine c-kit+, lin−

cells expressed vector-derived β-globin protein in the absence of erythro-
poietin (EPO)-treatment, and ∼24% of these cells expressed vector-derived
β-globin protein following EPO-differentiation.72

Additional studies involving primary human HSC transduction by the
optimal scAAV serotype vector containing the B19p6 promoter, followed by
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transplantation in NOD/SCID mice are warranted to substantiate whether
expression from the B19p6 promoter is indeed restricted to human ery-
throid progenitor cells in these mice in vivo, and whether therapeutic
levels of the β-globin protein can be expressed in erythroid progenitor
cells. These questions notwithstanding, the recent development of the next
generation of scAAV serotype vectors,78,79 bode well for the utility of
these vectors for safe, high-efficiency, and stable transduction of HSCs
from patients with hemoglobinopathies, and lineage-restricted, long-term
expression of therapeutic levels of β-globin protein in erythroid progeni-
tor cells, which in turn, should lead to the potential gene therapy of human
hemoglobinopathies in general, and β-thalassemia and sickle cell disease in
particular.
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Chapter 13

Gene Therapy for Primary
Immunodeficiencies

Aisha Sauer, Barbara Cassani and Alessandro Aiuti∗,†,‡

Primary immunodeficiencies are a heterogeneous group of inherited dis-
orders that affect distinct components of the innate and adaptive immune
system. Gene therapy with hematopoietic stem cells (HSC) represents
an attractive therapeutic strategy for immunodeficient patients who lack
a compatible allogeneic donor. In the last decade, significant improve-
ments have been made in transferring genes by means of retroviruses and
lentiviruses into HSC. Results from clinical studies with retroviral vectors
showed restoration of immune competence and clinical benefit in patients
affected by adenosine deaminase-deficient SCID, SCID due IL2RG defi-
ciency (SCID-X1), and chronic granulomatous disease. The inclusion of
a reduced-intensity conditioning regimen before HSC reinfusion resulted
in long-term engraftment of multipotent gene corrected HSC. However,
vector-related adverse events have occurred in the form of leukemic pro-
liferation in the SCID-X1 and clonal expansion in CGD trials. This has
underlined the need for accurate monitoring of the associated risks and
for improvements in vector design. Gene therapy has shown substantial
progress in preclinical studies for other immunodeficiency disorders, such
as Wiskott Aldrich Syndrome, and lentiviral vectors are currently being
translated into new clinical approaches.

∗Correspondence: †San Raffaele Telethon Institute for Gene Therapy and ‡University of Rome “Tor
Vergata”, Via Olgettina 58 20132 Milano.
E-mail: a.aiuti@hsr.it
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1. Introduction

Primary immunodeficiencies (PID) represent a paradigm for gene therapy
approaches to inherited disorders. PID are a genetically heterogeneous
group of inherited disorders that affect distinct components of the innate
and adaptive immune system, with impairment of their differentiation
and/or functions.1 Here we will discuss gene therapy approaches for Severe
Combined Immunodeficiencies (SCID), the most severe forms of PID, and
for two other forms of PID, which have been the subject of intensive inves-
tigations, Wiskott-Aldrich Syndrome (WAS) and Chronic Granulomatous
Disease (CGD).

SCID comprise about 15% of PID and have frequency of 1:75,000 to
1:100,000 live births. SCIDs are excellent candidates for gene therapy due
to the severity of the disease and the unmet medical need. Transplant of
hematopoietic stem cells (HSC) from an HLA-identical sibling donors is
available only for a minority of patients. Despite substantial improvements
in protocol and procedures for HSC transplants, some patients continue to
experience long-term complications after transplant,2 and the use of alter-
native donors is still associated with high morbidity and mortality.3 The
current approach is based on ex vivo gene transfer in HSC with integrat-
ing vectors to reconstitute the patients’ immune system. This approach is
facilitated by the selective advantage for the survival and/or proliferation
of lymphoid cells that carry the therapeutic gene, as observed in preclinical
studies and HSC transplantion.4

Gene therapy has several potential advantages over existing treatment
methods suitable for patients who do not have access to an HLA-identical
sibling donor.4 Transplantation of gene corrected HSC is potentially appli-
cable to all PID patients, independent from the availability of a donor, since
it is an autologous procedure and there is no delay for donor search. More-
over, the use of autologous gene corrected stem cells avoids rejection and
graft-versus-host disease due to HLA-mismatches or minor antigen incom-
patibility. Finally, gene therapy does not require the use of immunosup-
pressive prophylaxes or high dose conditioning regimens associated with
organ toxicity (liver, lung, kidney, CNS), prolonged period of myelosup-
pression, and increased risks of infections. On the other hand, the risk of
insertional mutagenesis due to viral vector should be carefully weighted in
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the risk-benefit evaluation in consideration of the type of vector, the nature
of the transgene and the specific disease background.

2. Adenosine Deaminase (ADA)-deficient SCID

ADA-deficiency is a form of SCID characterized by impaired T, B, NK
cell development and function, recurrent infections, and failure to thrive.
In addition, non-immunological abnormalities occur in several organs as
the consequence of the systemic metabolic defect due to the accumula-
tion of purine toxic metabolites.5,6 ADA-SCID children who do not have
access to a compatible donor are often being treated with enzyme replace-
ment therapy (PEG-ADA).6 PEG-ADA results in clinical improvement
with about 70–80% survival, but the immunological reconstitution is often
incomplete.6 In addition, the high costs of lifelong treatment represent a
major drawback for the national health system.

ADA-deficiency was the first genetic disease treated with gene therapy in
the early 90s.7,8 Several clinical studies have investigated the safety and effi-
cacy of ADA gene transfer into autologous hematopoietic cells using retro-
viral vectors. In the initial trials, 19 patients received infusions of transduced
lymphocytes or hematopoietic progenitor cells.4 No toxicity was observed,
and in most patients transduced T cells persisted in the circulation several
years after infusion. However, the low gene transfer efficiency and engraft-
ment levels observed in these patients did not allow to achieve a significant
correction of the immunological and metabolic defects, and all patients were
maintained on enzyme replacement therapy.

A major improvement was obtained after the introduction of a non-
myeloablative dose of busulfan chemotherapy prior cell reinfusion, to make
space in the bone marrow for gene corrected HSC (Fig. 13.1).9 Ten patients
without an HLA-identical sibling donor were treated with transduced autol-
ogous bone marrow CD34+ cells according to the protocol developed at
HSR-TIGET (Milano).10 The majority of patients had displayed an inad-
equate response to PEG-ADA or had failed an haploidentical transplant.
To exploit the selective advantage for ADA+ cells in a toxic environ-
ment, enzyme replacement therapy was not administered after gene therapy
and eight patients remained off PEG-ADA. Busulfan induced a transient
myelosuppression without organ toxicity, which allowed stable and efficient
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Fig. 13.1 Schematic representation of gene therapy for ADA-deficiency. Source: Ref. 11, with
permission.

Fig. 13.2 Long-term engraftment of gene corrected T cells and granulocytes in ADA-SCID patients
after gene therapy. Source: Ref. 10, with permission.

engraftment of transduced HSC (Fig. 13.2).9 The dose of infused CD34+

cells and the efficiency of gene transfer were shown to be critical factors in
allowing a higher fraction of gene corrected HSC to engraft in patients.

The large majority of lymphocytes were ADA-transduced, confirm-
ing that PEG-ADA withdrawal favors the selective survival of gene cor-
rected cells (Fig. 13.2). Clonal analysis of long-term repopulating cells
demonstrated the presence of vector integrations shared among multiple
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Fig. 13.3 T cell reconstitution after gene therapy for ADA-SCID. The graph indicates median CD3+,
CD4+, and CD8+ T cell counts after gene therapy. Median values and 5th percentiles of healthy controls
in age class 2–5 years (upper boundary of shaded area) and age class 5–10 years (lower boundaries of
shaded area) are shown for CD4+ T cells. Source: Ref. 10, with permission.

hematopoietic lineages, thus proving the engraftment of multipotent
HSC.12 Vector-derived ADA was expressed in lymphocytes and red blood
cells, leading to an efficient systemic detoxification up to 8 years after
treatment.

Nine patients displayed recovery of polyclonal thymopoiesis, significant
increase in T cell counts (Fig. 13.3) and normalization of their functions,
including susceptibility to apoptosis and proliferative responses to mitogens
and antigens.13 Evidence of antigen-specific antibodies to vaccination anti-
gens and pathogens was obtained in five children who discontinued IVIg
treatment. The progressive restoration of immune and metabolic functions
led to significant improvement of patients’development and protection from
severe infections, without adverse events related to gene therapy.

In the clinical trials conducted recently in the US, the inclusion of
busulfan conditioning and withdrawal of PEG-ADA also lead to improved
immunological and metabolic outcome with respect to earlier protocols.
However, one patient experienced a prolonged cytopenia following busulfan
conditioning, as the consequence of a pre-existing cytogenetic abnormality,
pointing out a potential limitation for patients subject to autologous gene
transfer.14 Efficient metabolic and immunological correction was reported
in an ADA-SCID patient who received gene therapy combined with a single
dose of melphalan as conditioning regimen.15 The use of melphalan resulted
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in a lower proportion of transduced granulocytes and B cells, suggesting
that type of chemotherapy may influence HSC engraftment.

Results of the above clinical trials indicate that gene therapy with non-
myeloablative conditioning is associated with clinical benefit and is now an
option to be considered for allADA-SCID patients lacking an HLA-identical
sibling donor. None of the patients enrolled in the different clinical trials
worldwide showed clonal proliferation or adverse events related to gene
transfer, indicating that, as opposed to SCID-X1 (see below), gene therapy
for ADA-SCID has a favorable risk-benefit profile.16,17 The development of
self-inactivating vectors, such as lentiviral vectors might further improve
the safety of this approach.18,19

3. X-linked Severe Combined Immunodeficiency
(SCID-X1)

X-linked SCID (SCID-X1) is the most common form of severe combined
immunodeficiency, accounting for around 60% of all cases. SCID-X1 is
caused by mutations in the common cytokine receptor gamma chain (γc)
gene, which forms part of the receptors for IL-4, IL-7, IL-9, IL-15 and IL-21.
In the absence of γc-mediated signaling, the differentiation and activation
of immune cells is compromised, resulting in lack of T and NK cells as well
as functionally impaired B cells.1

The successful correction of γc-deficient mice by gene therapy lead A.
Fischer and colleagues at Hôpital Necker (Paris) to assess the potential
of gene therapy for the treatment of this disease. The protocol was based
on ex vivo retrovirally-mediated γc gene transfer into autologous CD34+

bone marrow cells.20 Progenitor cells were then re-infused into patients,
who lacked a matched sibling or unrelated donors, in the absence of any
preparative conditioning. A similar study was initiated by A. Thrasher and
colleagues at Great Hormond Street Hospital (London).21 This protocol
varied from the French study essentially for the use of GALV-pseudotyped
instead of a conventional amphotropic MLV-based vector. Overall, 18 out of
the 20 SCID-X1 patients enrolled in both clinical trials benefited from gene
therapy. Within 3 months after gene therapy, T cell counts reached normal
level in nearly all the patients. Around 10 years of follow-up available for
the first treated patients has provided evidence for still active thymopoiesis,
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with broadly diversified TCR repertoire.16 The evidence that virtually all
T and NK cells but fewer B cells and myeloid cells carried the transgene
(1–2 trangene copies per cell) clearly demonstrates that γc expression con-
fers on T and NK progenitors a strong selective growth advantage. Neverthe-
less, several patients discontinued immunoglobulin infusions and showed
antigen specific responses following vaccination.

When gene therapy was attempted in older SCID-X1 patients, this
resulted in partial efficacy or inability to recover T cell immunity due
to failure of re-activating thymopoiesis.22,23 The decline of thymic output
could be likely related to the clinical history of chronic infection, GVHD
or to the age of the patients at the time of intervention. This most prob-
ably reflects a crucial time-dependency of the capacity to reinitiate thy-
mopoiesis, since the prolonged absence of thymocyte and thymic epithelial
cell interaction can cause irreversible thymic hypoplasia and disaggrega-
tion. Thus, gene therapy should be considered as early as possible after
diagnosis.

From a safety point of view, the trials for SCID-X1 represented a major
setback for the safety of gene therapy. Four patients in the French trial and
1 in the English trial developed leukemia 3–6 years after treatment. This
leukemia-like disease was a result of vector-mediated up-regulation of host
cellular oncogenes by the MLV LTR.16,17,24 Gamma-retroviral vectors natu-
rally insert into active genes and detailed molecular analysis demonstrates a
preference to insert into and around the transcriptional start site. By inserting
into such regions, the strong enhancer elements found in the viral LTR can
transactivate nearby and neighboring promoters leading to aberrant gene
expression. In the SCID-X1 clinical trials the development of leukemia or
genomic instability are directly related to such mechanisms.16,17,24 In these
cases initial aberrant expression of an oncogene (e.g. mainly LMO2) led
to proliferation of specific clones, whereas additional genetic events even-
tually resulted in leukemic transformation. Chemotherapy led to sustained
remission in 4 of the 5 cases of T cell leukemia, but one patient died likely
due to refractory leukemia.16,17

Several possible explanations may account for the differences between
the ADA-SCID and the SCID-X1 GT trials. First, ADA is a constitutively
expressed enzyme of purine metabolism while IL2RG is a signal trans-
ducing receptor chain which is upregulated upon T cell activation and
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induces cell proliferation. Transgenic IL2RG may be expressed at inap-
propriate levels in different stages of differentiation. It should be noted
that the kinetics of T cell reconstitution was substantially different, being
the one of ADA-SCID more slow and progressive than the one observed
for the SCID-X1 trials. Furthermore, the SCID-X1 background may favor
the accumulation of mutations in progenitor cells blocked in their devel-
opment or in gene corrected thymocytes following their rapid expansion
occurring after restoration of IL2RG expression. Finally, combinatorial
mechanisms leading to leukemogenesis may result from the interaction of
IL2RG with cellular proto-oncogenes activated by vector insertions, such
as LMO2.

The occurrence of these severe adverse events lead to the develop-
ment of a new area of research focused on virus-mediated oncogenesis and
significantly contributed to the current safety standards for gene therapy
vectors. Most efforts to improve safety and efficiency for SCID GT have
focused on the development of new self-inactivated (SIN) gammaretrovi-
ral and lentiviral vectors, which carry a reduced intrinsic risk. Potential
candidates to future clinical trials include SIN-gammaretroviral vectors
driven by the human EF1-alpha promoter,25 and SIN-Lentiviral Vectors
(SIN-LV) based on HIV-1 incorporating the ubiquitously acting chromatin
opening element (UCOE).26 These vectors induced stable γc gene expres-
sion and fully restored lymphoid differentiation and functions. In summary,
SCID-X1 clinical trials were of major importance to verify the potential of
gene therapy as a real alternative for PID therapy and to define the require-
ment of more efficient and safer vectors.

4. Gene Therapy for Other SCIDs

Here we will discuss the most recent advances in the application of somatic
cell gene therapy to the correction of various molecular defects responsible
for other types of SCIDs.

4.1 V(D)J Recombination Defects

To obtain the necessary level of diversity, B and T cell receptors are created
by recombining preexisting gene segments, a process calledV(D)J recombi-
nation. In the first steps of the process, the two lymphocyte-specific proteins
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RAG1 and RAG2, collaborate to join the various variable (V), diversity (D),
and joining (J) segments.Additionally, a large number of proteins participate
in DNA repair during the late phases of V(D)J recombination, such as
Ku70, Ku80, DNA Ligase IV,Artemis, XRCC4, TdT or the newly identified
Cernunnos/XLF.27 V(D)J recombination defects comprise 30% of human
T−B−NK+ SCIDs. They are caused by mutations in the RAG1 or RAG2
genes resulting in an early block of V(D)J recombination or mutations in
the Artemis gene leading to a general defect of nonhomologous end-joining
repair.28 The latter defect, referred to as radiosensitive-SCID (RS-SCID),
is characterized, in addition to the absence of mature T and B lympho-
cytes, by an increased cellular sensitivity to ionizing radiation. Moreover,
hypomorphic mutations in the RAG1/2 or Artemis genes may generate a
different phenotype, named Omenn syndrome (OS), which is characterized
by residual T and B cell differentiation and function.29 Due to overwhelming
infections and organ damage, if untreated, patients have a dismal progno-
sis. Current treatment requires both immune suppression and allogeneic
HSC transplantation. However this is only partially successful, particu-
larly for RS-SCID, in which the radiosensitive characteristic of the disease
may preclude the use of standard conditioning regimens.2 Consequently,
gene therapy is considered a promising alternative strategy for these
diseases.

Gene transfer approaches to correct V(D)J recombination defects have
been initially explored in RAG1 or RAG2-deficient murine models. MLV-
based gammaretroviral vectors have been shown to reconstitute RAG2-
deficient mice effectively in the absence of detectable toxicity.30 Similar
efforts to correct RAG1 deficiency were successful but required high vector
copy numbers to be efficient.31

More recently, studies have employed SIN-LVs in order to avoid poten-
tial side effects associated with the use of LTR-driven RVs. A single copy
of an Artemis-expressing LV enabled long-term correction of both T- and
B-cell deficiencies in recipient mice.32 As a further step towards clini-
cal application, it has been demonstrated that LV-corrected BM CD34+

cells isolated from Artemis-deficient patients are able to promote func-
tional B-cell development in SCID mice. Using the same transduction pro-
cedure but a slightly different vector, correction of the B-cell defect in
RAG1-deficient patients was much less efficient, suggesting that further
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improvements in transgene expression via modified vector design must be
considered for this pathology.33

4.2 Purine Nucleoside Phosphorylase (PNP) Deficiency

Like ADA, Purine nucleoside phosphorylase (PNP) is an important enzyme
for the degradation of purine nucleosides into uric acid or their salvage into
nucleic acids.5 PNP-deficient patients suffer from severe T cell immune
dysfunction, increased susceptibility to infections, failure to thrive and death
in the first years of life, which may be delayed with supportive treatments.5

B cells are less sensitive than T cells to the metabolic abnormalities because
of the different metabolic pathway utilized.5 HSC transplants from closely
matched donors have corrected the immune abnormalities in some PNP
deficient patients. However, HLA-matched donors are not readily available,
and transplants using other donors are frequently complicated by procedure-
related morbidity, development of graft-versus-host disease or graft loss.34

Hopes for successful gene therapy for PNP deficiency have been sup-
ported by the success of gene therapy for ADA-SCID. Promising results
have recently been achieved using a SIN HIV-1-based LV vector encod-
ing for human PNP under the control of the human EF1-alpha promoter,
which provided stable transgene expression in both human and murine cells.
Importantly, after HSC gene therapy in the murine model, PNP activity
increased over time suggesting a selective advantage for gene corrected
cells. Although this study provided proof-of-principle that LVs could be
used for PNP gene therapy, the observed effect was only transient, so that
better BM engraftment and improved gene expression will be required to
fulfill the potential of gene therapy for PNP deficiency in the future.35

4.3 Janus Kinase 3 (Jak3) Deficiency

Jak3 belongs to a family of signal transducing tyrosine kinases primarily
expressed in hematopoietic cells, it associates with γc and is required for
signal transduction by γc-containing receptors.36 Therefore, the phenotype
arising from rare mutations in the Jak3 gene is nearly identical to that of
SCID-X1,37 which is characterized by absence of circulating T and nat-
ural killer (NK) cells with normal numbers of poorly functioning B cells
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(T-B+NK-). Different in vitro and in vivo preclinical studies have demon-
strated that retroviral Jak3 gene transfer can correct developmental and
functional defects in hematopoietic cells.38 Jak3 gene correction of bone
marrow CD34+ cells was attempted in a single Jak3-SCID patient, who
failed HSC transplantation, without achieving immune reconstitution.39 In
Jak3 deficient mice, direct intrafemoral injection of retroviral vectors has
been postulated as an alternative to avoid deleterious effects of ex-vivo
manipulation.40 Although not all treated mice were fully reconstituted, this
study demonstrated the feasibility of direct vector injection.

4.4 IL-7R Deficiency

The finding that mutations of γc and Jak3 led to SCID suggested that
other disruptions in this pathway might result in similar disease pheno-
types. Cytokines that utilize γc were logical candidates, such as mutations
of IL-7 or the IL-7 receptor α chain (IL-7Rα). Mutations in IL-7Rα were
subsequently identified in patients with autosomal recessive SCID, under-
lying about 10% of SCIDs.1 IL-7Rα deficiency in humans lead to SCID
manifested by isolated absence of T cells (T-B+NK+), underlining the
importance of IL-7Rα-dependent signaling for T cell, but not B or NK cell,
development.1 IL-7 plays a critical role in the development and differentia-
tion of thymocytes, and survival of both naïve and mature T cells.41 Unlike
its human counter-part, mouse IL-7 is also required for the development of
B lymphocytes.41 In IL-7Rα deficient mice gene transfer using a retroviral
vector encoding for the murine IL-Rα gene allowed the reconstitution of
T cell lineage in the thymus and periphery, while B cell recovery remained
partial.42 Remarkably, upon IL-7 stimulation, the ectopic expression of IL-
7Rα on multipotent hematopoietic progenitors has been shown to induce
a striking in vitro expansion of myeloid cells.42 This evidence would sug-
gest the requirement for more lineage-specific or autologous promoters for
future clinical applications.

4.5 Zeta Associated 70 kDa Phosphoprotein
(ZAP-70) Deficiency

Zap-70 deficiency is a rare autosomal recessive form of SCID, characterized
by a selective inability to produce CD8+ T cells and a signal transduction
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defect in peripheral CD4+ cells. Peripheral T cells from affected patients
demonstrate defective T cell signaling and abnormal thymic ontogeny
caused by inherited mutations in the TCR-associated protein tyrosine
kinase (PTK) ZAP-70. SCID due to ZAP-70 deficiency contributed the first
evidence, that PTKs, particularly ZAP-70, are required for normal human
T cell development and function.1

The feasibility of a HSC-based gene therapy strategy has been assessed
only in preclinical mouse models, in which the engraftment of retrovirally
transduced bone marrow progenitor cells allowed the correction of T cell-
defect without affecting the differentiation and function of B cells.43 More
recently alternative gene delivery approaches were tested in order to lower
the risk of insertional mutagenesis in HSCs and other hematopoietic pre-
cursors that physiologically do not express and thus require ZAP-70. New
delivery approaches were based on direct intrathymic injection of a T cell-
specific LV or thymic electro-gene transfer of plasmid DNA both encoding
for ZAP-70 into deficient mice.44,45 Preliminary results indicated long-term
reconstitution of T cell differentiation and function with a diversified T cell
receptor repertoire.

5. Wiskott-Aldrich-Syndrome (WAS)

WAS is a severe X-linked immunodeficiency caused by mutations in the
gene encoding for WASP, a key regulator of signaling and cytoskele-
tal reorganization in hematopoietic cells. Mutations in WASP result in a
wide spectrum of clinical manifestations ranging from the relatively mild
X-linked thrombocytopenia (XLT) to the classic full-blown WAS phenotype
characterized by thrombocytopenia, immunodeficiency, eczema, and high
susceptibility to developing tumors and autoimmune manifestations. The
life expectancy of patients affected by severe WAS is reduced, unless they
are successfully cured by HSC transplantation. Since many patients lack a
compatible bone marrow donor, the administration of WAS gene corrected
autologous HSCs was considered an alternative therapeutic approach.46

Increasing evidence suggests that WASP-expressing cells have a prolif-
erative or survival advantage over their WASP-deficient counterparts. A
selective accumulation of revertant T cells has been observed in several
WAS patients who underwent spontaneous somatic reversion in a lymphoid
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progenitor. Ideally, this selective advantage will facilitate the efficacy of
gene therapy.46

Preclinical studies for WAS gene therapy were initially based on gam-
maretroviruses and then moved to LV vector approaches in order to increase
efficacy and safety. Protocols for the application of gene therapy for WAS
are currently under development at several centers in Europe. The first gene
therapy study has been initiated in 2007 in Germany to assess the fea-
sibility, toxicity, and potential benefit of HSC gene therapy with MLV-
derived retroviral vector encoding WASp under the control of a viral
promoter.47 Preliminary results from the German trial seem to be encour-
aging, but the safety profile of the retroviral vector still has to be carefully
evaluated.

The LV-based approach included native regulatory sequences to target
the expression of the therapeutic WAS transgene physiologically to the
hematopoietic system. This vector was shown to be effective for correction
of multiple cellular defects in vitro and in vivo.48,49 In theWAS mouse model,
engraftment of gene corrected bone marrow HSC yielded long-term WASP
expression and the correction of immune, inflammatory and cytoskeletal
defects,49,50 without adverse events linked to gene transfer. This vector is in
development for clinical studies that are planned in several European coun-
tries. Due to its design, the WAS-LV vector may have significant advantages
for clinical application in humans in terms of natural gene regulation, and
reduction in the potential for adverse mutagenic events.51

6. Chronic Granulomatous Disease

The encouraging results of the gene therapy trials for SCID demonstrated
the curative potential of gene transfer and represented a strong rationale for
the development of gene therapy protocols for other immunodeficiencies,
such as CGD. This PID is an inherited disorder of innate immunity in which
phagocytic leukocytes are unable to generate microbicidal oxidants. Conse-
quently, affected patients are susceptible to recurrent opportunistic bacterial
and fungal infections, leading to the formation of chronic granulomas. CGD
is caused by mutation or deletions in any of four genes encoding for essential
subunits of the phagocytic nicotinamide dinucleotide phosphate (NADPH)
oxidase complex (gp91phox, p22phox, p47phox and p67phox). NADPH
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oxidase, which is localized in the phagosomal and plasma membrane of
phagocytes, generates superoxide and related toxic oxygen metabolites to
kill invading bacteria and fungi by respiratory burst.

Approximately 70% of CGD patients carry defects in the X-linked gene
encoding for gp91phox (X-CGD).52 Although lifelong prophylaxis reduced
the incidence of infection in CGD patients, the overall annual mortality
is still high (2–5%) and the success rate of HSC transplant is limited by
graft-versus-host disease (GVHD) and inflammatory flare-ups at infectious
sites.52 Therefore CGD has been proposed as an ideal candidate for gene
therapy, also considering that low levels of gene correction may be sufficient
for curative effects, since healthy female CGD carriers can have <10% of
the normal levels of neutrophils.53

Although significant long-term correction has been obtained in murine
models by retroviral-mediated gene transfer into HSC in combination with
nonmyeloablative conditioning or bone marrow ablation,54,55 similar results
have not been achieved in unconditioned human CGD patients.56 In the US
clinical trial, a total of ten patients were enrolled, five with a p47phox
deficiency and five with gp91phox-deficient CGD. The autologous CD34+

cells mobilized from peripheral blood were transduced with a pseudotyped
MLV retrovirus encoding for p47phox or gp91phox, respectively. Eight
patients demonstrated very low levels of reconstituted neutrophils for up to
14 months after treatment.56

A clinical trial for X-CGD using a RV has recently been reported by
M. Grez and colleagues. Two X-CGD patients were treated with ex vivo
RV gene transfer of gp91phox into mobilized peripheral blood. Importantly
non-myeloablative conditioning was administered before the infusion of
genetically modified HSCs. After a period of myelosuppression, cell counts
recovered gradually and patients recovered from severe infections.57 How-
ever, an unexpected clonal expansion of transduced myeloid cells, occurred
at approximately 5 months post-treatment. Vector transduced myelopoiesis
expanded 3 to 5 fold in both patients due to activating integrations in the zinc
finger transcription factor homologs MDS1/EVI1, PRDM16 or SETBP1.
Both patients subsequently developed myelodysplasia with Monosomy 7.
One patient died 2.5 years after gene therapy as a result of a severe bac-
terial infection.57 Though the number of transduced cells remained high at
the time of death, gp91phox expression was almost completely diminished
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due to the predominance of a new myeloid clone with very little oxidase
function. Subsequent studies of the proviral SFFV LTR demonstrated the
methylation of CpG dinucleotides within the promoter but not within the
SFFV enhancer sequence. Despite these adverse events, it is clear that ther-
apeutic benefit, although transient, can be achieved by gene therapy for
CGD.4

Several factors could account for the clinical outcome observed in the
CGD trial. The use of a vector with SFFV LTR sequences, which contains
potent enhancer elements for gene expression, favored the activation of
specific genes and led to the observed clonal expansion. The case for CGD
is different from SCID due to the absence of a selective advantage for gene
corrected cells, which facilitates the progressive loss of transgene expression
due to promoter methylation.

Future clinical trials will require superior vector design to improve safety
of gene transfer into HSC while ensuring adequate transgene expression in
myeloid lineages. SIN lentiviral vectors encoding gp91phox under constitu-
tive promoters have been generated, achieving significant restoration of the
oxidase enzyme activity and neutrophil counts in a human/mouse xenograft
model.58

7. Conclusions and Outlook

Allogeneic HSC transplantation has proved to be a successful treatment
for PID but it is limited by complications in mismatched donor settings. In
the last decade, gene therapy has been developed as a successful alternative
strategy. Results from clinical trials employing gene corrected HSC showed
immunological improvement and clinical benefit in patients affected by
ADA-deficient SCID, SCID-X1, and CGD. The introduction of a low inten-
sity conditioning regimen has been identified as a crucial factor in achieving
adequate engraftment of HSC and therapeutic levels of transgenes. How-
ever, the occurrence of serious complications in SCID-X1 and CGD trials
have highlighted the risks of insertional mutagenesis with the retroviral vec-
tor technology. These findings have stimulated a large number of studies
into mechanisms and ways to prevent this activity by the development of
novel vector technology. Several clinical trials are being developed to treat
various forms of PID including SCID and WAS.
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Chapter 14

Gene Therapy for Hemophilia

David Markusic, Babak Moghimi and Roland Herzog∗

HemophiliaA and B are X-linked bleeding disorders resulting from a defi-
ciency in coagulation factor VIII (F.VIII) or factor IX (F.IX), respectively.
Patients experience spontaneous bleeding episodes into soft tissues and
joints, which is managed by intravenous administration of recombinant
coagulation factor protein. Hemophilia is well suited for correction by
gene transfer, providing prophylactic treatment. As little as 1-2% of nor-
mal circulating levels of coagulation factor can provide partial correction
of disease, no regulation of gene expression is required, and therapeu-
tic efficacy is easily evaluated. Although F.VIII and F.IX are naturally
synthesized in the liver, many cell types are capable of synthesizing bio-
logically active factor. Numerous animal models have demonstrated long-
term expression and disease correction using different target tissues and
vectors. Viral gene transfer in hemophilia B dogs resulted in therapeutic
expression for at least 8 years, while transient therapeutic expression has
been demonstrated in clinical trials. Future investigations will attempt to
achieve long-term expression in humans using modified protocols.

1. Introduction

Hemophilia A and B are X-linked bleeding disorders, which result from
a deficiency of F.VIII or F.IX, respectively, in the coagulation cascade
(Fig. 14.1). Severe disease is defined as <1% factor activity, whereas
1 to 5% and >5% of normal are defined as moderate and mild disease,
respectively.1 The incidence of hemophilia A is 1 in 5,000 live male births

∗Correspondence: Department of Pediatrics, Div. Cellular and Molecular Therapy, University of Florida,
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Fig. 14.1 Coagulation cascade.

with two-thirds of affected patients having the severe form of the disease.
In contrast, almost one-half of individuals with hemophilia B (1 in 25,000–
30,000 births) have F.IX levels above 1 percent (moderate or mild disease).
The most common sites of bleeding are into joints, muscles, and the gas-
trointestinal tract. Hemarthrosis–bleeding into the joints — is the primary
cause of morbidity in hemophilic patients resulting in chronic pain and phys-
ical debilitation.2 Intracranial hemorrhage is a leading cause of mortality in
hemophilic patients.

Standard treatment is periodical administration of recombinant coagu-
lation factors to maintain therapeutic levels in moderate and severe patient’s
plasma. Patients have a risk of forming inhibitory antibodies (inhibitors),
which occur in approximately 25 percent of patients with hemophilia A
and 3 to 5 percent of those with hemophilia B. These inhibitors com-
plicate bleeding episodes because of diminished responsiveness to factor
concentrates.3,4 The predilection for patients with severe disease is con-
sistent with observations that inhibitors primarily occur in patients with
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large deletions and stop mutations, compared to small deletions or mis-
sense mutations.5 Hemophilia patients with high levels of inhibitor require
treatment with agents such as prothrombin complex concentrates or recom-
binant factor VIIa, which bypass the intrinsic pathway (Fig. 14.1). Long-
term management of hemophilic patients with inhibitors requires immune
tolerance induction (ITI) via the administration of repetitive high doses of
F.VIII or F.IX with or without immunosuppressive therapy, which are highly
expensive protocols.

2. Limitations of Hemophilia Treatment With
Coagulation Factor Concentrates or Recombinant
Coagulation Factors

Treatment regimens for hemophilic patients consist of either prophylaxis or
treatment on demand, where the former is recommended to be the standard
of care by the National Hemophilia Foundation, the World Federation of
Hemophilia, and theWorld Health Organization.6 Due to the high costs asso-
ciated with prophylactic treatment, however, many patients are treated on
demand, which can result in progressive joint damage over time. In the past,
there was a significant risk for the transmission of blood borne pathogens
(HBV, HCV, and HIV) in contaminated plasma derived factor concentrates.
Careful screening and preparation of plasma derived factor concentrates
and the introduction of recombinant protein coagulation factors have virtu-
ally eliminated the risk of blood borne pathogen transmission. Both F.VIII
and F.IX have a short biologically active half-life, which requires frequent
infusions to maintain therapeutic levels.

Hemophilia is a monogenic recessive disorder, caused by the loss of
function of a single gene and is well suited for correction by transfer of a
functional copy of the genes encoding F.VIII or F.IX. Both F.VIII and F.IX
are secreted into the plasma and circulate in an inactive form (zymogen),
and therefore do not require strict regulation for expression. Based on clin-
ical data from patients treated with plasma derived or recombinant protein,
circulating levels as low as 1% of normal promote a transition from severe
to moderate disease, and levels reaching 5% of normal can lead to complete
elimination of spontaneous bleeding episodes. Although F.VIII and F.IX
are naturally expressed from the liver, other tissues can be used to express
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and secrete functional protein. Clinical outcome from gene transfer is easily
measured using standard clinical assays for circulating coagulation factor
levels in plasma and coagulation assays.

3. Gene Transfer for Correction of Hemophilia

3.1 Ex Vivo Gene Transfer of F.VIII and F.IX

Ex vivo gene transfer utilizes autologous cells from the patient such as
fibroblasts,20,21 hematopoietic stem cells (HSC),22 or myoblasts,23 which
are harvested from the affected individual and infected with a gene transfer
vector expressing either F.VIII or F.IX. This may be followed by in vitro
selection and expansion. Ultimately, the transduced cells are transplanted
back into the patient, engraft, and provide therapeutic expression of the
respective coagulation factor (Fig. 14.2). Ex vivo gene transfer allows for
a significant reduction in the amount of vector required for gene transfer,
since gene transfer is performed directly on the target cell under defined
conditions. Analysis and selection of cells with high levels of F.VIII or F.IX

Fig. 14.2 Ex vivo and in vivo gene transfer schematic.
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expression allows for optimal therapeutic benefit following transplantation.
From an immunological standpoint, gene transfer to off-target cells, such
as professional antigen presenting cells (APC), is prevented, thus greatly
reducing the risk of inducing a humoral and/or cytotoxic T lymphocyte
(CTL) responses against F.VIII or F.IX. Additionally, complications from
activation of an innate immune response to the vector may be reduced,
thereby reducing the risk of inflammation directed against the site of gene
transfer. Lastly, ex vivo gene transfer allows for efficient gene transfer if the
patient has neutralizing antibodies against the viral vector,24 or if the viral
vector is inactivated in human sera.25

The choice of target cells is limited by the ability to culture the cells in
vitro while maintaining viability and functionality. Target cells should ide-
ally be long-lived stem cells (e.g. hematopoietic stem cells) that can provide
expression in differentiated progeny, or differentiated cells such as fibrob-
lasts, which can be efficiently and stably transduced and expanded in vitro.
And lastly, the protocol requires efficient engraftment of gene-modified tar-
get cells following transplantation in order to provide long-term therapeutic
benefit. From a practical standpoint, ex vivo gene transfer can be more labor
intensive, require specialized facilities for the culturing and manipulation
of the patient’s cells, and may subject patients to multiple minor surgical
procedures, which poses a risk for patients with severe hemophilia.

3.2 In Vivo Gene Transfer of F.VIII and F.IX

The liver is a preferred target for gene transfer, because it represents the
natural site of F.VIII and F.IX biosynthesis (Fig. 14.2). However, since
both F.VIII and F.IX are secreted into the circulation, liver specific expres-
sion is not required. The main limitation is that the intended target tis-
sue should be capable of performing the post-translational modifications
required for expression of biologically active F.VIII and F.IX protein.26

Adult hemophilia patients with liver disease (e.g. hepatitis B and C from
prior exposure to contaminated coagulation factor concentrates) require
alternative tissues for gene transfer. Skeletal muscle has been extensively
investigated as an alternative target tissue for adeno-associated viral (AAV)
gene transfer of F.IX, and has been shown to be capable of expressing
biologically active protein (Fig. 14.2). The poor stability of F.VIII and
potential difficulties with reaching the circulation has been prohibitive
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in obtaining therapeutic levels of F.VIII from gene transfer to skeletal
muscle.27

Liver gene transfer is achieved by intravascular (IV) delivery via the
peripheral circulation, or by infusion into the portal vein or hepatic artery.
Ideally, the vector administration procedure should be minimally invasive,
such as IV administration to a peripheral vein or an angiographic proce-
dure for vector infusion into the hepatic artery. Hepatic gene transfer using
an AAV serotype 2 vector has led to long-term therapeutic expression of
F.VIII and F.IX in both murine and canine models of hemophilia. One draw
back for administration of AAV2 vectors into a blood vessel is that humans
are a natural host for AAV2, and there is a high incidence of neutralizing
antibodies, which can block gene transfer.28

Intramuscular (IM) delivery of a gene transfer vector expressing F.IX
has the advantage of being minimally invasive to the patient, and local
administration limits biodistribution to other tissues. Although long-term
F.IX expression has been obtained by IM injection of an AAV-F.IX vector
in murine and canine hemophilia models, this was limited to animal models
with missense mutations.29,30 Additionally, a higher incidence of developing
inhibitors was observed when using a high dose per injection site.31 At
higher doses, this may require too many injections to be practically applied
in a clinical treatment protocol. Because of these practical restrictions on
IM viral administration in humans, vascular delivery techniques have been
developed to substantially enhance gene transfer to skeletal muscle, e.g.
by performing isolated limb perfusion.32 This results in wide spread gene
transfer to skeletal muscle from a single bolus injection of viral vector.
Additionally, alternative AAV serotypes (AAV-1, -6, -7, 8-, and -9)33,34 with
a higher tropism for muscle are currently being evaluated in animal models
and human clinical trials for improved gene transfer efficiency.

4. AAV is a Preferred Gene Therapy Vector for In Vivo
Gene Transfer to Correct of Hemophilia

For in vivo gene transfer, an ideal vector would provide stable long-term
expression in terminally differentiated cells of the liver or skeletal muscle.
Of the commonly used gene transfer vectors, adenoviral, lentiviral vec-
tors, and AAV vectors are capable of efficient and stable gene transfer to
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non-dividing cells. Early versions of adenoviral vectors and later gutted
adenoviral vectors, which do not express any adenoviral proteins, proved to
be too immunogenic for in vivo gene transfer, excluding these vectors for
use in humans. Murine retroviral vectors require cell cycling for efficient
gene transfer and have only shown practical use for ex vivo gene transfer
and administration to neonatal animals, where hepatocytes are still divid-
ing. In addition, these vectors pose a higher risk for insertional mutagenesis.
Lentiviral vectors — retroviral vectors that efficiently transduce nondivid-
ing cells — are currently being evaluated in small and large animal models
with some promising results. Safety concerns regarding insertional muta-
genesis and feasibility of scaling up vector production to therapeutic doses
still have to be addressed.

In contrast, AAV based vectors have led to long-term expression in
murine and canine hemophilia models and are considered to be less
immunogenic with regard to innate immune responses, and these vectors
are comparatively inefficient in transducing antigen presenting cells (APC)
compared to adeno- or lentiviral vectors. Different serotypes of AAV are
available with different tissue tropism. The AAV2 serotype has been the
most extensively studied for safety and efficacy in pre-clinical and clinical
trials. The AAV vector genome predominantly remains in an episomal form
in hepatocytes and muscle fibers, reducing the risk of insertional mutagene-
sis. The main limitation of AAV vectors is a reduced packaging capacity as
compared to adenoviral or retroviral vectors. This has significantly limited
AAV based studies for F.VIII gene transfer due to the large cDNA cod-
ing for the full length or B domain deleted (BDD) F.VIII variant.35 The
coding sequence for BDD deleted F.VIII is ∼4.3 kb compared to 1.4 kb
for F.IX.

5. Immunological Considerations for Efficient F.IX
Gene Transfer

Gene transfer to an immunocompetent recipient can cause a variety of
immune responses including an innate and adaptive immune response to
viral structural proteins and the transgene product. Factors affecting the
immune response to gene transfer in hemophilia include host factors, gene
transfer protocol/route of administration, and vector design and dosing.
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Some examples of host factors effecting gene transfer are immuno-profile/
genetic modifiers, prior exposure to virus, nature of the underlying mutation,
and coexisting inflammation.

The immune system detects viral gene transfer at different stages. For
example, Toll-like receptors (TLRs) specifically activate downstream innate
immune response against both single and double stranded viral DNA and
RNA. The ability of viral vectors to transduce APCs increases the chance
of being presented by MHC class I to cytotoxic T lymphocytes (CTLs),
which can lead to elimination of transduced cells. Finally, the transgene
product can be presented on MHC class II and activate further adaptive
immune responses, including antibody formation. Although many of the
immunogenic components of viral vectors have been removed to reduce
these immune responses, fundamental innate responses to viral infection
still exist and can prime the immune system for adaptive responses. Another
important factor modulating immune responses to the transgene product is
the transfer protocol. Extensive investigations performed in animal models
have indicated that vehicle characteristics such as route of administration,
vector dose, transgene promoter, and preparation contaminants can influ-
ence the type and potency of the immune reaction. Hepatic administration
of an AAV2 F.IX vector results in sustained expression and absence of
inhibitors to F.IX protein in hemophilic mice deficient in circulating F.IX
protein suggesting that expression in the liver may lead to tolerance.12 Stud-
ies in different strains of mice showed that hepatic gene transfer of AAV
vectors induced antigen specific CD4+CD25+ regulatory T cells, which
are both necessary and sufficient for tolerance induction to the transgene
product.36

In addition to potential immune responses to transgene product (F.VIII
or F.IX), two clinical trials with an AAV2 vector demonstrate that immune
responses to the viral vector can affect long-term efficacy of gene ther-
apy. AAV2 mediated gene transfer to skeletal muscle in mouse and dog
hemophilia models demonstrated both safety and efficacy for F.IX expres-
sion, leading to the initiation of a human clinical trial for IM AAV2
F.IX gene transfer.37 In the human trial, circulating levels of F.IX were
below 1 percent due to restrictions on total administered viral dose. All
patients receiving an IM injection experienced an increase of 2-3 logs
in neutralizing antibody titer to viral capsid after vector administration,
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effectively preventing re-administration of virus to boost F.IX expression
levels.38

Based on success in pre-clinical studies, a human trial with hepatic
artery delivery of an AAV2 F.IX vector under the control of a liver specific
promoter was initiated. One subject in the highest dose cohort reached thera-
peutic levels of F.IX (10–12%). However, 4 weeks after vector infusion, F.IX
levels began to fall, gradually returning to baseline (<1%) at 10 weeks.39

ELISPOT analysis of T cell responses in peripheral blood mononuclear cells
(PBMC) isolated from a subsequently treated subject demonstrated IFN-γ
production in response to AAV2 capsid peptides, but not to F.IX peptides.39

The identified AAV2 capsid peptide epitopes were used to synthesize MHC
class I pentamers for the direct detection of capsid-specific CD8+ T cell
populations in peripheral blood. Expansion of AAV capsid-specific CD8+

T cells in vitro and in vivo was demonstrated.40 These experimental results
provided further evidence that a CTL response directed against AAV capsid
(presented on transduced hepatocytes) may have resulted in a decline of F.IX
levels. The time course of the observed spike in liver enzymes correlated
with the time required for expansion and contraction of a capsid-specific
CD8+ T cell population. The inconsistency between animal models and
humans in duration of expression may be explained by the fact that humans
are natural hosts for AAV infection; and co-infection with immunogenic
helper viruses, such as adenovirus, may generate memory T cells, thus
leading to concomitant immune response after renewed exposure by gene
transfer.

Several strategies are currently being evaluated to address immunologi-
cal issues raised from the twoAAV2 clinical trials. Exon-shuffledAAV vari-
ants or variants isolated from non human-primate species may avoid both
neutralizing antibodies against viral capsid and potential CTL responses
against viral capsid. Pre-treatment with transient immune suppression (IS)
has been studied in rodents and primates. Regimens based on mycophe-
nolate mofetil (MMF) and rapamycin resulted in long-term expression of
transgene without antibody formation against F.IX, confirming the safety
of AAV-2 gene transfer in the context of an IS regimen. There is increas-
ing evidence that pre-treatment with rapamycin provides selective expan-
sion of CD4+CD25+Foxp3+ regulatory T cells, and finally blocking of
co-stimulatory signals on T cells could lead tolerance in hemophilia gene
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transfer, pointing toward novel strategies for tolerance to the transgene and
blockage of responses to the vector.41

6. Advancements from Small and Large Animal Models
of Hemophilia

The availability of small murine and large canine animal models of
hemophilia (Table 14.1) have greatly facilitated the development and testing
of gene transfer vectors. These animal models mimic some of the disease
phenotypes observed in human hemophilia patients and therefore are ideal
for the evaluation of optimal gene transfer vectors, routes of administra-
tion, and target tissues for correction of disease phenotype. Additionally,
the murine and canine hemophilia disease models have provided a means to
assess potential immunological responses to the transgene (F.VIII or F.IX)
and viral vector, and develop methodologies to allow for long-term thera-
peutic expression of F.VIII and F.IX.

6.1 Murine Hemophilia Models

Murine models for hemophilia A and B have allowed for the demonstration
efficacy of gene transfer both ex vivo and in vivo from retroviral, adenoviral,
and AAV vectors and naked DNA for the correction of hemophilia. Gene
transfer studies in mice showed that F.IX could be efficiently expressed from
skeletal muscle, providing evidence for the production of biologically active
F.IX protein from a tissue that does not normally synthesize F.IX. Restricting
expression of F.IX to hepatocytes using an AAV vector with a liver specific
promoter results in induction of tolerance to F.IX in murine hemophilia
models.12,42 The generation of murine F.IX knockout mice transgenic for
commonly observed human F.IX mutations has allowed for the investigation
of the relative risk of inhibitor formation with CRIM — and CRIM + F.IX
mutants following gene transfer.11,13

6.2 Canine Hemophilia Models

Canine models of hemophilia have been instrumental in the implementa-
tion of human gene therapy clinical trials. Therapeutic gene transfer that is
effective in inbred mice often fails to be reproducible in humans. Dogs are
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Table 14.1. Animal models of severe hemophilia.

Murine Models Strain background Genotype/Phenotype Ref.

Hemophilia A C57BL/6 +129sv Partial F.VIII deletion,
activity <1%

7

Hemophilia B C57BL/6 +129sv F.IX gene deletion,
Spontaneous bleeds

8–10

Hemophilia B
R333QhFIX

C57BL/6 +129sv Expresses
non-functional, crm+
protein (missense
mutation)

11

Hemophilia B C3H/HeJ F.IX gene deletion,
spontaneous bleeds,
increased risk of
inhibitor formation

12

Hemophilia B
hF.IXa-
transgenic

C57LB/6 Several transgenic lines
expressing different
non-functional forms
of hF.IXa (missense
and nonsense
mutations)

13

Canine Models CRIMb status Phenotype Ref.

Hemophilia A
(Chapel Hill)

Low Gene inversion, <1%
F.VIII activity with
spontaneous bleeds

14, 15

Hemophilia A
(Queens)

Negative Gene inversion, <1%
F.VIII activity with
spontaneous bleeds

16, 17

Hemophilia B
(Alabama)

Negative Complex “null”
mutation with
increased risk of
inhibitor formation

18

Hemophilia B
(Chapel Hill)

Negative Missense mutation,
F.IX deficient with
spontaneous bleeds

19

ahF.IX; human factor IX; bCRIM (Cross-reacting Immunological Material).
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much closer in terms of size to humans and provide a more realistic evalua-
tion for the feasibility of scaling up vector production to provide therapeutic
expression. Therapeutic doses of AAV2 vectors obtained in canines closely
predicted doses that lead to transient therapeutic expression in humans.39

Since dogs have a longer lifespan then mice, long-term studies for efficacy
and safety from gene transfer can be performed. Indeed, a single gene trans-
fer of an AAV2 vector expressing canine F.IX to the liver has resulted in
stable expression and correction of major complications from hemophilia
for at least eight years,43 demonstrating the feasibility of long-term, per-
haps even life-long correction from a single AAV vector administration in
humans.

7. Gene Therapy Trials for Hemophilia Past,
Present, and Future

There have been six clinical gene therapy trials for the treatment of either
hemophilia A or hemophilia B, summarized in Table 14.2. Ex vivo gene
transfer to autologous fibroblasts with plasmid transfection of F.VIII21 or
retroviral vector transduction of F.IX respectively45 followed by transplan-
tation lead to a transient increase in F.VIII and F.IX levels to approxi-
mately 4% of normal levels followed by a decline to pre-treatment levels.
In vivo gene transfer of a retroviral vector44 or a gutless adenoviral vec-
tor expressing F.VIII by peripheral intravenous delivery was not further
pursued. Manno et al. investigated IM46 and hepatic artery39 delivery of
AAV2 vectors expressing F.IX. Long-term expression of F.IX was doc-
umented in muscle biopsy samples from treated patients, but circulating
levels of F.IX were sub-therapeutic. One patient in the high dose cohort of
the hepatic artery trial had a transient therapeutic increase in F.IX expres-
sion as discussed above40 Based on the data accumulated from the liver
AAV2 clinical trial, new trials are designed using AAV-F.IX gene transfer
to liver. A regimen of immune suppression prior to and briefly following
vector injection may prevent activation of a memory CTL response during
the time that capsid protein antigen will be presented to the immune sys-
tem. Self-complementary and alternate serotype vectors may be effective
at lower vector doses and may help circumvent immune responses to vec-
tor antigens. For example, the AAV8 serotype, derived from non-human
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Table 14.2. Hemophilia A and B gene therapy clinical trials.

Trial Endpoint Status Reference

Ex vivo transfection
autologous fibroblasts
with F.VIII plasmid

Transient increase in
F.VIII activity up to
4% normal

Closed Roth et al.21

Intravenous delivery of
F.VIII retroviral
vector

Some persistence of
vector genome in
PBMC. Intermittent
detection of F.VIII
levels >1%.

Closed Powell et al.44

Intravenous delivery of
a F.VIII gutless
adenoviral vector

Transient elevation in
F.VIII activity with
elevation in liver
enzymes

Closed Not published

Ex vivo transduction of
autologous fibroblasts
with F.IX retroviral
vector

Transient increase in
F.IX levels to
approximately 4%
normal

Closed Qiu et al.45

Intramuscular delivery
of a F.IX AAV vector

Persistent F.IX
expression in muscle.
No long-term rise
above 1% normal

Closed Manno et al.46

Hepatic artery delivery
of a F.IX AAV vector

F.IX levels peaked
around 10% in high
dose cohort followed
by return to baseline

Closed Manno et al.39

primates,47 has shown superior gene transfer efficiency in murine liver and
reduced activation of capsid-specific T cells.

8. Conclusions

Pre-clinical studies in animals have allowed for optimized protocols, includ-
ing viral vector selection, route of administration, and dosing for initiating
clinical trials. Of the different viral vectors being evaluated, AAV gene
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transfer has shown the greatest efficacy in both animal and human trials.
Recent developments with a lentiviral vector, incorporating a miRNA target
to suppress F.IX gene expression inAPCs, have resulted in long-term correc-
tion in a murine model of hemophilia following liver gene transfer.48 Human
clinical trials using AAV gene transfer of F.IX for hemophilia B gene ther-
apy have shown much promise, but also encountered hurdles. Refinements
in gene transfer protocols, including the use of alternative viral serotypes,
routes of delivery, and transient immune suppression may be required to
obtain long-term correction of this bleeding disorder in humans. Improved
understanding of vector biology will likely result in the production of supe-
rior vectors that can express F.VIII at therapeutic levels and lead to the
development of human clinical trials for hemophilia A.
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Chapter 15

Gene Therapy for Obesity
and Diabetes

Sergei Zolotukhin∗ and Clive H. Wasserfall

In spite of a complex multitrait etiology of diet-induced obesity, the case is
made for supporting genetic approach in treating this chronic condition.
With the recent progress in characterizing hundreds of obesity-related
genes, and due to the development of comprehensive computational algo-
rithms, a number of primary candidate target genes have been identified.
The results of several in vivo studies supporting the notion of successful
gene therapy for obesity are briefly described.

1. Introduction

Obesity is an important health issue worldwide, particularly in the United
States where the prevalence of obesity has increased substantially over the
last 2 decades. In 2005, among the total U.S. adult population surveyed,
60.5% were overweight, 23.9% were obese, and 3.0% were extremely
obese. Research has shown that obesity increases the risk of developing
a number of conditions including type 2 diabetes (T2D), hypertension,
coronary heart disease, ischemic stroke, colon cancer, post-menopausal
breast cancer, endometrial cancer, gall bladder-disease, osteoarthritis, and
obstructive sleep apnea.

In spite of a heavy burden imposed by the obesity epidemic, and in the
face of a massive effort from various pharmaceutical companies, no reliable
weight-reducing drug is yet available. While many studies have highlighted

∗Correspondence: Division of Cellular and Molecular Therapy, Dept. of Pediatrics, Cancer & Genetics
Research Complex, University of Florida, 1376 Mowry Rd, PO Box 103610.
E-mail: szlt@ufl.edu
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the importance of environmental and behavioral modifications to treat obe-
sity, little has been written about the possibility of genetic approaches.

2. Understanding Obesity: Why We Get Fat

At first glance, the rising rate of obesity seems to be simply a consequence
of modern life’s access to large amounts of palatable, high calorie food with
limited physical activity. On the other hand, the less susceptible part of popu-
lace, exposed to the same environmental factors, remains lean and metabol-
ically healthy therefore implicating genetic makeup as essential component
of body weight (BW) maintenance. So what ‘bears more weight’: nature
or nurture, genes or environment? Numerous studies have described com-
plex environmental, behavioral, and genetic influences leading to a chronic
imbalance favoring energy accumulation and excessive weight gain. But
there is also growing evidence that suggests a significant contribution of
epigenetic factors into the development of insulin resistance and obesity in
childhood through adult life.

2.1 Genetic Factors: Human Obesity Gene Map

Progress in the human genome sequencing project and mapping of obe-
sity genes have raised the possibility of selectively targeting this disease
at the nucleic acid level. As of October 2005, 176 human obesity cases
due to single-gene mutations in 11 different genes have been reported, 50
loci related to Mendelian syndromes relevant to human obesity have been
mapped to a genomic region, and causal genes or strong candidates have
been identified for most of these syndromes.1 There are 244 genes that,
when mutated or expressed as transgenes in the mouse, result in phenotypes
that affect body weight and adiposity. The number of quantitative trait loci
(QTLs) reported from animal models currently reaches 408. The number
of human obesity QTLs derived from genome scans continues to grow, and
there are 253 QTLs for obesity-related phenotypes from 61 genome-wide
scans. A total of 52 genomic regions harbor QTLs supported by two or
more studies. The obesity gene map shows putative loci on all chromo-
somes except Y. Recent progress in characterizing obesity-related genes,
in and of itself, does not explain epidemic trends in recent history, for it
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is the environment, not the human genome that has undergone dramatic
changes.

2.2 Environmental Factors: The Big Two and Other
Causal Contributors

There is a consensus that recent environmental changes are almost cer-
tainly responsible for the obesity epidemic. The most frequently mentioned
factors include (1) food marketing practices technology, and (2) institution-
driven reductions in physical activity — the “Big Two”.2 A multitude of
other environmental factors, coming into play during the last 3 decades,
apparently contributed considerably into this trend. These factors include:
(1) sleep deprivation; (2) endocrine disruptors (lipophilic, environmentally
stable, industrially produced substances that can affect endocrine functions);
(3) reduction in variability in ambient temperature; (4) decreased smok-
ing; (5) pharmaceutical iatrogenesis (weight gain induced by many psy-
chotropic medications, anticonvulsants, antidiabetics, antihypertensives,
steroid hormones contraceptives, antihistamines, protease inhibitors, and
selective antidepressants); (6) changes in distribution of ethnicity and age;
(7) increasing gravida age (age of the first pregnancy); (8) intrauterine
and intergenerational effects; (9) greater body-mass index (BMI) that is
associated with greater reproductive fitness yielding selection for obesity-
predisposing genotypes; (10) assortative, non-random mating for adiposity
trait; (11) composition of gut microbiom. Although the effect of any one of
the above factors may be small, the combined effects appear to be signifi-
cant. Of course, considering any environmental factor, it is important to be
aware that such factors act in concert with individual genetic susceptibilities
described in the sections above.

3. General Strategies in Gene Therapy for Obesity

In the age of biotechnology we have experienced un-paralleled progress in
gene delivery techniques and control of gene expression, but can we suc-
cessfully apply these technologies to treat obesity? The general perception
is that conventional gene therapy is not appropriate for multi-trait disor-
der such as obesity. The argument is that even if one can achieve technical
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excellence in delivering and regulating genetic information in particular cell
types or tissues, there are too many deregulated genes to balance, and that
the subset of these genes are going to be different in each particular case
of obesity anyway. Yet, a counter-argument could be made that precisely
because of the complex cumulative nature of this disorder manifesting in
variable expressivity and variegation of many genes, one needs to modulate
only a limited number of shared pathways, or maybe even a single gene, as
long as this particular gene occupies a key position in a crucial metabolic
pathway. One might picture a recognizable energy scale balancing two cups
with hundreds of genes combining for energy intake in one cup while as
many genes acting together for energy expenditure in the opposite cup. To
shift a balance in the desired direction one needs to either ‘reduce the weight’
in one cup by inhibiting the action of any gene in this pool or, conversely,
induce the expression of any other gene in the opposite pool. In other words,
regardless of the underlying causes, the treatment (gene target) could be a
general one. In fact, a short list of such genes has been recently described by
Tiffin et al.3 The investigators reviewed seven independent computational
disease gene prioritization methods, and then applied them in concert to the
analysis of 9556 positional candidate genes for T2DM and the related trait
obesity.As a result, a list of nine primary candidate genes for T2DM and five
genes for obesity had been generated. Two genes, lipoprotein lipase precur-
sor (LPL) and branched-chain α-keto acid dehydrogenase (BCKDHA), are
common to these two sets.

What are the best gene targets among various genes associated with this
complex disorder? In general, genes regulating anabolic (inducing conser-
vation and uptake of energy) and catabolic (promoting energy expenditure
and decreasing FI) pathways are legitimate targets. For example, to reduce
BW one would aim to downregulate the activity of the former (e.g. by utiliz-
ing siRNAs) and/or upregulate the latter (either by exogenous gene delivery
or by control of endogenous gene). Furthermore, the mechanism of action
of the targeted gene may require central (brain) or peripheral administra-
tion of a vector. The hypothalamus, a satiety center within the brain, is an
attractive target because of its involvement in the integration of peripheral
metabolic signals. In a clinical setting, however, the choice will most likely
involve targeting peripheral organs involved in energy metabolism (gut,
liver, muscle, or fat).
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4. Gene Delivery Vehicles

Excess adipose tissue accumulates over long periods of time, making obesity
a chronic condition that discourages physical activity and energy expendi-
ture further promoting the vicious cycle of weight gain. If gene therapy is to
be successful, the expression of a therapeutic transgene should be persistent
for as long as the condition persists. Hence the treatment should provide a
long-term mode of transgene expression either through the integration into
host cell chromosome, or, preferably, via persistent episomal expression.
Among current gene delivery systems, only viral vectors can fulfill this
requirement.

Viruses are naturally evolved vehicles which efficiently transfer their
genes into host cells. This ability makes them particularly useful for the
delivery of therapeutic genes as engineered vectors. Viral vectors for gene
transfer are the topic of several chapters in this book, so the experimental
examples provided here will highlight only recombinant Adeno-associated
virus (rAAV) vectors for the treatment of obesity and provide a rationale
for the use of rAAV.

5. Gene Targets for Obesity

The following selected list of genes does not represent a comprehensive
catalog of potential targets, but reflects only the contributing author’s exper-
imental data and bias. It is safe to assume that many more gene targets will
be tested and, hopefully, applied in clinical practice in the future.

5.1 Leptin

Despite the problematic issues related to leptin resistance, two applica-
tions may be appropriate for peripheral administration of leptin gene ther-
apy: (1) congenital leptin deficiency, a rare disorder of morbid obesity;
(2) lipodystrophic syndrome, an adiposopathy associated with low leptin
levels. In both cases, clinical trials of leptin protein replacement therapy have
been very successful. Leptin treatment of these patients improved metabolic
abnormalities such as insulin resistance, hyperglycemia, hyperinsulinemia,
dyslipidemia and hepatic steatosis.4 Intramuscular administration of rAAV
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encoding the leptin gene could provide long-term regulation of leptin
expression5 and replace daily injectable drug regimens. For most obese
patients, however, leptin therapy does not represent a viable option requir-
ing the development of alternative strategies.

5.2 Neurocytokines

One strategy is to by-pass the leptin signaling pathway altogether. This could
be accomplished utilizing CNTF, a cytokine belonging to the Interleukin 6
(IL6) family. Acute treatment with CNTF reduced the obesity-related
phenotype of ob/ob and db/db mice which lack functional leptin and leptin
receptor, respectively.

Since CNTF is under investigation in clinical trials, it is critical to study
the long term effects of its action on the brain where it exerts anorexigenic
effect. This was accomplished in DIO rat model using centrally administered
rAAV encoding CNTF, or leukemia inhibitory factor (LIF), another neuro-
cytokine belonging to the IL6 family.6 Using DNA microarray analysis of
gene expression in the hypothalamus, the authors presented evidence that
constitutive expression of cytokines in the brain evokes a state of perceived
chronic inflammation leading to either temporal weight reduction (CNTF)
or severe cachexia (LIF). Neither of these neurocytokines appears to ful-
fill the requirements of a sustained (CNTF) and safe (LIF) therapy. These
results convey a cautionary note regarding long-term use of neurocytokines
in therapeutic applications.

5.3 AMP-Activated Protein Kinase (AMPK)

One of the genes activated downstream of leptin signaling in skeletal muscle
is AMPK, a “master switch” that mediates a majority of metabolic func-
tions.AMPK is also the downstream effector of a protein kinase cascade that
is switched on by increases in the AMP:ATP ratio. Once activated, AMPK
switches on catabolic pathways that generate ATP while switching off ATP-
consuming processes. AMPK appears to be a key regulator in controlling
metabolism in response to diet and exercise. This enzyme also regulates
food intake and energy expenditure at the whole body level by mediating
the effects of hormones and cytokines such as leptin, adiponectin and ghre-
lin. Complex multi-domain protein structure precludes its upregulation via
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transgene vector delivery making AMPK unlikely as a direct gene therapy
target. Modifying the upstream steps of the signaling cascade could provide
an alternative approach.

5.4 Adiponectin

One example of upstream targeting of the AMPK signaling cascade was
demonstrated in the case of gene adiponectin. This hormone, also known
as Acrp30, is a polypeptide hormone secreted by adipose tissue that shows
insulin-sensitizing, anti-inflammatory, and anti-atherogenic properties.7,8

In contrast to leptin, the expression of adiponectin is reduced in obese and
diabetic mice, and plasma levels of Acrp30 are lower in obese compared
to lean humans. Similarly, Acrp30 replenishment decreases body adiposity
and improves insulin sensitivity in various models of obesity. The mecha-
nism by which Acrp30 ameliorates insulin sensitivity and improves glucose
metabolism remains obscure, but evidence suggests that Acrp30 increases
fatty acid oxidation in muscle and liver, and decreases hepatic glucose
production. When rAAV vector harboring Acrp30 gene was administered
intraportally, ectopically expressed adiponectin counteracted the develop-
ment of diet-induced obesity (DIO) and ameliorated insulin sensitivity for
41 weeks.9 Experiments elucidating the mechanism of this sustained weight
loss suggested that transgene adiponectin regulated hepatic lipogenesis and
gluconeogenesis, dichotomizing downstream at the point of AMPK.

5.5 Wnt-10b

Adipose tissue is derived from the embryonic mesenchyme. In adult organ-
isms, a population of mesenchymal progenitor stem cells (MSCs) can be
induced to multilineage differentiation including adipo-, osteo-, neuro-, and
myogenesis. Surprisingly, even mature human adipocytes, when cultured
in vitro, can de-differentiate into fibroblasts, which, upon expansion, can
be turned into lipid-synthesizing adipocytes again. These facts demonstrate
amazing flexibility and plasticity of adipose tissue providing hope for a
therapeutic, rather than surgical, reduction in fat mass.

At first glance inhibition of adipogenesis is an inappropriate approach to
anti-obesity therapy. Indeed, enhanced adipogenesis cannot cause obesity.
Adiposity represents increased energy storage, the result of an imbalance
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between energy intake and energy output. Blocking differentiation of
pre-adipocytes into adipocytes does not alter this fundamental equation.
Enhanced adipogenesis in obesity is the result of energy imbalance, not the
cause. Adipocytes provide a safe place to store lipids; when these cells are
absent, as in lipodystrophy, lipids accumulate in muscle, liver and other loca-
tions. This is believed to cause significant metabolic derangement, including
insulin resistance and hepatosteatosis that leads to cirrhosis.

Following this rationale, it appears that any therapy directed towards
blocking adipocyte differentiation will be counterproductive. And yet, the
in vivo experimental data obtained in this author’s laboratory contradicts
conventional wisdom. In one study, the long-term metabolic consequences
of the upregulated Wnt/β-catenin signaling in skeletal muscles of adult, DIO
rats has been investigated.10 The long-term expression of rAAV1-Wnt10b
was tested after intramuscular injection in female DIO rat. Animals fed
high-fat diet and treated with rAAV1-Wnt10b showed a sustained reduc-
tion of 16% in BW accumulation compared to controls, and expression of
Wnt10b was accompanied by a reduction in hyperinsulinemia and triglyc-
erides plasma levels, as well as improved glucose homeostasis.

5.6 Obesity Gene Menu à la Carte

Considering the polygenic character of obesity, the task of picking the most
promising and efficient candidate target gene appears to be overwhelm-
ing. Nevertheless, the contributing author’s experimental data points at the
following list of potential promising gene targets: (i) Stearoyl-CoA Desat-
urase (SCD1); (ii) Anorexigenic gut peptides Oxyntomodulin and peptide
tyrosine–tyrosine (PYY); and (iii) Fibroblast Growth Factors (FGF-19 and
FGF-21). In addition, computational methods employed data from a vari-
ety of sources helped to identify the most likely candidate disease genes
from vast gene sets. For example, Tiffin et al. utilized seven independent
computational disease gene prioritization methods, and then applied them
in concert to the analysis of 9556 positional candidate genes for type 2 dia-
betes (T2D) and the related trait obesity.3 The analysis exploited the premise
that genes selected by the most independent methods are least likely to be
false positives or artefacts of the type of approach used. This study gen-
erated a list of 9 genes selected as potential T2D genes: four of the nine
genes located in the mitochondrion (BCKDHA, OAT, ACAA2, ECHS1);
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some were involved in the metabolism of fatty acids (ACAA2, ECHS1,
LPL), lipids (LPL and ACAA2), amino acids (BCKDHA and OAT), and
glycogen and glucose (PRKCSH and PGM1). Using the same approach, a
total of five genes were selected as most likely candidate genes for obesity.
Two of these, LPL and BCKDHA, overlap with the set of most likely T2D
candidates, and the additional three selected as candidates for obesity only
are CAT, NEU1 and VLDLR.

The described list of potential obesity related gene targets is not complete
and will be undoubtedly expand in the near future. Embracing gene-based
therapeutics will require overcoming many obstacles. It will take a signifi-
cant effort from the scientific community to educate public and physicians
alike on the molecular mechanisms of obesity and diabetes while encour-
aging behavioral compliance with healthier food choices, and promoting
routine physical exercise.

5.7 Obesity and Diabetes

This chapter has discussed obesity and described the disease diabetes as a
related consequence. Chapter XVIII on autoimmune diseases also describes
a form of diabetes. It is important to put these two forms of diabetes in con-
text. The word diabetes comes from ancient Greeks and means to “pass
through”, referring to the symptom of excessive urination. This is then sub-
categorized into two forms of diabetes, firstly diabetes insipidus, which as
the name implies refers to “insipid” urine, and this is caused by an imbalance
in antidiuretic hormone and not part of this discussion. Secondly we have
diabetes mellitus which has many underlying causes.11 Mellitus comes from
Latin meaning “honey” and hence refers to glucose in the urine. The two
major forms of diabetes mellitus are now referred to as Type 1 Diabetes and
Type 2 diabetes (referred to earlier in the Chapter XVIII and this chapter as
T1D and T2D). The other forms are rarer and related to either complications
of other diseases (e.g. cystic fibrosis-related diabetes) or to specific genetic
defects (e.g. mitochondrial genes in maturity onset diabetes of youth). These
are all covered in the American Diabetes Associations publications.11

So while the diagnosis of diabetes mellitus essentially means that blood
glucose levels are elevated, for T1D insulin is an absolute requirement
because the underlying autoimmune destruction has all but eliminated the
body’s ability to produce insulin and for T2D there is effectively a resistance
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to the action of insulin and insulin may only be required later in the disease
when other agents are failing.

Some of the long term complications for bothT1D andT2D as mentioned
before may be amenable to similar therapeutic approaches including gene
therapy, but either preventing or treating the underlying causes will be quite
different. In summary T1D is an autoimmune disease and this aspect has to
be an integral part of therapy as discussed in Chapter XVIII. T2D has obesity
and genetics as the central cause and these aspects need to be addressed as
outlined earlier in this chapter.
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Chapter 16

Gene Therapy for Duchenne
Muscular Dystrophy

Takashi Okada∗ and Shin’ichi Takeda

Duchenne muscular dystrophy (DMD) is caused by various distinct muta-
tions, ranging from point mutations to large deletions, in the dystrophin
gene. These mutations have led to a variety of therapeutic modalities for
muscular dystrophy, including gene replacement, gene correction, and
modification of the gene product. Gene replacement therapy provides an
impersonal approach for treating DMD. Adeno-associated virus (AAV)
vector-mediated truncated micro-dystrophin gene delivery has been suc-
cessful in some animal models of DMD. However, recent evidence of
immune-mediated loss of vector persistence in dogs and humans sug-
gests that immune modulation might be necessary to achieve successful
long-term transgene expression in these species. In this chapter, we focus
on the methods that have been developed for gene replacement therapy
using vectors based on the AAV.

1. Introduction

1.1 Background of Duchenne Muscular Dystrophy

Duchenne muscular dystrophy (DMD) is the most common form of child-
hood muscular dystrophy. While the focus of this chapter is gene therapy
for DMD, it should be pointed out that substantial progress has also been
made toward gene therapy for other muscular dystrophies. For example,

∗Correspondence: Department of Molecular Therapy, National Institute of Neuroscience, National
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sustained partial restoration of α-sarcoglycan deficiency in skeletal muscle
has been reported in patients with a severe form of this disorder.1

DMD is an X-linked recessive disorder with an incidence of 1 in 3500
live male births.2 DMD causes progressive degeneration and regeneration
of skeletal and cardiac muscles due to mutations in the dystrophin gene,
which encodes a 427-kDa subsarcolemmal cytoskeletal protein.3 DMD is
associated with severe progressive muscle weakness and typically leads
to death between the ages of 20 and 35 years. Due to recent advances
in respiratory care, much attention is now focused on treating the cardiac
conditions suffered by DMD patients.

The approximately 2.5-megabase dystrophin gene is the largest gene
identified to date, and because of its size, it is susceptible to a high sporadic
mutation rate. Absence of dystrophin and the dystrophin-glycoprotein com-
plex (DGC) from the sarcolemma leads to severe muscle wasting (Fig. 16.1).
DMD is characterized by the absence of functional protein (in contrast to
Becker muscular dystrophy, which is commonly caused by in-frame dele-
tions of the dystrophin gene resulting in the synthesis of a partially functional
protein).

2. Gene-replacement Strategies using Virus Vectors

2.1 Choice of Vector

(i)AAV vectors: Successful therapy for DMD requires the restoration of dys-
trophin protein in skeletal and cardiac muscles. While various viral vectors
have been considered for the delivery of genes to muscle fibers, the adeno-
associated virus (AAV)-based vector is emerging as the gene transfer vehi-
cle with the most potential for use in DMD gene therapies. The advantages
of the AAV vector include the lack of disease associated with a wild-type
virus, the ability to transduce non-dividing cells, and the long-term expres-
sion of the delivered transgenes.5 Serotypes 1, 6, 8 and 9 of recombinant
AAV (rAAV) exhibit a potent tropism for striated muscles.6 Since a 5 kb
genome is considered to be the upper limit for a single AAV virion, a series
of rod-truncated micro-dystrophin genes is used in this treatment.7

(ii) Adenovirus vectors are efficient delivery systems of episomal DNA
into eukaryotic cell nuclei.8 The utility of adenovirus vectors has been
increased by capsid modifications that alter tropism, and by the generation
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Fig. 16.1 Dystrophin-glycoprotein complex. Molecular structure of the dystrophin-glycoprotein com-
plex and related proteins superimposed on the sarcolemma and subsarcolemmal actin network (redrawn
from Yoshida et al.,4 with modifications). cc, coiled-coil motif on dystrophin (Dys) and dystrobrevin
(DB); SGC, sarcoglycan complex; SSPN, sarcospan; Syn, syntrophin; Cav3, caveolin-3; N and C, the
N and C termini, respectively; G, G-domain of laminin; asterisk indicates the actin-binding site on the
dystrophin rod domain; WW, WW domain.

of hybrid vectors that promote chromosomal insertion.9 Also, gutted aden-
ovirus vectors devoid of all adenoviral genes allow for the insertion of large
transgenes, and trigger fewer cytotoxic and immunogenic effects than do
those only deleted in the E1 regions (from bases 343 to 2270).10

(iii) Human artificial chromosomes (HACs) have the capacity to deliver
a large gene (roughly 6-10 megabases) into host cells without integrating the
gene into the host genome, thereby preventing the possibility of insertional
mutagenesis and genomic instability.11
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(iv) Vectors for targeted integration: A goal in clinical gene therapy is
to develop gene transfer vehicles that can integrate exogenous therapeutic
genes at specific chromosomal loci, so that insertional oncogenesis is pre-
vented. AAV can insert its genome into a specific locus, designated AAVS1,
on chromosome 19 of the human genome.12 The AAV Rep78/68 proteins
and the Rep78/68-binding sequences are the trans- and cis-acting elements
needed for this reaction. A dual high-capacity adenovirus-AAV hybrid vec-
tor with full-length human dystrophin-coding sequences flanked by AAV
integration-enhancing elements was tested for targeted integration.13

(v) Gene correction is a process whereby sequence alterations in genes
can be corrected by homologous recombination-mediated gene conver-
sion between the recipient target locus and a donor construct encoding
the correct sequence.14 The introduction of a corrective sequence together
with a site-specific nuclease to induce a double-stranded break (DSB) at
sites responsible for monogenic disorders would activate gene correction.
Pairs of designated zinc-finger protein with tandem DNA binding sites
fused to the cleavage domain of the Fok1 protein were introduced into
model systems or cell lines and produced corrections in 10–30% of cases
tested.15

2.2 Modification of the Dystrophin Gene and Promoter

Due to the large deletion in its genome, the gutted adenovirus vector can
package 14 kb of full-length dystrophin cDNA. Multiple proximal muscles
of seven-day-old utrophin/dystrophin double knockout mice (dko mice),
which typically show symptoms similar to human DMD, were effectively
transduced with the gutted adenovirus bearing full-length murine dys-
trophin cDNA.16 However, further improvements are needed to regulate
the virus-associated host immune response before clinical trials can be
performed.

A series of truncated dystrophin cDNAs containing rod repeats with
hinge 1, 2, and 4 were constructed (Fig. 16.2).7 Although AAV vectors are
too small to package the full-length dystrophin cDNA,AAV vector-mediated
gene therapy using a rod-truncated dystrophin gene provides a promising
approach.17 The structure and, particularly, the length of the rod are crucial
for the function of micro-dystrophin.18 An AAV type 2 vector expressing
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Fig. 16.2 Structures of full-length and truncated dystrophin. Helper-dependent adenovirus vector can
package 14 kb of full-length dystrophin cDNA because of the large-sized deletion in its genome. A
mini-dystrophin is cloned from a patient with Becker muscular dystrophy, which is caused by in-frame
deletions resulting in the synthesis of partially functional protein.A series of truncated micro-dystrophin
cDNAs harboring only four rod repeats with hinge 1, 2, and 4 (CS1); the same components, except that
the C-terminal domain is deleted (delta CS1); or one rod repeat with hinge 1 and 4 (M3), are constructed
to be packaged in the AAV vector.

micro-dystrophin (DeltaCS1) under the control of a muscle-specific MCK
promoter was injected into the tibialis anterior (TA) muscles of dystrophin-
deficient mdx mice,19 and resulted in extensive and long-term expression of
micro-dystrophin that exhibited improved force generation.

Codon usage may impact transgene expression. For example, expression
and function of micro-dystrophin was investigated in the mdx mouse using
two different configurations of the gene under the control of a muscle-
restrictive promoter (Spc5-12) and optimized for codon usage.20 Codon
optimization of micro-dystrophin significantly increased micro-dystrophin
mRNA and protein levels after intramuscular and systemic administration
of plasmid DNA or rAAV8. By randomly assembling myogenic regula-
tory elements into synthetic promoter recombinant libraries, several artifi-
cial promoters were isolated whose transcriptional potencies greatly exceed
those of natural myogenic and viral gene promoters.21
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2.3 Use of Surrogate Genes

An approach using a surrogate gene would bypass the potential immune
responses associated with the delivery of exogenous dystrophin. Methods
to increase expression of utrophin, a dystrophin paralog, show promise as
a treatment for DMD. AAV-6 vector harboring a murine codon-optimized
micro-utrophin transgene was intravenously administered into adult dko
mice to alleviate the pathophysiological abnormalities.22 The paralogous
gene efficiently acted as a surrogate for dystrophin. Myostatin has been
extensively documented as being a negative regulator of muscle growth.
Systemic gene delivery of myostatin propeptide, a natural inhibitor of myo-
statin, enhanced body-wide skeletal muscle growth in both normal and mdx
mice.23 The delivery of various growth factors, such as insulin-like growth
factor-I (IGF-I), has been successful in promoting skeletal muscle regener-
ation after injury.24

Matrix metalloproteinases (MMPs) may also be useful in improving
muscle regeneration. MMPs are key regulatory molecules in the forma-
tion, remodeling and degradation of all extracellular matrix (ECM) compo-
nents in pathological processes. MMP-9 is involved predominantly in the
inflammatory process during muscle degeneration.25 In contrast, MMP-2
is associated with ECM remodeling during muscle regeneration and fiber
growth.

3. AAV-Mediated Transduction of Animal Models

3.1 Vector Production

A potential hurdle for treatment of multiple muscle groups using viral gene
transfer is the required large amount of vector and the related task of scaling
up production. To gain acceptance as a medical treatment with a dose of
over 1 × 1013 genome copies (g.c.)/kg body weight, AAV vectors require
a scalable and economical production method. An example for a current
production method using a helper virus-free transfection system is shown
in Fig. 16.3 (see also Chapter 6). Alternatives include packaging cell lines
expressing Rep/Cap with regulated Rep/Cap expression, which is compli-
cated by toxic effects of early expression of Rep proteins.26 A scalable
method, using active gassing and large culture vessels, was developed to
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Fig. 16.3 A scalable triple plasmid transfection system using active gassing. When adenovirus helper
plasmid is co-transfected into human embryonic kidney 293 cells along with a vector plasmid encoding
the AAV vector and an AAV packaging plasmid harboring rep-cap genes, the AAV vector is pro-
duced as efficiently as when using adenovirus infection. A large-scale transduction method to pro-
duce AAV vectors with an active gassing system makes use of large culture vessels for labor- and
cost-effective transfection in a closed system. Samples containing vector particles are further purified
with a two-tier CsCl gradient or dual ion-exchange chromatography to obtain highly purified vector
particles.

transfect rAAV in a closed system, in a labor- and cost-effective manner.27

This vector production system achieved a yield of more than 5 × 1013

g.c./flask by improving gas exchange to maintain the physiological pH in
the culture medium. Recent developments also suggest that AAV vector
production in insect cells would be compatible with current good manufac-
turing practice production on an industrial scale.28

3.2 Animal Models for the Gene Transduction Study

Dystrophin-deficient canine X-linked muscular dystrophy was found in a
golden retriever with a 3′ splice-site point mutation in intron 6.29 The clin-
ical and pathological characteristics of dystrophic dogs are more similar to
those of DMD patients than are those of mdx mice.A beagle-based model of
canine X-linked muscular dystrophy, which is smaller and easier to handle
than the golden retriever-based muscular dystrophy dog (GRMD) model,
has been established in Japan, and is referred to as CXMDJ.30 The limb
and temporal muscles of CXMDJ dogs are affected by two months of age,
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corresponding to the second peak of serum creatine kinase. Interestingly,
extensive lymphocyte-mediated immune responses to rAAV2-lacZ occurred
after direct intramuscular injection into CXMDJ dogs, despite successful
delivery of the same viral construct into mouse skeletal muscle.31 In con-
trast to rAAV2, rAAV8-mediated transduction of canine skeletal muscles
produced significantly higher transgene expression with less lymphocyte
proliferation than rAAV2.32

It is increasingly important to develop strategies to treat DMD that con-
sider the effect on cardiac muscle. The pathology of the conduction system
in CXMDJ was analyzed to establish the therapeutic target for DMD.33

Although dystrophic changes of the ventricular myocardium were not evi-
dent at the age of 1 to 13 months, Purkinje fibers showed remarkable vacuo-
lar degeneration when dogs were as young as four-months-old. Furthermore,
degeneration of Purkinje fibers was coincident with overexpression of Dp71
at the sarcolemma. The degeneration of Purkinje fibers could be associated
with the distinct deep Q waves present in ECGs and the fatal arrhythmias
seen in cases of dystrophin deficiency.33

3.3 Immunological Issues of rAAV

Neo-antigens introduced by AAV vectors evoke significant immune reac-
tions in DMD muscle, since increased permeability of sarcolemma allows
leakage of the transgene products from the dystrophin-deficient muscle
fibers.34 AAV2-mediated transfer into skeletal muscles of normal dogs
resulted in low and transient expression, together with intense cellular
infiltration, and the marked activation of cellular and humoral immune
responses.31 Furthermore, an in vitro interferon-gamma release assay
showed that canine splenocytes respond to immunogens or mitogens
more strongly than do murine splenocytes. In fact, co-administration
of immunosuppressants, cyclosporine (CSP) and mycophenolate mofetil
(MMF) improved rAAV2 transduction. The AAV2 capsids can induce a
cellular immune response via MHC class I antigen presentation with a
cross-presentation pathway, and rAAV2 has also been proposed to have an
effect on human dendritic cells (DCs). In contrast, other serotypes, such as
rAAV8, induced T cell activation to a lesser degree.32 Immunohistochemi-
cal analysis revealed that the rAAV2-injected muscles showed higher rates
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of infiltration of CD4+ and CD8+ T lymphocytes in the endomysium than
the rAAV8-injected muscles.32

Resident antigen-presenting cells, such as DCs, myoblasts, myotubes
and regenerating immature myofibers, might play a role in the immune
response. A recent study also showed that mRNA levels of MyD88 and co-
stimulating factors, such as CD80, CD86 and type I interferon, are elevated
in both rAAV2- and rAAV8-transduced dog DCs in vitro.32 A brief course of
immunosuppression with a combination of anti-thymocyte globulin (ATG),
CSP and MMF was effective in permitting AAV6-mediated, long-term and
robust expression of a canine micro-dystrophin in the skeletal muscle of a
dog DMD model.35

3.4 Intravascular Vector Administration by Limb Perfusion

Although recent studies suggest that vectors based on AAV are capable
of body-wide transduction in rodents, translating this finding into large
animals remains a challenge. Intravascular delivery can be performed as a
form of limb perfusion, which might bypass the immune activation of DCs
in the injected muscle.32 Our laboratory performed limb perfusion-assisted
intravenous administration of rAAV8-micro-dystrophin into the hind limb
of CXMDJ dogs resulting in extensive transgene expression in the distal
limb muscles without obvious immune responses for as long as eight weeks
after injection (Fig. 16.4).32

3.5 Global Muscle Therapies

In comparison with fully dystrophin-deficient animals, targeted transgenic
repair of skeletal muscle, but not cardiac muscle, paradoxically elicits a five-
fold increase in cardiac injury and dilated cardiomyopathy.36 Because the
dystrophin-deficient heart is highly sensitive to increased stress, increased
activity by the repaired skeletal muscle provides the stimulus for heightened
cardiac injury and heart remodeling. In contrast, a single intravenous injec-
tion of AAV9 vector expressing micro-dystrophin efficiently transduces the
entire heart in neonatal mdx mice, thereby ameliorating cardiomyopathy.37

Since a number of muscular dystrophy patients can be identified through
newborn screening, neonatal transduction may lead to an effective early
intervention in DMD patients. After a single intravenous injection, robust
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Fig. 16.4 Intravascular vector administration by limb perfusion. (A) A blood pressure cuff is applied
just above the knee of an anesthetized CXMDJ dog. A 24-gauge catheter is inserted into the lateral
saphenous vein, connected to a three-way stopcock, and flushed with saline. With a blood pressure
cuff inflated to over 300 mmHg, saline (2.6 ml/kg) containing papaverine (0.44 mg/kg) and heparin
(16 U/kg) is injected by hand over a 10 second period. The three-way stopcock is connected to a syringe
containing rAAV8 expressing micro-dystrophin (1 × 1014 vg/kg, 3.8 ml/kg). The syringe is placed in a
PHD 2000 syringe pump. Five minutes after the papaverine/heparin injection, rAAV8 is injected at a rate
of 0.6 ml/sec. (B) Administration of rAAV8-micro-dystrophin by limb perfusion produces extensive
transgene expression in the distal limb muscles of CXMDJ dogs without obvious immune responses at
four weeks after injection. Modified from Mol Ther 17: 73–80, 2008.

skeletal muscle transduction with AAV9 vector throughout the body was
observed in neonatal dogs.38 Systemic transduction was achieved in the
absence of pharmacological intervention or immune suppression and lasted
for at least six months, whereas cardiac muscle was barely transduced in
the dogs.

4. Safety and Potential Impact of Clinical Trials

The initial clinical studies have laid the foundation for future studies, pro-
viding important information about vector dose, viral serotype selection,
and immunogenicity in humans. The first virus-mediated gene transfer for
muscle disease was carried out for limb-girdle muscular dystrophy type 2D
using rAAV1. The study, consisting of intramuscular injection of virus into
a single muscle, was discharged to establish the safety of this procedure in
phase I clinical trials.39 The first clinical gene therapy trial for DMD began
in March 2006.39 This was a phase I/IIa study in which an AAV vector
was used to deliver micro-dystrophin to the biceps of boys with DMD. The
study was conducted on six boys with DMD, each of whom was transduced
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with mini-dystrophin genes in a muscle of one arm in the absence of serious
adverse events.

While low immunogenicity was considered a major strength supporting
the use of rAAV in clinical trials, a number of observations have recently
provided a more balanced view of this procedure.40 An obvious barrier
to AAV transduction is the presence of circulating neutralizing antibodies
that prevent the virion from binding to its cellular receptor.41 This potential
threat can be reduced by prescreening patients for AAV serotype-specific
neutralizing antibodies or by performing procedures such as plasmapheresis
before gene transfer.Another challenge recently revealed is the development
of a cytotoxic T cell (CTL) response to AAV capsid peptides. In the human
factor IX gene therapy trial in which rAAV was delivered to the liver, only
short-term transgene expression was achieved and levels of therapeutic pro-
tein declined to baseline levels 10 weeks after vector infusion.40 This was
accompanied by elevation of serum transaminase levels and a CTL response
toward specific AAV capsid peptides. To overcome this response, transient
immunosuppression may be required until AAV capsids are completely
cleared. Additional findings suggest that T cell activation requires AAV2
capsid binding to the heparan sulfate proteoglycan (HSPG) receptor, which
would permit virion shuttling into a DC pathway, as cross-presentation.42

Exposure to vectors from other AAV clades, such as AAV8, did not activate
capsid-specific T cells.

5. Development of Alternative Strategies

5.1 Design of Read-through Drugs

To suppress premature stop codon mutations, treatments involving amino-
glycosides and other agents have been attempted. PTC124, a novel drug
capable of suppressing premature termination and selectively inducing ribo-
somal read-through of premature, but not normal, termination codons, was
recently identified using nonsense-containing reporters.43 The selectivity of
PTC124 for premature termination codons, its oral bioavailability and its
pharmacological properties indicate that this drug may have broad clinical
potential for the treatment of a large group of genetic disorders with limited
or no therapeutic options.
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5.2 Modification of mRNA Splicing

By inducing the skipping of specific exons during mRNA splicing, antisense
compounds against exonic and intronic splicing regulatory sequences were
shown to correct the open reading frame of the DMD gene and thus to restore
truncated yet functional dystrophin expression in vitro.44 Intravenous infu-
sion of an antisense phosphorothioate oligonucleotide created an in-frame
dystrophin mRNA via exon skipping in a 10-year-old DMD patient possess-
ing an out-of-frame exon 20 deletion of the dystrophin gene.45 Moreover, the
adverse-event profile and local dystrophin-restoring effect of a single intra-
muscular injection of an antisense 2′-O-methyl phosphorothioate oligonu-
cleotide, PRO051, in patients with DMD were explored.46 Four patients
received a dose of 0.8 mg of PRO051 in the TA muscle. Each patient showed
specific skipping of exon 51 of dystrophin in 64 to 97% of myofibers,
without clinically apparent adverse side effects.

The efficacy and toxicity of intravenous injection of stable morpholino
phosphorodiamidate (morpholino)-induced exon skipping were tested using
CXMDJ dogs, and widespread rescue of dystrophin expression to thera-
peutic levels was observed.47 Furthermore, a morpholino oligomer with a
designed cell-penetrating peptide can efficiently target a mutated dystrophin
exon in cardiac muscles.48

Long-term benefits can be obtained through the use of viral vectors
expressing antisense sequences against regions within the dystrophin gene.
The sustained production of dystrophin at physiological levels in entire
groups of muscles as well as the correction of muscular dystrophy were
achieved by treatment with exon-skipping AAV1-U7.49

5.3 Ex Vivo Gene Therapy

Transplantation of genetically corrected autologous myogenic cells is a
possible treatment for DMD. Freshly isolated satellite cells transduced with
lentiviral vectors expressing micro-dystrophin were transplanted into the TA
muscles of mdx mice, and these cells efficiently contributed to the regener-
ation of muscles with micro-dystrophin expression at the sarcolemma.50

Mesoangioblasts are vessel-associated stem cells and might be candi-
dates for future stem cell therapy for DMD.51 Intra-arterial delivery of
wild-type canine mesoangioblasts resulted in the extensive recovery of
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dystrophin expression, normal muscle morphology and function in the
GRMD. Multipotent mesenchymal stromal cells (MSCs) are less immuno-
genic and have the potential to differentiate and display a myogenic
phenotype.52

6. Future Perspectives

6.1 Pharmacological Intervention

The use of a histone deacetylase (HDAC) inhibitor would likely enhance the
utility of rAAV-mediated transduction strategies in the clinic.53 In contrast
to adenovirus-mediated transduction, the improved transduction with rAAV
induced by the HDAC inhibitor is due to enhanced transgene expression
rather than to increased viral entry. Enhanced transduction may be related
to the histone-associated chromatin form of the rAAV concatemer in trans-
duced cells. Since various HDAC inhibitors are currently being tested in
clinical trials for many diseases, the use of such agents in rAAV-mediated
DMD gene therapy is theoretically and practically reasonable.

6.2 Capsid Modification

A DNA shuffling-based approach for developing cell type-specific vectors
is an intriguing possibility to achieve altered tropism. Capsid genomes of
AAV serotypes 1-9 were randomly reassembled using PCR to generate a
chimeric capsid library.54 A single infectious clone (chimeric-1829) con-
taining genome fragments from AAV1, 2, 8, and 9 was isolated from an
integrin minus hamster melanoma cell line previously shown to have low
permissiveness to AAV.

7. Conclusions and Outlook

DMD remains an untreatable genetic disease that severely limits motility
and life expectancy in affected children. The systemic delivery of rAAV to
transduce truncated dystrophin is predicted to ameliorate the symptoms of
DMD patients in the future. To translate gene transduction technologies into
clinical practice, development of an effective delivery system with improved
vector constructs as well as efficient immunological modulation must be
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established. A novel protocol that considers all of these issues would help
improve the therapeutic benefits of DMD gene therapy.
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Chapter 17

Cancer Gene Therapy

Kirsten A.K. Weigel-Van Aken∗

Cancer gene therapy, initially designed as the transfer of a single gene into
a tumor, has long been viewed with skepticism, and ultimately has failed
clinically. Gene transfer in the context of additional treatment modali-
ties, such as radiation/chemotherapy, oncolytic activity of a replicating
virus, anti-angiogenesis, or immune stimulation, however, has the poten-
tial to have a significant impact on current cancer treatment. Primary
tumor destruction has been one of the most successful endeavors of
modern oncology. The re-occurrence of disease due to dormant tumor
cells that evade the primary therapy, however, still constitutes a death
sentence for many patients. Due to their inherent resistance to conven-
tional chemo- and radiation therapies, these relapsed tumor cells warrant
extensive exploration of alternative therapeutic approaches. Localized
treatments of metastases such as direct injection or electroporation of
plasmid DNA or injection of oncolytic or gene transfer viruses have only
resulted in localized successes, because the occult and multifocal nature of
the metastatic process still leads to evasion from therapeutic intervention.
Novel strategies of cancer gene therapy therefore focus on means to
provoke an antitumor immune response in a tumor-tolerant host using
a variety of methods for tumor antigen and costimulatory signal delivery
and means to improve tumor-targeting and prevent immune clearance of
therapeutic viruses.

∗Correspondence: Department of Pediatrics, Division of Cellular and Molecular Therapy, University of
Florida College of Medicine, Cancer & Genetics Research Complex, 1376 Mowry Road, Gainesville,
FL 32610-3610.
E-mail: weigel@ufl.edu
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1. Introduction

Gene therapy involves the transfer of genetic information into a patient’s
cells to replace, repair, or turn off an abnormal gene, a strategy originally
developed for single-gene diseases and subsequently extended to complex,
multigenic disease such as cancer. Some common strategies used for cancer
gene therapy are:

1. Suppression of oncogene expression or transfer of a tumor suppressor
gene. Examples include transfer of a normal p53 gene, suppression of the
ErbB2/HER2 gene, suppression of c-myc and c-fos genes, and transfer
of melanoma differentiation associated protein 7.

2. Augmentation of immunological responses to cancer cells through trans-
fer of cytokine genes (IL-2, IL-12, GM-CSF, TNF-α), co-stimulatory
molecules (CD80), and antigen genes (CA15-3, HER2)

3. Suicide gene therapy by transfer of prodrug-activating enzymes into
tumor cells followed by treatment with the prodrug, resulting in a high
concentration of the activated drug in the tumor tissues: for example,
herpes simplex virus thymidine kinase (HSV-TK) gene and gancyclovir;
cytosine deaminase gene and fluorocytosine; and cytochrome P450 2B6
gene and cyclophosphamide.

2. Targeting the Tumor Cell

2.1 DNA Electroporation

Electroporation, or electric-pulse-provoked permeabilization of the plasma
membrane, has been defined as the modification of the membrane imper-
meability to ions and hydrophilic and/or charged molecules as a conse-
quence of exposure of cells to appropriate electric pulses. Transfer of DNA
across the cell membrane requires electrophoretic acceleration of the DNA
molecules within the electric field. Tumor electroporation differs from other
tissues such as skeletal muscle, in the duration of the physiological local,
histamine-dependent hypoperfusion (vascular lock) that can last up to sev-
eral hours in the former and only a few minutes in the latter. In 2008, the
first human trial of gene transfer utilizing in vivo DNA electroporation was
reported. Of 24 melanoma patients treated with electroporation after IL-12
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DNA injections, 10% showed complete regression of treated lesions and
42% experienced either disease stabilization or partial responses.1

2.2 Non-Oncolytic Viral Vectors

2.2.1 Retrovirus

Retroviral vectors derived from the murine retrovirus Moloney Murine
Leukemia Virus (MMLV) were the first and most extensively used vectors
in gene therapy. They have a relatively limited size capacity for foreign
DNA (up to 8 kb) and require a cell to go through mitosis with the con-
sequent disintegration of the nuclear membrane to allow transduction to
occur. The viral DNA randomly integrates into the cellular genome, a pro-
cess that led to severe side effects in a human sever combined immune
deficiency (SCID) trial in France.2 Since the tumor selectivity of retroviral
vectors solely relies on the dependence of transduction on the active pro-
liferation of target cells, retroviral vectors have been preferentially used in
tumors that reside within a tissue that itself has a low proliferative index,
such as the brain. Clinical trial results from patients with malignant glioma
that received stereotactic injections of either retroviral vectors encoding a
prodrug-converting enzyme (HSV-TK) or vector-producing cells generating
the vectors in situ reported extremely low levels of transduced tumor cells,
less than 0.03%, while the threshold transduction level for clinical benefit
was estimated to be around 10%.3 The first clinical trial in the US using sys-
temic, intravenous (i.v.) administration of a retroviral vector was done with
a non-replicating retroviral vector that displayed a collagen-binding domain
of vonWillebrandt factor on its envelope and encoded a mutant human cyclin
G1 gene (Rexin-G vector).Although this vector had demonstrated inhibition
of pancreatic cancer cell proliferation in vitro, the results in pancreatic can-
cer patients were disappointing with no clinical tumor response detected.4

Retroviral vectors have also been used to transduce hematopoietic stem cells
with drug resistance genes to prevent bone marrow suppression following
high dose chemotherapy. Clinical trials, however, demonstrated only a rela-
tively modest protection, and alternative vector systems are currently being
evaluated.

Replication-competent retrovirus vectors based on amphotropic MLV
were shown to be capable of achieving highly efficient replicative spread
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and gene delivery through solid tumors in mice. However, the use of such
a vector in humans needs to be critically evaluated.

2.2.2 Lentivirus

Lentiviruses, such as human and simian immunodeficiency viruses (HIV,
SIV), were developed as gene therapy vectors to overcome some of the
shortcomings of retroviruses, including viral instability and the inability to
transduce nondividing cells. Lentiviral vectors transduce quiescent cells and
are engineered as self-inactivating (SIN) transfer vectors to minimize the
risk of emergence of replication-competent virions. The tropism of lentiviral
vectors is modified through the use of the promiscuous vesicular stomatitis
virus (VSV) glycoprotein as a heterologous envelope. Although lentiviral
vectors have been employed for gene transfer to cancer cells in mouse
models, such as hepatocellular carcinoma and metastatic prostate cancer,
their main use in cancer therapy is in the development of antitumor vaccines.

2.3 Oncolytic Viruses

It has long been known that viremia, following infection or vaccination,
can result in tumor responses in patients with lymphoma or leukemia. In
order to address some of the limitations of non-replicating viral therapeutics,
over a dozen distinct families of viruses have been engineered to optimize
their “oncolytic” potential — i.e. their ability to replicate in and kill tumor
cells without harming normal tissue. Viruses recognized as oncolytic agents
can be divided into three categories: (i) naturally occurring viruses (e.g.
New Castle Disease virus, VSV, autonomous parvoviruses, some measles
virus strains, and reovirus) that selectively replicate in tumor cells, in some
instances owing to their dependence on an activated Ras pathway (reovirus)
or to their relative resistance to interferon action; (ii) virus mutants in which
some genes essential for replication in normal cells but evitable in cancer
cells have been deleted (e.g. adenovirus ONYX-015 that replicates only in
cells with mutant p53); and (iii) virus mutants modified by the introduction
of tissue-specific transcriptional elements that drive viral genes (e.g. aden-
ovirus CV706 that expresses E1A and E1B under the control of a prostate-
specific antigen (PSA) promoter and adenovirus adMyc-TK that expresses
a thymidine kinase gene under the control of a Myc-Max response element).
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2.3.1 Herpesvirus

HSV-1 is an enveloped, double-stranded linear DNA virus that can infect
replicating and quiescent cells, and infections can be either lytic or latent.
The advantages of HSV-1 vectors over other vectors used in cancer gene
therapy include (i) potential for incorporation of large amounts of foreign
DNA (∼30 kb); (ii) neurotropism; (iii) sensitivity to antiherpetic agents;
and (iv) the fact that HSV-1 does not integrate. Recombinant HSV that
are used as anti-cancer agents are viruses with mutations in two or more
different genes to reduce the potential risk of restoring a wild-type pheno-
type via recombination with latent host virus. Results from clinical trials
using HSV (1716) locally in glioblastoma patients showed viral replica-
tion in the tumor site and subtle changes in tumor morphology but no
clinical improvement.5 Injection of the same HSV (1716) in melanoma
patients exhibited microscopic tumor necrosis but no systemic efficacy.
Intratumor (i.t.) injection of a GM-CSF-armed HSV (OncovexGM−CSF,
Biovex, Cambridge MA) into cutaneous metastases also did not show sys-
temic efficacy although necrosis in multiple tumor nodules was observed.
Intrahepatic artery delivery of a replication-competent, attenuated, geneti-
cally engineered HSV-1 vector into patients with hepatic colorectal metas-
tases was well tolerated, but demonstrated only minor effects in 2 out
of 12 patients and either stable disease or disease progression in the
remainder.6

2.3.2 Adenovirus

Adenoviruses are double-stranded DNA viruses that have been extensively
used in gene therapy studies. Since adenoviruses typically infect cells
expressing coxsackie and adenovirus receptors (CARs) and CARs are only
expressed by some human tumor cells, such as prostate cancer,7 several
fiber mutants have been generated to overcome the limited tropism. The
adenoviral genome is maintained as an extra-chromosomal element that is
rapidly lost in dividing cells. Oncolytic adenoviruses are highly immuno-
genic, which can be advantageous if an antitumor immune response is
achieved, but disadvantageous if the immune response blocks viral propa-
gation or leads to toxicity. One modification that confers tumor selectivity
is deletion of the E1B region, found in the vector Onyx-015, which restricts
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viral replication to cells lacking a normal p53 protein (∼40% of human
tumors), since E1B’s ability to sequester p53 is essential to viral replica-
tion. The uses of Onyx-015 include i.t. injections into head and neck cancer
lesions, i.t. injections into pancreatic cancers and recurrent glioblastomas,
intraperitoneal (i.p.) injections into ovarian carcinoma patients, injections
into the hepatic artery of colorectal cancer patients and i.v. injections into
lung cancer patients, all of which demonstrated local oncolytic viral repli-
cation, but no clinical responses.5

2.3.3 Poxvirus

Poxviruses are double-stranded enveloped DNA viruses. Vaccinia virus has
had a critical role in the eradication of small pox and its highly immuno-
genic nature has led to its continued use in immunotherapy. Vaccinia virus
can accommodate up to 25 kb of foreign DNA, causes timely lysis of
infected cells (48–72 hours after infection), and has a broad tumor tis-
sue tropism due to its ability to infect through several membrane fusion
pathways. Vaccinia virus DNA does not integrate into the host chromo-
some but replicates in mini-nuclear structures in the cytoplasm. Poxviruses
are highly efficient in spreading to distant tumors within a host and direct
infection of cancer cells results in efficient lysis. Furthermore, immune-
mediated cell death through release of cellular and viral danger signals
and release of virus- and tumor-associated antigens at the site of infec-
tion as well as vascular collapse, due to intravascular thrombosis following
excessive neutrophil attraction, and direct infection and lysis of tumor-
associated endothelial cells contribute to its antitumor efficiency. In addi-
tion, the potent inflammatory response initiated by release of virus- and
tumor-associated antigens has been augmented by the expression of trans-
genes that encode relevant cytokines.8,9 The tumor selectivity of myxoma
virus, for example, relies on disrupted type I interferon (IFN) induction
in murine tumor cells,10 and increased Akt levels in human tumor cells.11

Non-engineered live vaccinia vaccine strains were used in early trials in
the 1970s and 1990s, primarily by superficial tumor injection in melanoma
patients and tumor responses at the injection site, but no distant responses
were observed.12 Clinical trial results on a targeted and armed oncolytic
poxvirus (JX-594) expressing GM-CSF demonstrated local efficacy in
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injected melanomas, including some cases of complete responses, and
occasional responses in distant skin but not visceral metastases. A second
trial in patients with advanced hepatocellular carcinoma demonstrated
replication-dependent dissemination in the blood and infection of non-
injected tumor sites, significant increases in blood neutrophil concentra-
tion due to GM-CSF expression, and tumor cell and tumor vasculature
destruction.13,14

2.3.4 Measles virus

Measles virus (MV) is a negative sense single-stranded RNA paramyx-
ovirus that has oncolytic potential in several types of cancer.15 MV uses
CD46 and signaling-activation molecule (SLAM), which is predominantly
found on activated B and T lymphocytes, as receptors for entry into human
cells. The tumor selectivity of the attenuated measles vaccine strain used
in oncolytic approaches is based on its preferential use of the CD46 recep-
tor, which is overexpressed in tumor cells. In animal studies, an attenu-
ated MV strain engineered to express the human carcinoembryonic antigen
(CEA) has demonstrated significant antitumor activity against glioma.16

A clinical protocol has been developed where MV-CEA is installed into
the resection cavity of glioma multiforme and CEA is used to moni-
tor viral gene expression.17 MVs were also engineered to express the
human sodium-iodide symporter, which enhances iodide uptake and allows
monitoring of radioiodine concentration in MV-infected cells. In addi-
tion, combination with therapeutic doses of radioiodine proved effective in
inducing a complete regression in a measles-resistant myeloma tumor model
in mice.18

2.3.5 Vesicular stomatitis virus

Vesicular stomatitis virus (VSV) is a negative sense single-stranded RNA
virus that has oncolytic activity when administered systemically.19 VSV
is highly sensitive to the antiviral effects of the interferon system and its
propagation is hindered in cells that contain a functional interferon sig-
naling system. Mutant VSVs have been engineered that carry a deletion
in the matrix protein therefore blocking the nuclear export of interferon
RNA. These variants have been demonstrated to have superior antitumor
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effects.20 VSV engineered to express the human sodium-iodide sym-
porter demonstrated increased oncolytic activity in a mouse myeloma
model following i.t. or i.v. administration in combination with radioiodine
therapy.21

3. Targeting the Immune System

A ‘tumor surveillance hypothesis’ was originally formulated by Burnet in
1970, stating that tumor cells are recognized as foreign by the immune
system and subsequently specifically eliminated without damaging their
healthy counterparts, much in the same way as for virus infected cells,
thus avoiding autoimmunity.22 Dendritic cells (DC) are considered the
most potent antigen-presenting cells (APC) of the immune system. In ani-
mal models, vaccination with DCs pulsed with tumor peptides, lysates or
RNA or loaded with apoptotic/necrotic tumor cells could induce signif-
icant antitumor cytotoxic T lymphocyte (CTL) responses and antitumor
immunity. However, results from early clinical trials pointed to a need for
additional improvement of DC-based vaccines. In subsequent studies, DCs
that expressed transgenes encoding tumor antigens proved to be more potent
primers of antitumor immunity both in vitro and in vivo. Although cancer
cells can potentially be distinguished from normal cells through “tumor
antigens”, they are still considered to be self-antigens by the immune sys-
tem. Thus, several tolerogenic mechanisms and different modes of active
inhibition impede a productive antitumor immune response as exemplified
by the presence of high numbers of CTL in a tumor and the periphery with-
out measurable tumor regression.23 A productive T cell immune response
requires specific recognition of an MHC-peptide complex by the T cell
receptor (signal 1) along with adequate signaling through co-stimulatory
molecules (signal 2). Recently, more and more data indicate that to estab-
lish strong antitumor responses, an inflammatory environment (signal 3) is
required alongside functional recognition of T cells by APC. This can be
achieved by strong activation of the innate arm of the immune system, in par-
ticular through toll-like receptors (TLR).24 In recent years, CD4+CD25+

regulatory T cells have been discovered and found to be potent suppres-
sors of effector T cells. Importantly, depletion of regulatory T cells greatly
enhances antitumor responses.25,26
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3.1 Cancer Vaccines

Plasmid DNA vaccines and recombinant viral vectors are particularly suited
to induce CD8+ T cell responses because they express antigens intra-
cellularly, introducing them directly into the MHC class I antigen pro-
cessing and presentation pathway. In 2005, a clinical trial with plasmid
DNA encoding IL-12 injected into one melanoma lesion per patient over a
10-month period demonstrated local responses in 8 out of 9, and substan-
tial tumor reductions in 5 out of 9 patients.27 These results were superior
to i.t. injection of virally transduced autologous cells expressing IL-12,28

and i.v. injected recombinant IL-12 protein.29 Clinical results with plasmid-
DNA vaccines expressing CEA and hepatitis B virus surface antigen as well
as the melanoma antigens Melan-A/MART and gp 100, however, demon-
strated poor immunogenicity in cancer patients,30 even in the presence of
adjuvant. Some improvement has been made using more immunogenic
approaches such as electroporation and particle-mediated delivery (‘gene
gun) for epidermal transduction of Langerhans cells.

3.1.1 Vaccinia virus

The non-replicating, modified vaccinia virus Ankara (MVA) has demon-
strated favorable results upon co-expression of MUC-1 and IL-2 in lung
and prostate cancer, HPV type 16 E6 and E7 antigens and IL2 in cervi-
cal cancer, and the oncofetal antigen 5T4 in colon, breast, ovarian and
renal cancers, respectively. Weaker immune responses were observed with
a non-replicating avipoxvirus containing MAGE-1 and MAGE-3 melanoma
antigen peptides.31

3.1.2 Lentivirus

Since the first successful transduction of human monocyte-derived DC
with lentivirus vectors in 1999, several groups reported in vitro priming of
naïve T cells against tumor-associated antigens using lentivirus-transduced
human DC. Strong protective immunity against subsequent tumor chal-
lenges as well as regression of pre-established tumors was documented in
vivo. Compared to vaccination with ex vivo lentivirus-transduced DC, supe-
rior immune responses were generated by direct in vivo administration of
the virus.32
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3.1.3 Adenovirus

Although recombinant adenovirus has been widely tested as a delivery vec-
tor for gene therapy, only a few cancer vaccine studies have been published.
Adenoviral vectors expressing the melanoma antigens MART-1 or gp100 or
the lung cancer antigen L523S have demonstrated limited immunogenicity,
which might be related to high-levels of pre-existing neutralizing antibodies
against the adenovirus seroptype used.

3.1.4 Parvoviruses

Parvoviruses, such as rat H-1 virus and minute virus of mice (MVM), are
lytic viruses that exert their cytotoxic activity preferentially in transformed
cells, which is mediated largely by the non-structural protein NS-1. Recom-
binant MVMp vectors harboring cytokines such as IL2 and IP-10 have been
demonstrated to exert moderate antitumor activity in tumor-bearing mice.
Recently, novel AAV serotypes have been evaluated for their efficiency in
delivering cytokine genes to intracerebral tumors. In a glioblastoma mouse
model, AAV.rh8-hIFN-β vectors demonstrated prolonged survival but no
cure. Transduction of DC with the human CEA antigen using an AAV-6
vector was shown to result in CEA-specific antibodies and a Th1 immune
response in mice.33

3.2 Mesenchymal Stem Cells (MSC) as Delivery Vehicles

Adenoviruses as well asAAV vectors have been used to transduce MSC with
cytokine genes such as IFN-β and IFN-α. Injection into tumor bearing mice
demonstrated efficient localization of the MSC to tumors and metastases
and efficient secretion of these cytokines. Moderate to strong reductions
in tumor cell growth rates in vitro and in vivo and a moderate increase in
animal survival were reported.34

3.3 Adoptive T Cell Transfer

Studies in murine models demonstrated that CD8+ T cells can medi-
ate human tumor rejection. Expansion of autologous antigen-specific
CD8+ T cells in vitro and subsequent transfer into patients can elicit
tumor regression.35 Adoptive immunotherapy with T cells expressing a
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tumor-specific chimeric T cell receptor (TCR) has been explored for the
treatment of non-Hodgkin and mantle cell lymphoma. Autologous T cells
were transduced ex vivo using electroporation with a plasmid encoding a
CD20-specific chimeric TCR and reinfused followed by s.c. injections of
IL-2. However, clinical responses were modest which was attributed to
inadequate chimeric TCR surface expression and lack of co-stimulatory
signaling from the chimeric TCR construct.36

4. Targeting the Tumor Microenvironment

The promising results of antiangiogenesis therapy using drugs that are able
to control solid tumor and metastasis growth are dampened by the side
effects of constant drug administration and limited half-life of antiangio-
genic peptides. However, it is encouraging that i.m. injected viral vectors
that encoded secretable forms of human angiostatin and endostatin demon-
strated strong antiproliferative effects on human angiogenesis-dependent
tumor xenografts in mice.37

5. Challenges and Risks of Cancer Gene Therapy

Many safety issues, such as the dissemination of vectors to remote, non-
targeted tissues (even upon local administration), the potential induction
of an exaggerated immune response by improperly disabled viruses, and
the insertion of viral genomes into sites within the human genome leading
to oncogene activation or tumor suppressor gene inactivation, need to be
addressed. One of the major problems with viral gene therapy of cancers
is that it is not possible at this time to introduce sufficient quantities of
the virus into every cell of every tumor a patient might carry. Thus, more
efficient delivery systems are needed. In highly invasive cancers, such as
glioblastoma, it was estimated that the replicating viral infection travels at a
speed about 5-10 times slower than the tumor wave front invasive velocity.38

Replication of oncolytic viruses might be restricted by immunity, whether
innate or acquired. Depending on the route of administration, the immune
system can either antagonize the efficacy of intravascular injected oncolytic
viruses by limiting viral delivery to the tumor, or augment tumor reduction
by redirecting the CTL response from viral antigens to tumor antigens, once
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the virus reaches the tumor cells. The anti-tumor effects of oncolytic viruses
armed with therapeutic transgenes have had limited effects in clinical trials
so far. This might be due to the local immunosuppressive nature of the
tumor microenvironment or immune editing, which can lead to the escape
of tumor cell subpopulations that do not express the target antigens.

The risk of dissemination of a viral vector into the environment via
excreta from the treated patient, a phenomenon called shedding, is also a
safety concern. The collected data (1619 patient from 100 publications)
from trial using retroviral, adenoviral, AAV and pox viral vectors document
that shedding of viral vectors occurs in practice, mainly determined by the
type of vector and the route of administration.

6. Novel Strategies

6.1 Prime/Boost Regimens

After a priming immunization, the antigen-specific T cell population
expands to a modest level and then contracts. Over time, a proportion of
these cells transform into antigen-specific memory T cells, which have the
ability to expand rapidly upon subsequent encounter with the same antigen.
In order to circumvent pre-existing immunity to the vector, heterologous
prime-boost immunizations were tested using the same antigen delivered
in sequence by different vectors. Thus, T cells that specifically target the
viral vectors are not boosted and do not activate cell number control mech-
anisms, therefore allowing for greater expansion of the disease antigen-
specific T cell population.39 The results obtained from studies using plas-
mid DNA and recombinant MVA, or replicating vaccinia virus followed
by a fowlpox virus vector, indicate that enhanced antigen-specific T cell
responses are observed in the majority of patients.

6.2 Immune Cells as Carriers for Viruses

Neutralizing antiviral antibodies can hinder systemic virotherapy. One excit-
ing development in the field has been the combination of utilizing cytokine
induced killer (CIK) cells as carrier vehicles to deliver oncolytic viruses,
such as vaccinia virus, to the tumor. This approach potentially eliminates the
major limitations of each single-agent approach: inefficient tumor delivery
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of vaccinia virus and limited tumor cell killing by CIK cells. CIK cells have
been demonstrated to display impressive tumor-trafficking potential follow-
ing systemic delivery. However, large numbers (effector to target ratios of
10 or 20 to 1) are typically required to observe tumor clearance. Other cell
types have been explored for their use as carriers for oncolytic viruses such
as mesenchymal progenitors, monocytic cell lines, T lymphocytes, and even
irradiated tumor cells.40

7. Conclusions

So far, gene therapy has failed in cancer patients owing to inefficient delivery
of the gene to sufficient numbers of cancer cells locally and systemically, and
vaccines have been limited by the immune evasion of tumors and the exclu-
sive reliance on host factors for vaccine efficacy in patients with advanced
cancers. However, combinations of viro- and chemo/radiation therapy and
novel strategies, such as cell carrier-mediated oncolytic virus delivery, bear
the promise of gene therapy becoming an effective tool in the fight against
cancer.
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Chapter 18

Gene Therapy for Autoimmune
Disorders

Daniel F. Gaddy, Melanie A. Ruffner
and Paul D. Robbins∗

Gene therapy approaches for treating autoimmune disorders such as
rheumatoid arthritis and type I diabetes have shown efficacy in ani-
mal models. The effective approaches include ex vivo methods involving
genetically modified dendritic cells as well as direct, in vivo gene trans-
fer of immunomodulatory cytokines. Several clinical trials in rheumatoid
arthritis have been completed with a recent small, clinical study demon-
strating efficacy. The significant progress made towards developing viable
gene therapy approaches for treating autoimmune disorders using rheuma-
toid arthritis and type 1 diabetes as model autoimmune diseases will be
discussed.

1. Introduction

Initially gene therapy was developed to treat monogenetic diseases such
as muscular dystrophies, SCID and cystic fibrosis. However, local gene
transfer of immunomodulatory agents also has shown promise in treating
acquired diseases such as cancer and certain autoimmune diseases. For
these diseases, gene transfer can modulate the immune response, either to
stimulate an immune response to tumor antigens, or dampen the immune
response to self-antigens. Moreover, gene transfer can protect cells against
apoptosis, preventing loss of ß cells or chondrocytes. This chapter will focus

∗Correspondence: University of Pittsburgh School of Medicine, Pittsburgh, PA, USA.
E-mail: probb@pitt.edu
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on the significant progress that has been made towards developing clinically
useful approaches to treat two types of autoimmune diseases: rheumatoid
arthritis and type I diabetes.

2. Rheumatoid Arthritis

2.1 Background

Arthritis is the leading cause of disability among adults in the United States,
affecting approximately 21% (more than 46 million) adults. Rheumatoid
arthritis (RA) affects approximately 1.3 million adults in the United States,
and more than 60 million people worldwide.1 RA is characterized by inflam-
mation of the synovial lining and destruction of extra-articular bone and
cartilage.

It is believed that arthritogenic peptides, either from foreign or self-
proteins, are presented to T cells preferentially by MHC molecules on
antigen-presenting cells. Activated T cells produce a variety of proinflam-
matory cytokines, including tumor necrosis factor (TNF)-α, interleukin
(IL)-1 and IL-6. The inflammatory response induced by these cytokines
is directly responsible for the overt RA symptoms, including joint pain,
swelling, effusion and stiffness.

2.2 Existing Therapies

Despite the prevalence and rising economic burden of RA, effective thera-
pies for this disease remain limited, and there is no cure. Current therapies
consist of early, aggressive and continuous treatment with non-steroidal
anti-inflammatory drugs (NSAIDs) and disease-modifying antirheumatic
drugs (DMARDs). Among the DMARDs, methotrexate has long been the
drug of choice for RA, but newer biologic targeted therapies have emerged in
recent years. These targeted therapies include abatacept (Orencia®), a fusion
protein composed of the extra-cellular domain of cytotoxic T lymphocyte
antigen-4 fused to an immunoglobulin (CTLA4-Ig); anakinra (Kineret®),
an interleukin-1 receptor antagonist (IL-1Ra); infliximab (Remicade®), a
chimeric anti–TNFα antibody; adalimumab (Humira®), a fully human anti–
TNFα antibody; and etanercept (Enbrel®), a soluble TNF-α receptor.2
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2.3 Target Tissues and Routes of Delivery

2.3.1 Local RA Gene Therapy

Synovium, the soft tissue that lines non-cartilaginous surfaces of joints, is
the primary target for intra-articular gene therapy because synovium has
a large surface area and direct access to the joint space. This is achieved
by directly injecting vectors or cells expressing the therapeutic gene of
interest into individual diseased joints, which limits the amount of vector
needed compared to systemic injections. The drawbacks of this approach
are that multiple joints may require injections in patients with polyarticular
disease, and that extra-articular manifestations of the disease may not be
affected.

One method to overcome this drawback is the use of genetically modi-
fied dendritic cells3 or T cells.4 When transduced with anti-arthritic genes
using viral vectors, these cells demonstrate the ability to home in on mul-
tiple joints or extra-articular tissues affected by RA, such as lymph nodes.
Similarly, vesicles, known as exosomes, derived from genetically modified
dendritic cells, or exosomes from immature dendritic cells that are subse-
quently treated with immunomodulatory factors, reduce inflammation and
severity of disease in arthritis mouse models.5

2.3.2 Systemic RA Gene Therapy

Systemic delivery, in which vectors are administered extra-articularly, such
as via intramuscular or intravenous injections, has been attempted in mul-
tiple studies (Fig. 18.1). Systemic injection will result in relatively high
circulating levels of therapeutic proteins and lower concentrations of ther-
apeutic proteins in the joints. It is possible that this method will improve
the ability of gene therapy to treat polyarticular or extra-articular mani-
festations of RA, and do so in a manner that improves upon conventional
biologic therapies that require frequent injections or infusions. While this
strategy has demonstrated promising results in animal models, it has mul-
tiple drawbacks, including the requirement for large doses of vectors to
facilitate systemic infection, and the observation that the majority of viral
vectors, when administered systemically, will home in primarily on the liver,
as opposed to joints or other sites of disease.6
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Fig. 18.1 A variety of vectors and approaches for RA gene therapy have been attempted. Viral, non-
viral and cellular vehicles for delivery of antiarthritic genes have shown great progress in recent years.
In addition, two primary approaches, in vivo and ex vivo gene therapy, have been attempted. In vivo
gene therapy can be segregated into either systemic or local gene transfer, and both involve direct
administration of vectors to the body. Alternatively, ex vivo gene transfer involves isolation of cells
from the body and modification, typically by retroviral transduction, in culture. This allows extensive
testing of gene expression and safety of the modified cells before return to the patient, but at significantly
greater cost.

2.4 Immunomodulation

As discussed in Section 2.1, RA is characterized by chronic inflammation
of the tissue surrounding joints, and the subsequent deterioration of joint
cartilage and bone. This chronic inflammation is mediated by proinflamma-
tory cytokines, particularly TNF-α and IL-1β. As discussed in Section 2.2,
most of the biological therapeutics currently available to RA patients tar-
get the actions of these cytokines. The inhibition of IL-1β reduces carti-
lage and bone destruction, and slows RA progression in animal models.2

Based on these observations, recombinant IL-1 receptor antagonist (IL-1Ra;
Kineret®) was approved by the U.S. Food and Drug Administration (FDA)
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for RA therapy in 2001. Similarly, inhibition of TNF-α activity ameliorates
joint disease in animal models.2 Three drugs, Humira®, Remicade®, and
Enbrel®, have been licensed by the FDA for use as TNFα inhibitors for the
treatment of RA and other inflammatory diseases.

Other strategies to treat RA via immunomodulation include blocking the
activity of IL-6 and NF-κB. As of this writing, several clinical trials, includ-
ing 5 phase III trials, are underway and indicate that an antibody against
the IL-6 receptor shows some therapeutic benefit in patients with RA and
systemic-onset juvenile idiopathic arthritis.7 In addition, a growing body of
evidence indicates that NF-κB may be a master regulator of RA. Numer-
ous inhibitors of the IKK complex, the enzymatically active component of
the NF-κB complex, have been developed, several of which have entered
clinical trials for the treatment of RA.8

2.5 Overview of Preclinical Gene Therapy Studies

Given the success of biologic targeted therapies, various strategies have
been employed to utilize these immunomodulatory agents in RA gene ther-
apy. Multiple preclinical RA gene therapy studies have demonstrated that
gene therapy vectors, including retrovirus and adenovirus vectors, express-
ing IL-1Ra produce high levels of the transgene in target tissues and inhibit
inflammation and cartilage loss in animal models. Similarly, numerous stud-
ies have demonstrated the effectiveness of blocking TNF-α activity via gene
therapy, including the suppression of inflammatory cell infiltration, pannus
formation, cartilage and bone destruction, and expression of joint proin-
flammatory cytokines in animal models.2

Furthermore, adeno-associated virus (AAV) expressing a TNFR:Fc
fusion gene under the control of an inflammation-inducible NF-κB pro-
moter delayed disease onset and decreased the incidence and sever-
ity of joint damage in mouse and rat arthritis models.2 This type of
gene therapy, utilizing a disease-inducible promoter, is of particular
interest in autoimmune diseases like RA, which are characterized by
flare-ups followed by periods of disease regression. By utilizing the
inflammation-inducible NF-κB promoter, high levels of transgene expres-
sion are obtained only during disease flares, preventing unnecessary expo-
sure of the patient to immunosuppressive agents during periods of disease
regression.
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In addition, both adenovirus and AAV have been utilized to deliver
NF-κB inhibitors to synovium, successfully preventing expression of proin-
flammatory cytokines.9,10 One potential drawback of using non-secreted
factors, such as IKK complex inhibitors, is that only directly transduced
cells will express the therapeutic gene, whereas secreted factors, such as
IL-1Ra and soluble TNFR, will mediate protection to the entire inflamed
environment.

A variety of growth factors has also been studied as therapeutics for RA.
Bone morphogenetic proteins (BMPs), particularly BMP-2 and BMP-7,
have been shown to induce chondrogenesis and osteogenesis when deliv-
ered by adenovirus or AAV vectors.2 Additional growth factors that have
been studied in relation to RA gene therapy include transforming growth
factor (TGF)-β1 and insulin-like growth factor (IGF)-1. Adenovirus or AAV
vectors expressing TGF-β1 have been used to transduce mesenchymal stem
cells (MSCs) and drive ex vivo differentiation of MSCs into chondrocytes,
facilitating cartilage repair in animal models.11 Similarly, ex vivo chon-
drocytes transduced with an adenovirus expressing IGF-1 enhanced matrix
synthesis and cartilage repair in horses.12 These studies suggest important
roles for growth factors in RA gene therapy, and indicate that a variety of
growth factors may be able to join the list of effective RA therapies.

Non-viral gene transfer systems, including naked DNA, cationic lipo-
somes, histones and polymers, have experienced limited use for the treat-
ment of RA because RA will necessarily require long-term, high-level
expression of therapeutic transgenes, which has traditionally not been an
option with non-viral systems.2 However, recent advances may overcome
this issue. For example, transient expression of the phage phiC31 inte-
grase allows for efficient, targeted integration of plasmid DNA. Also, plas-
mids containing vectors based on transposons such as Sleeping Beauty
or Himar1 also can confer efficient integration when delivered in con-
junction with the appropriate transposase. While these vectors have not
been extensively tested for RA gene therapy, phiC31 integrase and Himar1
transposase have been shown to confer stable transgene expression in cul-
tured human synoviocytes and in the rabbit knee following intra-articular
delivery.2 Thus it is possible that these non-viral, integrating vector sys-
tems, when delivered intra-articularly, could be useful for chronic RA gene
therapy.
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2.6 Overview of Clinical Gene Therapy Studies

As illustrated in Fig. 18.1, early arthritis gene transfer trials used retrovirus
vectors in ex vivo protocols to deliver IL-1Ra to the metacarpophalangeal
joints of RA patients.13 These safety and feasibility studies illustrated that
gene transfer to RA joints could be safe and effective, but the low numbers of
patients enrolled prevented any conclusions with regard to efficacy.A similar
phase I trial has been initiated by TissueGene, Inc utilizing retroviral vectors
expressing TGF-β1 to transduce human chondrocytes, which are then mixed
with normal human chondrocytes and injected into the knee of patients with
degenerative joint disease. As of this writing, 16 patients have been treated
in the United States and South Korea, with approximately 50% of the treated
patients demonstrating symptomatic improvement.2,14

Another RA gene therapy trial, sponsored by Targeted Genetics, Inc
evaluated the safety and efficacy of a single-stranded rAAV2 virus express-
ing the complete coding sequence of a TNFR:Fc fusion protein, which
is identical to etanercept. This trial received a great deal of publicity in
2007 because of the death of an enrolled patient. Subsequent investigation
determined that the death of the subject was not likely due to the viral
vector.2 Despite the death of this subject, the Targeted Genetics trial has
shown promising results. The AAV vector appears safe, in that there is
no evidence of circulating TNFR:Fc or extra-articular over-expression of
TNFR-Fc, which would have indicated vector dissemination and amplifica-
tion in extra-articular tissues. Clinical response was assessed using patient
reported outcomes, revealing moderate improvement in target joint pain and
swelling.15

3. Type I Diabetes Mellitus

3.1 Background

Type 1 diabetes (T1D), also known as insulin-dependent diabetes mellitus,
is recognized as a rapidly growing health threat worldwide. The CDC esti-
mates that 15,000 young people in the United States per year are diagnosed
with T1D, with 19 new cases per 100,000 youth each year.16 Worldwide,
the incidence of diabetes varies greatly by geographical location, ranging
from 0.1 per 100,000/year in China and Venezuela to 40.9 per 100,000/year
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in Finland, and has been increasing since the 1950s.17 From 1990–1999,
the incidence of T1D worldwide increased 2.8%, confirming the need for
new methods to address this growing public health concern.17

T1D is a polygenic autoimmune disease characterized by the T cell-
mediated destruction of insulin-producing β cells in the pancreatic islets
of Langerhans, leading to insulin deficiency. T1D is a chronic disease that
is known to exist for years in a preclinical phase before the classic mani-
festations are observed. This preclinical phase, known as insulitis, is char-
acterized by the infiltration of leukocytes into the islets. The actual onset
of diabetes occurs after most β cells have been killed, resulting in insulin
deficiency and hyperglycemia. β cell auto-antigens, such as glutamic acid
decarboxylase (GAD) and insulin, are processed by antigen presenting cells
(APC), including macrophages, dendritic cells, and B cells, in the pancreatic
islets. APC then present processed peptides to autoreactive CD4+ T cells
in the peripheral lymphoid tissues. Activated autoreactive CD4+ T cells
secrete cytokines and activate β cell-specific cytotoxic CD8+ T cells. Acti-
vated CD8+ T cells (CTL) then migrate to the islets and produce cytokines,
which activate more CTL, as well as macrophages, further contributing to
the destruction of β cells.18 In general, TH1 cytokines, such as IL-2, inter-
feron (IFN)-γ , and TNF-α, promote T1D development, while TH2 or TH3
cytokines, such as IL-4, IL-10, and TGF-β, prevent T1D onset. β cell death
is the direct result of these cytotoxic cytokines and other agents, includ-
ing oxygen free radicals, granzyme and perforin, released from CTL and
macrophages. Additionally, Fas and TNF receptor-mediated apoptosis play
roles in β cell death.18

3.2 Existing Therapies

T1D patients require lifelong insulin replacement therapy, and are at risk of
developing significant complications associated with hyperglycemia, such
as retinopathy, neuropathy, nephropathy, and accelerated peripheral vascu-
lar and coronary artery disease. The goal of existing therapy is to provide
tight glycemic control in all diabetic patients in order to minimize the com-
plications associated with hyperglycemia.

Furthermore, while allogeneic islet transplantation has shown some evi-
dence of success, the allo- and autoimmune response against the islets often
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leads to their destruction.18,19 Therefore patients receiving grafted islets
require lifelong immunosuppressive therapy, which carries significant side
effects. Due to the need for lifelong immunosuppression, whole-pancreas
transplant is rarely performed alone, and more frequently performed in
T1D patients undergoing kidney transplant for diabetic nephropathy. The
widespread applicability of both of these techniques is limited by the supply
of islets from cadaveric donors, and in general both procedures have been
offered only to T1D patients who have hypoglycemic unawareness, severe
metabolic or secondary complications, or are unable to follow an insulin
regimen.20

3.3 Target Tissues and Routes of Delivery

As shown in Fig. 18.2, T1D interventions have taken many forms, and as a
result, many different target tissues have been tried. Chief among the target
tissues investigated has been the pancreatic islets. The vast majority of the
studies utilizing gene transfer strategies to enhance islet function or survival
have used an ex vivo transduction protocol, which follows logically from
the islet transplant protocols currently in clinical use. In vivo transduction
protocols of β cells are more rare, but have been accomplished using AAV
vectors.21

In some cases, systemic expression of protein has been desired for ther-
apy of T1D. Examples of this may include expression of insulin to regulate
the blood glucose or systemic expression of an immunomodulatory agent in
order to prevent the onset of diabetes. In these cases, investigators have uti-
lized the relative ease of transduction of other tissues, such as liver or muscle
to achieve high transduction efficiencies and better systemic expression of
protein.

3.4 Immunomodulation

Over the past 30 years, significant efforts have been made to test the efficacy
of immunomodulating therapies in T1D.An ideal immunomodulating agent
for diabetes would specifically halt β cell destruction without causing sys-
temic immunosuppression or inhibiting the process of β cell regeneration.
It has been demonstrated in both humans and non-obese diabetic (NOD)
mice that at the onset of clinical diabetes there is still significant residual
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Fig. 18.2 A variety of vectors and approaches for T1D gene therapy have been attempted. Viral, non-
viral and cellular vehicles for delivery of genes have been utilized. Both in vivo and ex vivo gene therapy
has been attempted. Ex vivo gene transfer involves isolation of cells from the body and modification
in culture as shown for antigen presenting cells in A, and pancreatic islet transplant in D. In vivo gene
therapy involves direct administration of vectors to the body, either directly to the pancreas as shown
in B, or to another target such as muscle (as in C) or liver for systemic expression of transgene.

β cell mass, and early intervention with an effective immunotherapy during
this period has the potential to restore tolerance and allow endogenous cells
to regenerate the islets.22 However, some immunosuppressive drugs used
in common islet transplant protocols have been shown to inhibit sponta-
neous regeneration of β cell mass in vivo, and therefore drugs intended for
this application must be carefully tested for their effects on β cell growth
in vivo.23 Anti-CD3 has shown some promise in clinical trials, but recent data
concerning potentially serious systemic side effects has dampened enthu-
siasm for this molecule.24 Trials are also underway investigating the ther-
apeutic potential of rituximab, an anti-CD20 antibody that down regulates
the B cell signaling of T cells.

In terms of diabetes antigen-specific studies, systemic or oral adminis-
tration of insulin given to high-risk relatives had no efficacy in preventing
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diabetes onset when compared to a matched control group.26 Other trials
examining the benefits of intranasally administered insulin, as well as an
intramuscular alum-Gad65 preparation, have shown some initial promise
and work is ongoing to investigate the ultimate benefit of these methods.25,26

Collectively, these studies illustrate the challenges facing investigators
in finding appropriate immunotherapies for T1D. At this point, it remains
unclear, which agents are the most beneficial at halting the progression of
autoimmunity as many underlying aspects of the pathogenesis of T1D have
yet to be elucidated. The clinical heterogeneity of human disease when com-
pared to the homogeneity of inbred animal models, such as the NOD mouse,
remains another challenge, as many interventions that have prevented dia-
betes in preclinical models do not have promising results when translated
into human therapy.

3.5 Overview of Preclinical Gene Therapy Studies

Until recently, gene therapy studies for T1D had focused primarily on ex vivo
approaches to modify islets for transplantation. Although many different
approaches have been examined, the goals of these modifications are sim-
ilar: to transfer a gene encoding a protein which would confer some type
of islet-protective effect to the grafted islets in order to protect them from
allo- and autoimmune attack when transplanted into the patient. When suc-
cessful, this prolongs graft survival and may potentially reduce the need for
systematic immunosuppressive therapy to prevent loss of the graft. Some
lingering concerns with the use of transduced islets are safety and efficacy.
Particular concerns include whether expression of virally encoded proteins
from the islets will have some effect on the cellular function of the trans-
planted cells or immunological function of the patient receiving the graft.

Another major focus of ex vivo gene therapy strategies for T1D has
been in the modification of immunological cells to promote tolerance upon
adoptive transfer in vivo. Dendritic cells have been of particular interest
for applications in T1D because of their unique role in regulating T cell
responses. Both adenoviral and lentiviral gene transfer of IL-4 to DC have
been shown to have protective effects in the NOD model of T1D.27,28

Others have shown that modifying DC with an adenoviral vector encod-
ing for galectin-1, a lectin with regulatory effects on T cells, could delete
diabetogenic T cells in vivo.29 Lastly, approaches using oligonucleotides
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have been particularly successful. NF-κB decoy oligoneucleotide treatment
of DC was shown to inhibit DC activation and maturation, inhibit the expres-
sion of co-stimulatory molecules, and prevent the onset of diabetes in the
NOD mouse model. These studies have progressed into clinical trials.30

They are described in further detail in Section 3.6. In addition, retroviral
transduction of genes encoding Gad65-IgG or (pro)Insulin-IgG fusion pro-
teins into B cells resulted in a suppressive B cell phenotype which was capa-
ble of reducing diabetes incidence in a regulatory T cell-dependent man-
ner on adoptive transfer into NOD mice.31 Approaches using the patient’s
autologous antigen-presenting cells are particularly attractive because of
the known importance of these cells in regulating autoimmunity, as well as
the ease and relative safety of ex vivo transduction protocols.

In vivo gene therapy efforts for T1D have primarily focused on address-
ing the underlying autoimmune destruction and loss of β cell mass rather
than on insulin replacement strategies.32 Many in vivo efforts have been
directed towards modifying nonpancreatic tissues, such as liver and muscle,
to systemically express insulin or immuno-regulatory compounds in order
to modulate autoimmunity in models of T1D.33

For many years, the potential of gene therapy as a means to treat T1D
was hindered by the lack of an effective vehicle to target genes specifically
to the pancreas in vivo. However, recent studies have demonstrated that a
double-stranded AAV vector utilizing the insulin promoter provided stable,
long-term expression that is specific to β cells. Use of this system to deliver
IL-4 was protective against insulitis and hyperglycemia in the NOD model,
and was able to maintain levels of regulatory T cells as the mice aged.34

In vivo transduction of islets could be of major benefit in preserving or
enhancing the amount of β cell mass remaining in T1D patients at diagnosis.

3.6 Overview of Clinical Gene Therapy Studies

To date, few proposed gene therapy strategies for T1D have progressed to the
point of clinical trials. A phase I clinical trial to examine safety is currently
ongoing using DC genetically modified using antisense oligonucleotides
(AS-ODN) to the co-stimulatory molecules CD40, CD80, and CD86. In pre-
clinical studies using the NOD mouse model of T1D, investigators demon-
strated that the AS-ODN treated bone-marrow derived DC were able to
delay the incidence of diabetes after a single injection, and observed that the
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AS-ODN treated DC resulted in an expansion of a CD4+CD25+CD62L+

regulatory T cell population.35 It is believed that the lack of co-stimulatory
molecules on the DC result in an anergizing signal to diabetogenic T cells,
as well as expansion of regulatory T cells. In the ongoing clinical study,
autologous DC are generated from T1D patient’s leukocytes in vitro after
harvest by leukapheresis. The DC are cultured and engineered using the
AS-ODN to CD40, CD80, and CD86 and then injected intradermally at a
site distal to the pancreas to allow for DC migration into the lymph nodes.
At the time of writing, the phase I trial is currently ongoing and is focused
on the safety of this approach in a patient population that is over 18 and
has had insulin-dependent T1D for greater than five years.36 If successful,
the next step planned by investigators will be a phase II trial focused on
efficacy of treatment in newly-diagnosed T1D patients, in fitting with the
paradigm that early intervention with immunotherapies is most effective at
saving any residual β cell mass.

Some additional phase I/II trials have occurred for gene therapy prod-
ucts, which are not specifically targeted towards T1D, but rather are aimed
at treating hyperglycemic complications that can occur with Type 1 or 2
diabetes. For example, Tissue Repair Company has recruited patients for
trials of EXCELLERATE, which is a collagen-matrix gel containing aden-
oviral vectors expressing platelet-derived growth factor for the treatment of
chronic lower extremity ulcers in diabetic patients. Another clinical trial is
also ongoing looking at the gene transfer of vascular-endothelium derived
growth factor for the treatment of diabetic neuropathy.37 As of this writ-
ing, results from these trials are eagerly anticipated, but have not yet been
published.

4. Conclusions and Outlook

As outlined in this chapter, considerable progress has been made towards
developing gene therapy approaches for autoimmune disease such as RA
and T1D, leading to several phase I clinical trials, and one phase II trial in
RA. There is also evidence of clinical responses in certain subjects, suggest-
ing that additional trials to establish efficacy are merited. Although not dis-
cussed in this chapter, proof of principle also has been established in animal
models of Sjogren’s syndrome and lupus. Because these diseases, unlike
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RA and T1D, do not respond well to present biologics, the development
of alternative approaches, such as gene therapy, seems highly appropriate.
Furthermore, although osteoarthritis (OA) is not an autoimmune disease, it
shares certain pathology with RA. Two clinical trials exploring the use of
gene therapy in OA are underway and another is in the pipeline. Given there
currently is no effective treatment for OA, gene therapy offers the potential
to improve the quality of life for the 10% of the population that will develop
this disease. Overall the technology of gene transfer, along with efficacy of
gene therapy in animal models of autoimmune diseases, has developed to
the point where it is no longer the rate-limiting step for many purposes.
Instead, the focus of the field of gene therapy for autoimmune diseases is
now on bringing these approaches into the clinic.
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Chapter 19

Gene Therapy for Inherited
Metabolic Storage Diseases

Cathryn Mah∗

In this chapter, we will discuss the principles surrounding the study and
development of gene therapy for inherited metabolic storage diseases.
These rare diseases are caused primarily by a defect in a single gene and
result in the excess storage of substrates within affected cells, ultimately
rendering the cells dysfunctional. There exist numerous classifications of
inherited metabolic storage diseases which include two broad categories:
lysosomal storage diseases and glycogen storage diseases. No cures exist
for any of the diseases and current therapies are palliative. Gene therapy
provides a possible alternative therapy for inherited metabolic storage
diseases and here we discuss current gene therapy strategies and consid-
erations for strategy design for representative diseases including MPS I,
Gaucher disease, Pompe disease, and glycogen storage disease type Ia.

1. Introduction

The majority of gene therapy studies for inherited metabolic storage dis-
eases have employed viral-based gene therapy vectors, in particular retro-
viral, lentiviral, adenoviral, and adeno-associated viral vectors. Other viral
and non-viral vectors have also been explored to a lesser extent. Treatment
strategies have varied substantially, in that different vectors, differing
cis-elements within each vector construct, methods of vector delivery, and
the target tissue(s) have differed, even when approaching the same disease.

∗Correspondence: University of Florida College of Medicine, Dept. Pediatrics, Div. Cellular Molecular
Therapy, and Powell Gene Therapy Center, 1376 Mowry Road, Rm 493, Gainesville, FL 32610.
E-mail: cmah@ufl.edu
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However, the primary goals of sufficient transduction of the affected tis-
sue(s), sustained expression of the delivered gene at therapeutic levels, and
avoidance of untoward or adverse effects such as immune response to vector
or transgene, are common for each.

While at the time of writing of this chapter, a gene therapy strategy to treat
an inherited metabolic storage disorder has not yet yielded a complete cure
for disease, nor has a gene therapy treatment been approved as a standard
of care, data suggest that significantly improved functional outcomes can
be achieved using gene therapy as compared to current therapies. Each new
study has provided information towards design of improved strategies and
further research can only move the field of gene therapy closer toward the
goal of a cure.

2. Lysosomal Storage Diseases

Lysosomal storage diseases (LSDs) are a class of inherited metabolic stor-
age diseases encompassing greater than 40 distinct diseases. Lysosomes
are intracellular organelles that contain enzymes that play important roles
in the break down of complex substrates and macromolecules. Most LSDs
are caused by a deficiency in a functional lysosomal enzyme, however defi-
ciencies in nonenzymatic activator proteins, proteins required for proper
intracellular trafficking of lysosomal enzymes, or mutations in integral lyso-
somal membrane proteins can also result in disease. LSDs are characterized
by excess storage of undigested or partially digested materials within the
lysosomes of affected cells. Accumulation of substrates within lysosomes
eventually leads to disruption of normal cellular architecture and ultimately
cellular/tissue function. In some cases, the substrates themselves can be
cytotoxic. Affected tissues range from skeletal and cardiac muscle to tis-
sues comprising the central nervous system.1 While gene therapy strategies
are being developed for numerous LSDs, two LSDs, mucopolysaccharidosis
Type I and Gaucher disease, will be discussed in this chapter as examples.

Mucopolysaccharidoses (MPS disorders) are a group of LSDs charac-
terized by the inability to degrade glycosaminoglycans used to build bone,
cartilage, tendons, joint fluid, and other tissues. Mucopolysaccharidosis
Type I (MPS I) is caused by a lack of alpha-L-iduronidase (IDUA), result-
ing in the build-up of dermatan and heparan sulfate. MPS I can range from
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a severe form (also known as Hurler syndrome) to mild (Scheie syndrome)
form. Clinical features can vary greatly with the severity of disease, how-
ever hallmark complications can include joint stiffness and skeletal dys-
plasia, cardiovascular disease, liver and/or spleen enlargement, clouding
of the cornea, developmental delay, and characteristic facial and physical
dysmorphisms.1,2

Gaucher disease is the most common LSD and results in the storage of
the lipid glucocerebroside primarily in macrophages and monocytes due to
a defect in beta-glucosidase enzyme. Clinical symptoms of Gaucher disease
include hepatosplenomegaly, anemia, thrombocytopenia, leukopenia, and
severe bone disease. Like with most other LSDs, there exist subtypes of
disease that are characterized by severity and differing clinical symptoms.
Type 1 Gaucher disease is the most prevalent form of Gaucher disease and
is non-neuropathologic. Gaucher disease Types 2 and 3 are characterized
by having acute or chronic neurologic symptoms, respectively.1,2

Current therapies for both MPS I and Gaucher disease include bone mar-
row/hematopoietic stem cell transplantation and/or recombinant enzyme
replacement therapy (ERT) or substrate reduction therapy (SRT).3−8 While
these therapies have been shown to improve survival and quality of life,
in most cases, disease is not cured, and complications can arise. Bone
marrow/stem cell transplantation has been employed as blood cells have
been shown to express and secrete the deficient enzymes in MPS I and
Gaucher disease. The primary acute complication with this form of ther-
apy is rejection of the graft, and while disease progression can be halted or
delayed, bone and neurological components of disease cannot be reversed.
ERT requires repeated intravenous dosing for the lifetime of the patient and
can correct non-neuronopathlogies however, due to the blood-brain bar-
rier, ERT is unable to correct neurological manifestations. SRT utilizes oral
dosing of small molecule compounds to inhibit the formation of glycosphin-
golipids. The potential advantage of SRT compounds is the ability to cross
the blood-brain barrier, which theoretically can improve CNS pathology,
however safety concerns still exist for current SRT drugs and are used only
in patients unable to receive ERT. Gene therapy may provide a more effec-
tive alterative to conventional therapies for lysosomal storage diseases as a
single administration could lead to expression of the therapeutic enzyme for
the lifetime of the individual. Furthermore it is feasible that gene therapy
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can provide widespread correction in all affected tissues including cells of
the CNS.9−17

3. Glycogen Storage Diseases

Glycogen storage diseases (GSDs) are a group of nine different inherited
metabolic storage disorders. As the name implies, GSDs are characterized
by aberrations in normal glycogen metabolism and results in the accumula-
tion of glycogen in affected cells (with the exception of GSD Type 0 which
is considered a form of GSD but results in an inability to store glycogen).
Much like the lysosomal storage disorders, most GSDs are a result of a
lack of a functional enzyme in glycogen metabolism, but some types or
subtypes of GSD types can be caused by improper intracellular trafficking
of enzymes from proper compartments. Furthermore, GSDs can manifest
very different clinical symptoms and pathologies.2,18 Two example types of
GSD will be discussed in this chapter, GSD Types I and II.

Glycogen storage disease Type II (GSDII; Pompe disease) is also a
lysosomal storage disorder and results from a lack of lysosomal acid alpha-
glucosidase (GAA). GAA is responsible for cleavage of alpha-1,4- and
alpha-1,6-glycosidic bonds of glycogen and in Pompe disease, glycogen
will build up within the lysosomes to the point of destroying normal cell
structure and function.19,2 The clinical phenotype of Pompe disease is that
of a muscular dystrophy with severe progressive weakening of cardiac
and skeletal muscles as the most outwardly affected tissues, however evi-
dence suggests a neurological component exists as well. In 2006, ERT was
approved for the treatment of Pompe disease. Like with ERT for other lyso-
somal storage diseases, therapy significantly improves survival and quality
of life, however, there exist shortcomings and therapy is not curative.20

Gene therapy provides the potential for sustained endogenous expression
of the therapeutic enzyme, thus eliminating the need for serial treatments.
Furthermore endogenous enzyme expression may lead to more efficient
processing, post-translational modification, and intracellular trafficking of
the enzyme, thereby creating a more potent therapeutic agent.

Glycogen storage disease Type I (GSDI, von Gierke disease) is an inher-
ited metabolic storage disorder resulting from the inability to break down
glycogen to glucose for energy. As such, affected individuals suffer from
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severe hypoglycemia, which in turn results in other profound metabolic dis-
turbances such as lactic acidemia and hyperlipidemia. There exist subtypes
of GSDI (types Ia and Ib) in which the molecular mechanism of disease
differs. GSDIa is caused by a lack of functional glucose-6-phosphatase
(G6Pase) enzyme whereas type Ib is caused by improper transport of the
enzyme within the cell. Therapy for GSDI is solely palliative and consists of
strict dietary supplementation with uncooked cornstarch as a slow-release
source of glucose. Gene therapy is currently the only option to correct the
basic metabolic defect by providing the necessary G6Pase to the affected
cells.21−23

4. Animal Models

While most inherited metabolic storage diseases are caused primarily by a
single protein defect and may result in biochemical abnormalities in iso-
lated tissues, clinical symptoms tend to manifest in more global impaired
functioning of affected individuals. The metabolic processes of the body are
strongly tied to one another in that changes in one small aspect can cause a
cascade of downstream events far removed from the original founding prob-
lem. Preclinical studies in animal models of disease provide unique complex
systems in which therapeutic success and outcomes of gene therapy can be
assessed as a whole.

While animal models do not exist for every form of disease, there
are numerous naturally-occurring as well as genetically engineered animal
models of inherited metabolic storage disease.14,17 Mouse models of dis-
ease, when available, provide an invaluable resource as a system in which
to assess proof-of-principle studies. Most mouse models are inbred with
identical genetically-defined backgrounds, thereby reducing variability in
response to therapy and outcome measures. In addition, mice are relatively
easy to breed in that they have multiple pups per litter and gestation ranges
from approximately 18–22 days, depending on the strain, thus large numbers
of animals can be evaluated in a relatively shorter span of time than larger
animal models. Mouse models of disease, however, do not always necessa-
rily mimic all aspects of human disease and due to their homogenous genetic
backgrounds, may not accurately represent therapeutic outcomes that will
be seen in the general patient population where the genetic makeup of each
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individual can be vastly different. While the biochemical and even molec-
ular basis for most of the inherited metabolic storage diseases remains the
same between individuals with a particular disease, other underlying factors
(such as the existence of other congenital abnormalities or other modifying
factors that are not directly related to disease) may impact the course of
disease pathology.

Larger animal models of disease tend to be naturally-occurring and are
usually originally identified by their clinical symptoms as they relate to
human disease.14−17 These higher vertebrates tend to be more complex than
their rodent counterparts with more heterogeneous genetic makeup and in
some cases, more accurately represent physiological and pathological phe-
notypes seen in the patient population. In addition, more clinically relevant
vector delivery methods or functional testing measures can be performed
in the larger animal models of disease.

Murine, feline and canine models exist for MPS I.24−25 The MPS I
knockout mouse model was generated by the targeted disruption of the
murine Idua gene and exhibits most hallmark clinical features of disease
such as altered facial and paw morphology, and abnormal lysosomal storage
in most analyzed tissues including liver, spleen, bone, muscle, and brain.
Animals exhibit skeletal dysplasia, abnormal cardiac function, and reduced
vision and hearing capabilities. While primary complications of MPS I are
noted in these mouse model, they do not precisely mimic human disease
either. For example, despite having impaired vision, corneal clouding is not
noted, animals also do not have shortened lifespans, and while MPS I mice
have impaired cardiac function, the specific regions of cardiac abnormalities
differ between mice and humans. The feline and canine models of MPS I are
caused by naturally-occurring mutations in the Idua gene. Both exhibit facial
deformities, lysosomal storage of dermatan and heparan sulfates, cardiac
murmurs, corneal clouding, joint disease, and skeletal dysplasia. MPS I
dogs have more pronounced skeletal disease than cats with MPS I and the
course of pathology most closely resembles the moderate Hurler-Scheie
form of disease.

Gene therapy studies have been performed in all three animal models
of MPS I and comparison of a single strategy performed in each revealed
different outcomes, thus demonstrating that strategies may not translate in
a linear fashion as we move from preclinical to clinical studies. Intravenous
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delivery of a retroviral vector encoding the canine IDUA gene under the con-
trol of liver-specific promoter resulted in very high levels of serum cIDUA
that was sustained throughout the study (8 months) with significant storage
reduction and complete correction and normalization of cardiac function,
vision, and bone mass density in the mouse model.26 In the MPS I dog, the
same gene therapy strategy still resulted in 25% of the serum cIDUA level
seen in mice and the dogs had only moderate clinical improvement.27 In
the MPS I cat, gene expression was similar to that in the dogs but expres-
sion lasted only 1–3 months as a result of a robust cytotoxic T lympho-
cyte response against cIDUA-expressing cells, in the absence of a humoral
anti-cIDUA response,14,28 Several factors including the difference of vec-
tor transduction (infection and subsequent gene expression) efficiency as
it relates to each different species of animal, the maturity and reactivity of
each species immune system to the vector and the expressed enzyme, and
the subtle differences in disease pathology may have played roles in the
difference responses to the gene therapy.29−31

Several independent mouse models of Gaucher disease have been devel-
oped either by point mutation or postconditional knockout of gba.14,32,33

Both models exhibit pathology, however the point mutation model does not
develop clinical disease whereas the conditional knockout exhibits more
clinical symptoms of disease, including infiltration of Gaucher cells (reticu-
loendothelial cells with excess storage of glucocerebroside) in bone marrow,
liver, and spleen and anemia, one year post-induction of the knockout con-
dition. Up until recently, mouse models of neuronopathic Gaucher disease
(Types 2 and 3) resulted in animals with limited viability and usually died
within hours after birth. In 2007, a model in which acid beta-glucosidase
enzyme deficiency was restricted to neural and glial cells was generated
and resulted in mice with significant neurological abnormalities similar to
Types 2 and 3 Gaucher. These animals have only slightly longer lifespans
of 3-4 weeks of age however; this timeframe does provide opportunities to
test some therapies.34

Animal models of Pompe disease include knockout mouse models
and a naturally-occurring Japanese quail model.14,16,17 Although indepen-
dent mouse models of Pompe disease all lack expression of acid alpha-
glucosidase (GAA) and present with glycogen storage in skeletal and
cardiac muscle, only the exon 6-disrupted model (6neo/6neo) manifests the
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clinical phenotype of progressive skeletal muscle weakening. The difference
is, in part, attributed to the difference of background mouse strains (FVB
versus C57BL/6 for 6neo/6neo mice) used to develop the models. There still
exist however, differences between the mouse and human forms of disease,
the most striking being that although the mouse model completely lacks
GAA enzyme activity, mice survive to adulthood and exhibit progressive
disease similar to juvenile and adult-onset patients, whereas patients who
lack functional enzyme normally do not survive past infancy.16

There exist a knockout mouse and naturally-occurring canine model of
glycogen storage disease type Ia. Both models are unable to survive past
weaning age without intense dietary intervention to prevent severe hypo-
glycemia and are characterized by massive hepatomegaly, hyperlipidemia,
and hyperuricemia, however the canine model also develops lactic acidemia
which is a primary complication of disease in the patient population.22,23

Animal models of disease are invaluable resources in which to assess
novel therapeutics and when available, preclinical proof-of-concept and tox-
icological studies are required prior to moving toward clinical trials. When
designing preclinical gene therapy studies, an understanding of the interplay
from the molecular level to whole animal physiology is important in devel-
oping effective treatment strategies. Other factors such as species-related
differences and genetic background should also be taken into consideration

Fig. 19.1 Newborn affected and carrier GSDIa dogs. Note the gross hepatomegaly that is evident in
the affected puppy even at birth.
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when evaluating therapeutic strategies and outcomes. For study end-point
measurements, it is important to characterize the immediate biochemical
outcomes (is the transgene expressed and how much is being expressed)
and the effects on the target cells (is substrate storage reduced) and tis-
sues (tissue histology/morphology), however improvements in physiologic
and/or behavioral function are the true indicators of therapeutic success as
these are the markers that would ultimately translate to improved survival
and quality of life in the patient.

5. Cross-Correction Strategies

For most inherited metabolic storage diseases, levels of expression of the
therapeutic protein, as small as 1% of normal levels, can result in signif-
icant benefits and improvement of the clinical phenotype.14,16,17 A unique
characteristic of lysosomal storage diseases is that most arise from a defi-
ciency of a soluble hydrolase. While the majority of synthesized lysosomal
enzymes are targeted to the endosomal system via binding of the enzyme
to the mannose-6-phosphate receptor followed by intracellular trafficking
of the complex, a small percentage of expressed enzyme does not traf-
fic to the endosome/lysosome and instead is secreted from the cell, which
can be taken up by distal cells and trafficked to the lysosome to perform
its enzymatic function.16,17 Current ERT and bone marrow transplantation
therapies take advantage of this secretion/uptake process. A challenge for
cross-correction-based strategies is the efficient penetration of circulating
enzyme into the affected tissue. This challenge becomes more prominent in
diseases that have a neural component, due to the blood-brain barrier. How-
ever, gene therapy has the potential to both directly correct affected cells
and tissues and also provide an endogenous system for cross-correction,
thus providing correction that is more similar to the native function and
trafficking of the enzyme.

Due to ease of vector delivery by intramuscular (IM) injection, muscle
has been one target as an endogenous source of enzyme, however strategies
have been ineffective so far and is thought to be partially attributed to the
inefficiency of those secretion processes in muscle.14,16,17 In addition, data
from multiple gene therapy studies suggests that the site of vector delivery
plays an important role in the individual to mount an immune response

319



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch19

A Guide to Human Gene Therapy

Fig. 19.2 Schematic of cross-correction. The expressed lysosomal enzyme (green) are glycosylated
in the rough endoplasmic reticulum followed by phosphorylation of the mannose-6-phosphate in the
Golgi apparatus (orange circle) where they can bind the mannose-6-phosphate receptor (blue, M6PR).
The majority of enzyme is then trafficked within the cell to the mature lysosome. A small percentage of
enzyme is secreted from the cell where it can bind M6PR on distal cells and be endocytosed followed
by trafficking to the lysosome.

(either to the vector itself, the therapeutic protein, or the transduced cells)
and that muscle tissue may be more prone to the development of humoral
and/or cytotoxic immune response.35

In contrast to muscle cells, hepatocytes synthesize and secrete myriad
proteins and may provide a more appropriate milieu as a center for therapeu-
tic enzyme production. Administration of liver-targeting vectors to neonatal
animals has been quite successful for several diseases including MPS I and
MPS VII, however treatment of adult animals has been more challenging
due to the mature immune system being able to mount an immune response.
In the mouse model of Pompe disease, studies showed that when antibod-
ies were elicited in response to gene therapy, cross-correction was com-
pletely abrogated.36,23,35 However, in animals that did not elicit an immune
response, cross-correction of skeletal and cardiac muscle could be achieved.

Numerous in vivo studies in varying models of disease ranging from
muscular dystrophy to hemophilia have shown that restriction of gene
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expression to only target cells can eliminate unwanted immunological reac-
tions resulting from expression of the therapeutic protein in cells that do
not express the gene in wild-type status or from expression directly in anti-
gen presenting cells. Use of tissue-specific promoters does not completely
preclude the possibility of immune reactivity, suggesting that other factors
such as mechanisms of immune evasion or thresholds of immune tolerance,
as well as the nature of the animal model itself likely play a role in the
immune response.

Ex vivo bone marrow or hematopoietic stem cell gene therapy has been
explored for the treatment of lysosomal storage disease. These strategies
provide an advantage in which autologous bone marrow or hematopoietic
stem cells are transduced with a gene therapy vector to express the therapeu-
tic protein and are then introduced to the affected individual. The potential
benefit of this is a reduction in graft rejection and other complications asso-
ciated with the use of allogeneic or unrelated cells. Murine studies have
resulted in varying levels of efficacy and as studies moved to the larger
animal models, transplantation of ex vivo–transduced bone marrow has not
been successful, suggesting greater complexities. Both preclinical and clin-
ical studies have revealed that a degree of immune conditioning (in which
bone marrow cells are ablated or partially eradicated) prior to transplantation
is required for the successful engraftment of ex vivo transduced cells.4,10,14,16

Other factors such as the nature of disease itself, animal model, degree of
disease progression, and the levels of gene expression also play a role with
the trend being that less disease pathology and the greater the levels of
transduction lead to the most clinical improvement.

6. Direct Correction of Target Tissues

Direct delivery of gene therapy vectors to affected tissues is the most
straightforward gene therapy strategy however most inherited metabolic
storage diseases involve pathologies in several tissue or organ systems. Due
to the inherent differences between each affected cell type, it may be nec-
essary to treat specific tissue types separately to achieve global correction.
Significant correction of the prominently affected tissues could result in
substantial amelioration of clinical symptoms and in some cases, such as
when both CNS and peripheral organs are affected, separate correction for
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each aspect is probably required. Multiple considerations exist in develop-
ing gene therapy strategies for direct correction of target tissues and include
vector type, promoter and other cis-elements in the vector construct, and
method of vector delivery. Selection of each component will vary for each
tissue type and disease as well as the ultimate goals of the study.

The majority of gene therapy studies to-date involving direct correction
of CNS for lysosomal storage diseases have been performed using AAV-
based vectors, however other vectors have also shown promise and ther-
apeutic strategies will evolve with each subsequent study. Intrathecal and
intracranial administration of rAAV vector resulted in widespread biochem-
ical correction in the brain with significant histological correction for several
lysosomal storage diseases including MPS I, MPS IIIB, MPS VII, Sandhoff
diseases, Niemann-PickA, globoid cell leukodystrophy, and metachromatic
leukodystrophy and in some cases, improvement in behavioral symptoms
were noted.10,16,37 Differences in success between each study suggest that
interplay between the specific disease (whether it is the altered cellular
structure or physiology, or basic cellular mechanics or biochemistry) and
specific vector type also affects therapeutic outcomes. While a single or few
injections in the mouse can result in correction throughout the brain, it is
likely that as studies progress towards humans, modifications either to the
vector itself or in the basic delivery method may need to be done to ensure
widespread distribution, however the fact that vectors can be transported
along neuronal connections to distal sites in the CNS and that secreted
enzymes can be transported antero- and retrograde to cross-correct cells
away from the site of injection provide advantages to CNS-targeted gene
therapy.

The challenge in gene therapy strategies to directly correct muscle is the
ability to correct all muscle fibers within the body.As body-wide direct injec-
tion is not practical, studies have focused more on specific muscles groups
that may provide the most clinical benefit. For example, Pompe disease
strategies have targeted the diaphragm for respiratory function or hindlimbs
for ambulation.23,38 The development of novel vectors with distinct kinetics
of expression and in vivo biodistribution studies have resulted in vectors that
can mediate wide-spread transduction of skeletal and cardiac muscle after
simple intravenous injection. For example, intravenous injection of a thera-
peutic AAV serotype 1 vector to neonate Pompe mice resulted in long-term
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biochemical and histological correction of skeletal muscle, diaphragm, and
cardiac tissues with corresponding functional improvement in each.39

Systemic intravenous delivery of vectors has been explored to treat many
forms of inherited metabolic storage diseases. Ideally, gene therapy strate-
gies should be optimized so that a single peripheral injection of vector would
be sufficient to cure disease and that the inherent nature of the vector itself
would selectively infect and completely correct all negatively affected cells
in the body. While that level of correction has not yet been achieved, under-
standing of the basic biology of vectors provides avenues for manipulation
to design a better vector. The biodistribution of vector transduction is pri-
marily centered around the mechanism of transduction; (1) whether it is
taken up by a receptor-mediated process or endocytosed, (2) the intracellu-
lar fate of the vector genome as it is released in the cell, (3) the availability
of the vector genome to transcription machinery as well as the presence of
transcription factors specific to each construct, and (4) efficient translation
(and when necessary post-translational modification) to a functional prod-
uct. These factors can vary due to species, age, gender, and/or other genetic
modifiers of the subject it is also possible that the aberrant functioning of dis-
eased cells could affect biodistribution and expression. Furthermore, other
factors such as immune status with respect to the vector or the transgene
product also affect transduction.

Direct correction of liver is the primary strategy for the treatment of
GSDIa as the therapeutic enzyme is a transmembrane protein and there-
fore not amenable to cross-correction strategies. To-date all gene therapy
studies for GSDIa have involved neonatal delivery of vector due to the very
short average lifespans (1–4 weeks) for both mouse and dog models of
disease.22,23,40 Intense dietary therapy has been shown to prolong life in
the GSDIa dog and future studies examining the effects of gene therapy
in older animals would be of interest, as much of the current patient pop-
ulation approaches adulthood. AAV vectors have mediated expression of
hepatic G6Pase, prolonged survival, and reduction in accumulated glyco-
gen and most importantly, the ability to sustain short periods of fasting
without suffering severe hypoglycemia. Like with the lysosomal storage
diseases, only small amounts of enzyme activity (as little as 10–11% wild-
type activity in both the GSDIa mouse and dog) resulted in substantial
physiologic correction.22,23,40 Interestingly, despite the use of constitutive
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promoters in some of the aforementioned studies, no untoward effects have
been noted however this may be due to subphysiologic levels of expression.
As such metabolic processes are tightly controlled, regulatable promoters
will likely become important as newer vectors give rise to more efficient
transduction levels.

7. Conclusions and Outlook

There exists minimal clinical experience with gene therapy for inherited
metabolic storage diseases with only two phase I/II studies that investi-
gated the potential of ex vivo retrovirally-transduced autologous cells for the
treatment of MPS II or Gaucher disease (Clinicaltrials.gov NCT00004294,
NCT00004454).16 Unfortunately low expression and no improvement in
disease phenotype were noted. Since the initiation of those studies, a surge
of improvements in vector design as well as the identification of novel vec-
tors occurred and preclinical gene therapy studies have shown very promis-
ing results with significant correction of the clinical phenotype of numerous
inherited metabolic storage diseases. It is possible that a combination of dif-
ferent gene therapy strategies together or with current therapeutic modalities
will further improve clinical outcomes. Nonetheless, while no one therapy
has been shown to be absolutely perfect so far, significant improvements in
survival and quality of life may be achievable with the current technology.
Further investigation and development of vectors as well as a more refined
understanding of the host-vector interactions will only lead to better gene
therapy approaches.
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Chapter 20

Retinal Diseases

Shannon E. Boye∗, Sanford L. Boye
and William W. Hauswirth

A variety of retinal diseases can potentially be treated with gene therapy.
Because of its safety, long term expression and ability to transduce differ-
entiated cells, recombinant Adeno-associated virus (AAV) has emerged
as the most optimal gene delivery vehicle to treat retinal disease. Recom-
binant AAV can be engineered to have either broad or selective tropism
based on the choice of promoter sequence or serotype used. The ability to
target specific cells affords researchers the opportunity to treat diseases
affecting specific cells of the retina including rod and cone photorecep-
tors, retinal ganglion cells and the retinal pigment epithelium. Proof of
concept experiments have demonstrated the efficacy of AAV-mediated
therapy in a variety of animal models of retinal disease. In the case of
one form of inherited retinal dystrophy, Leber’s congenital amaurosis-2
(LCA2), these studies laid the groundwork for the first AAV-mediated
ocular gene therapy in patients. A summary of events which bridged the
gap from bench (pre-clinical, proof-of-principle and safety studies) to
bedside (phase I clinical trials for LCA2) are also discussed.

1. Introduction

The use of recombinant viral vectors to treat disease has increased in
recent years. Although of limited impact presently, they have perhaps the
most potential to treat inherited and acquired ocular disease. Several fac-
tors make the eye a most amenable organ for gene therapy, including
its immune privileged status, physical compartmentalization and ease of
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surgical accessibility. Certain organs such as the eye have developed an evo-
lutionary adaptation which protects them from the damaging effects of most
inflammatory immune responses. This allows intraocular administration of
certain gene therapy vectors without eliciting a cell-mediated response. The
small size and compartmentalization of this organ permits delivery of small
volumes of therapeutic vector without systemic exposure, thereby prevent-
ing unwanted, systemic side effects. In addition, the eye is easily accessible
for a surgeon to both administer vector and make phenotypic determinants
of therapy in-vivo, through fundus imaging or electroretinography (ERG).
Additionally, for example if one eye is treated, the contralateral eye may
serve as a control. Lastly, many well characterized animal models of reti-
nal degenerations exist which allow development and testing of potential
therapeutic interventions.

This chapter will focus on attempts to target therapy to two layers of
the eye whose healthy interaction is crucial in maintaining vision, the neu-
ral retina and the RPE. The neural retina can be subdivided into several

Fig. 20.1 Simple Anatomy of the Retina. Retinal Pigment Epithelium (RPE) is the most posterior
layer, laying just behind the photoreceptor (PR) outer segments. The outer nuclear layer (ONL) is
comprised of PR cell bodies (black = rods, the 3 subtypes of cones are colored according to the
approximate wavelength of light they recognize). The inner nuclear layer (INL) is comprised of the cell
bodies of horizontal, bipolar and amacrine cells. The innermost portion of the retina contains retinal
ganglion cells (RGC). Mueller cells span the entire retinal thickness.
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classes of neurons including rod and cone photoreceptors, horizontal, bipo-
lar, amacrine and ganglion cells.

Rod and cone photoreceptors support the initial event in the phototrans-
duction cascade, the conversion of electromagnetic, light energy into elec-
trochemical signals. Proper function of both rod and cone photoreceptor
cells is dependent on the support of the retinal pigment epithelium. Among
other things, the RPE is involved in the phagocytosis of shed photoreceptor
outer segment tips and the replenishment of chromophore (Vitamin A) to
rods and cones. The neural output originating from the visual signal in rods
and cones is sent through secondary order neurons (horizontal and bipolar
cells) to the retinal ganglion cells (RGCs). The process of vision culmi-
nates in the retina with transmission of these signals from the RGCs to the
visual cortex. It is therefore not surprising that the health of photoreceptors,
RPE and RGCs are often compromised in many types of inherited retinal
degenerations, and, for this reason these three retinal layers are frequently
targeted by gene therapies.

There are a number of viral vectors capable of delivering therapeu-
tic transgenes to mammalian rods, cones, RPE and/or RGCs, including
adenovirus, lentivirus and adeno-associated virus (AAV). Each vector
is unique in its tropism, efficiency, persistence, carrying capacity and
immunogenicity. The occurrence of two high-profile adverse events in
humans involving adenoviral and lentiviral vectors has impacted their util-
ity in clinical studies.1,2 Some changes have been made in these vectors to
increase safety. For example, non-integrating HIV lentiviral vectors have
been developed which are capable of long-term transgene expression with
reduced risk of insertional mutagenesis. While these lentiviral vectors have
a greater packaging capacity than AAV-based vectors, they are still only
capable of efficiently transducing the RPE. AAV is the only vector capable
of efficiently transducing rods, cones and the RPE and is still considered a
safer viral vector. For this reason, it is the most commonly used vector for
retinal gene therapy and will be the focus of this chapter.

To date, ocular gene therapy has focused primarily on ‘loss of function’
mutations in genes encoding proteins that mediate critical functions of pho-
toreceptors, retinal ganglion cells and RPE. The potential for treatment in
these cell types has been aided by the cloning and mapping of more than
120 retinal disease genes. The focus of this chapter is AAV-mediated ocular
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gene therapies in animal models which have shown the most potential in
bridging the gap from bench to bedside. These therapies will be divided by
the retinal cell type which is targeted for treatment. For each example, AAV-
mediated somatic gene transfer resulted in significant functional improve-
ment, as assessed by ERG or behavior, and/or regeneration or stabilization
of retinal structure. One study will receive special attention because it laid
the groundwork for ongoing human clinical trials. Analysis of the research,
safety studies and regulatory review process leading up to the clinical trial
will also be discussed.

2. Rod and Cone Photoreceptors

One of the most prevalent types of retinal degeneration is X-linked
retinoschisis (XLRS). Affecting between 1 in 15,000 to 1 in 30,000 people
worldwide, XLRS is the leading cause of juvenile macular degeneration
in males. Female carriers are usually unaffected. This retinal dystrophy
is caused by mutations in the retinoschisis (RS1) gene on Xp22.2 which
encodes the 224 amino acid, secretable retinal protein retinoschisin (RS1).3

This protein consists of a 23 amino acid N-terminal leader sequence, a 39
amino acid Rs1 domain, a 157 amino acid discoidin domain and a five
amino acid C-terminal segment. Following cleavage of the leader sequence
in the ER lumen, the protein is assembled into a homo-octameric complex
linked by disulfide bonds. Subsequently, this complex is secreted from cells,
specifically for rod and cone photoreceptors.4 Upon secretion, RS1 is local-
ized to the surface of photoreceptors and bipolar cells. Over 130 mutations
in RS1 (intragenic deletions, nonsense and missense mutations, frame shift
insertions and deletions and splice site mutations) have been associated
with disease. Molecular and cellular studies highlight three mechanisms
through which these mutations may lead to XLRS; mutations in the dis-
coidin resulting in misfolding and retention in the endoplasmic reticulum,
cysteine mutations in the Rs1 domain or C-terminal segment which cause
defective octamer assembly, and mutations in the leader sequence which
prevent insertion of the polypeptide into the ER membrane.4 It has been
determined that it is the lack of functional RS1 protein and not the presence
of a mutated protein that is responsible for XLRS.4
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There is great variation in disease severity and rate of progression among
affected patients, even in those carrying the same causative mutation or
among those in the same family. While some patients present at school age
with poor vision, the disease can also be detected in infants as young as
3 months. Visual impairment is also variable, with best corrected visual
acuity from 20/20 to 20/600. Typical features of XLRS are a loss in central
vision in the first decade of life and the presence of retinal schisis (splitting)
which appears as ‘spoke wheel-like’cystic cavities radiating from the central
retina. Peripheral schisis is observed in approximately 50% of patients and is
often accompanied by peripheral vision loss. This schisis, or retinal splitting,
is caused by cystic cavities or gaps, most often in, but not limited to the
inner retina. Blood vessels which traverse these gaps are fragile and at risk
of hemorrhage. Visual function in XLRS patients is often stable until the
fourth decade of life, but severe complications such as vitreal hemorrhage
(up to a third of patients) and retinal detachment (up to 20% or patients)
may lead to severe visual impairment.

Diagnosis of XLRS is typically made when specific problems are found
in the patient’s electroretinogram (ERG). Affected patients exhibit a char-
acteristic reduction in b-wave amplitudes which is best detected after dark
adaptation. These reduced b-wave amplitudes are indicative of a problem
with the inner retina. Up to one third of XLRS patients also exhibit reduc-
tions in a-wave amplitudes over time, indicative of a progressive photorecep-
tor abnormality. Because these characteristic ERG patterns are not unique
to XLRS, further diagnostic tests are necessary. Optical coherence tomogra-
phy (OCT) is a non-invasive procedure which produces a two dimensional,
cross-sectional image of structures in the eye. OCT scans of the central
and peripheral retina can detect splitting and the eventual central retinal
thinning due to photoreceptor cell loss. Scanning laser ophthalmoscopy in
conjunction with OCT confirms that splitting may occur in any layer of the
retina. Currently, there is no treatment for XLRS.

While the exact function of RS1 in the eye remains to be elucidated, it
is generally thought to play an important role in the structural integrity and
maintenance of retinal cell adhesion and architecture. Recent studies suggest
that this protein interacts with extracellular β2 laminin, known for its role
in the development and stabilization of neuronal synapses. In fact, deletion
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of the laminin β2 chain leads to reductions in ERG signal amplitudes like
those seen in XLRS.5

Three separate mouse models have been created in which the mouse
homolog to human RS1, Rs1h, has been knocked out, and all display mor-
phological and functional phenotypes similar to human XLRS.6,7,8 Rs1h
knockout mice have highly disorganized retinas, cystic cavities and gaps
between bipolar cells and disrupted outer nuclear layers that lead to eventual
loss of photoreceptors. In addition, they exhibit the characteristic negative
ERG response, indicating a disruption in the integrity of photoreceptor-
bipolar cell synapses. Because the Rs1h-deficient mouse shares these impor-
tant diagnostic features with XLRS patients, it has been a valuable model
for evaluating potential therapeutic interventions.

Thus far, two groups have attempted to restore retinal structure and
function in the Rs1h KO mouse.7,9 The most recent study will be high-
lighted here as it reported the most complete therapeutic outcome. Several
choices concerning vector design were made in that study with the goal
of targeting expression of human RS1 cDNA to photoreceptors. Of the
two well characterized serotypes known to efficiently target photorecep-
tors (AAV2 and AAV5), AAV5 has demonstrated higher efficiency and a
more rapid onset of transgene expression when delivered into the subreti-
nal space. Secondly, a photoreceptor-specific opsin promoter was chosen
based on its ability to target transgene expression to rods and cones. At
postnatal day 15 (P15), the AAV5-opsin promoter-Rs1h vector was deliv-
ered subretinally to Rs1h KO mice. Histological analysis showed that RS1
expression was restored to both photoreceptors and the inner retina, a pat-
tern identical to that seen in wild type mice. Importantly, vector-mediated
gene expression led to a progressive and significant improvement in reti-
nal function (ERG).9 Significant improvements were found in both rod-
and cone-mediated aspects of the ERG signal. This functional recovery
was evident for at least 5 months, the longest time point evaluated. In vivo
imaging and histological analysis revealed that therapy also conferred struc-
tural improvements, with treated retinas exhibiting almost a complete lack
of retinal schisis. These results are more complete than an earlier study
which showed only functional improvements.7 This difference is most likely
attributable to the choice of vector serotype (AAV2) and promoter (CMV)
used in the earlier study which likely resulted in lower levels of therapeutic
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RS1 expression in treated eyes. These results of successful gene replace-
ment therapy in the Rs1h KO mice demonstrate that this approach is capable
of preserving retinal structure and visual function in an animal model of
XLRS and provides support for the development of clinical trials for this
disease.

3. Cone Photoreceptors

The human retina contains approximately 6 million cones. Cone photore-
ceptors are responsible for central, high-resolution, color vision. Unlike rod
photoreceptors which support vision in dim, night-time conditions, we rely
on cones to perform daily tasks in ambient to bright lighting. Diseases which
compromise the integrity of this cell type are debilitating because they can
induce daytime blindness, preventing the patient from performing ‘normal’
tasks such as driving. One such disease is rod monochromatism, better
known as complete achromatopsia. Affecting approximately 1 in 30,000
individuals worldwide, this recessively inherited disease is characterized
by permanent central vision loss, a lack of cone-mediated ERG signal and
complete color blindness. Patients afflicted by achromatopsia typically have
visual acuity of approximately 20/200 or less and are extremely sensitive to
light. There is currently no cure for achromatopsia. All that is available for
the management of symptoms are tinted contact lenses or sunglasses which
limit exposure of the retina to bright light.

The three genes found to be associated with human achromatopsia thus
far are CNGB3, CNGA3 and GNAT2.10,11.12,13 CNGB3 and CNGA3 encode
the β and α subunits of the cone cyclic nucleotide-gated cation channel,
respectively. This cone-specific cGMP-gated cation channel plays a pivotal
role in cone phototransduction by opening and closing in response to light.
These positions, open or closed, allow for or prevent the flow of ions into
the cell, thereby establishing the electrical state of the cone photorecep-
tor, either depolarized or hyperpolarized, respectively. GNAT2 encodes the
cone-specific α subunit of transducin, another essential phototransduction
protein. Transducin bridges the gap between photoisomerized opsin pro-
teins and the breakdown of cGMP via phosphodiesterase. This ultimately
leads to the closure of cGMP-gated channels.
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To date, two mouse models and one canine model of achromatopsia
have been characterized. They each have a different gene mutated, GNAT2
and CGNA3 individually in mice and CNGB3 in dogs, with all models
imitating the human form of the disease very well. This chapter will focus on
gene therapy in the mouse model of the disease, the Gnat2cpfl3 mouse. This
mouse contains a point mutation in cone α-transducin rendering it inactive.
Consequently, this animal has no recordable cone ERG but a normal rod
ERG.14 Light and electron microscopy reveal that the Gnat2cpfl3 mouse
retina appears to have relatively normal structure.

As with other retinal gene therapies, specific choices were made about
the nature of the vector, this time with the goal to target expression to cone
photoreceptors in the Gnat2cpfl3 mouse. Again, a serotype 5 vector was cho-
sen based on its superior ability to target transgene expression in the retina.
To specifically target cone photoreceptors, a cone-preferential promoter was
chosen. This type of specific targeting is done in order to avoid the poten-
tially toxic side effects that expression in the wrong cell type might elicit.
A 2.1 kb fragment of the human red/green cone opsin promoter (PR2.1)
was chosen based on previous evidence that mice transgenic for sequences
upstream of the red/green opsin gene containing a core promoter and locus
control regions directed reporter gene expression to both classes of cones.
Additionally, this promoter, in conjunction with a serotype 5 vector was
shown to target reporter gene, green fluorescent protein (GFP), expression
preferentially to cones in squirrel monkeys, mice, rats, ferrets, guinea pigs,
dogs and monkeys. A serotype 5 vector containing the PR2.1 promoter and
the wild type, human Gnat2 cDNA (AAV5-PR2.1-hGnat2) was adminis-
tered to the subretinal space of the Gnat2cpfl3 mice, a delivery route intended
to optimize infection of photoreceptors. Following treatment, cone func-
tion in treated and untreated eyes were assessed by ERG assays specific
for cone function. Additionally, visually evoked behavior was assessed by
determining visual acuity through optomotor (head movement) responses
to a rotating sine-wave grating. The results of both tests showed that AAV5-
PR2.1-hGnat2 treated eyes responded significantly better than untreated
eyes in the Gnat2cpfl3 mice. Responses in treated eyes were equivalent to
those seen in normal sighted, wild type mice.14 This study was the first suc-
cessful attempt demonstrating that cone-targeted AAV therapy is capable of
restoring cone-mediated function and visual acuity in an animal model of
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achromatopsia. Currently, an analogous approach is being taken to correct
vision in another mouse model with the CGNA3 form as well as a canine
model with the CNGB3 form of this disease.

More recently, investigators have reported success in another cone-
based disorder, red-green color blindness.15 This disease is the result of
the absence of either the long- (L) or middle- (M) wavelength-sensitive
visual photopigments and is the most common single locus human genetic
disorder. AAV containing a human L-opsin gene under the control of the
L/M-opsin enhancer and promoter was delivered to the photoreceptors of
adult squirrel monkeys in three separate subretinal injections (100 µl each).
Behavior-based color vision tests were used to compare subjects before and
after treatment. In spite of doubts that the absence of neural connections
normally established during development would prevent appropriate pro-
cessing post-treatment, investigators showed that addition of a third opsin
to these adult red-green colour deficient primates was sufficient to restore
trichromatic color vision behavior.15 This result suggests that gene-based
therapy in the retina has the potential to cure adult cone vision disorders.

The success of these studies supports the development of other cone-
targeted therapies in which cures for debilitating human conditions such
as late stage retinitis pigmentosa, age-related macular degeneration and
diabetic retinopathy are needed. While more efficacy and safety data is
necessary, cone-targeting clinical trials for human achromatopsia and red-
green color blindness may be reasonably considered.

4. Retinal Ganglion Cells

Retinal ganglion cells (RGC) are located in the innermost portion of the
retina and are, on average, larger than most other retinal neurons. They are
responsible for receiving electrical signals originally generated by photore-
ceptors and second order neurons and passing that information through the
optic nerve to the brain. Diseases which affect the health of RGC can have
deleterious effects on vision. One such disease is glaucoma, the second
most common cause of blindness in the world.16 A major component of this
disease is apoptotic death of RGCs. It was once thought that this neuronal
loss in glaucoma patients was attributed solely to the long term elevation of
intraocular pressure (IOP). However, clinical trials revealed that when the

335



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch20

A Guide to Human Gene Therapy

IOP was normalized, some patients still continued to lose RGCs. Currently,
two main hypotheses are commonly accepted as explanations for glauco-
matous RGC death; long term elevation in intraocular pressure (IOP) or
the presence of genetic factors which predispose a patient to RGC loss in
the absence of elevated IOP. Regardless of the cause of initial damage, it
results in a cascade of biochemical events which can further affect RGCs.
Such secondary events include uncontrollable increases in levels of bio-
chemical compounds such as glutamate and nitric oxide that are released
by dying neurons. These compounds can eventually reach concentrations
that are neurotoxic. Additionally, the initial insult may cause an interrup-
tion in normal axonal transport which results in deprivation of target-derived
trophic factors and consequent triggering of intracellular changes that may
lead to apoptotic death of affected RGCs.

One neurotrophic factor that is especially important for RGC health,
both during development and in adult life, is brain-derived neurotrophic
factor (BDNF). It is produced in the brain and is retrogradely transported
from RGC axons to cell bodies in microsomal vesicles. It was found that
when IOP is elevated in rats and monkeys that retrograde transport of BDNF
is obstructed at the optic nerve head.17 This finding led to the hypothesis that
BDNF deprivation plays a role in glaucomatous RGC death. This theory
was further supported by evidence that intravitreal administration of BDNF
in a rat model of glaucoma temporarily slowed RGC loss. However, the
need for repeated administration of BDNF protein limits its clinical utility
for persistent diseases like glaucoma.

Multiple viral vector systems have been employed in attempts to achieve
long term expression of BDNF in RGCs. Initial studies using adenoviral
vectors to deliver the BDNF cDNA to the intravitreal space of rats with
axotomized RGCs revealed that expression of the therapeutic transgene
was capable of temporarily promoting RGC survival.18 However, due to
limitations of adenoviral gene therapy, including the inability to elicit long
term transgene expression and the tendency to promote inflammation, a
more optimal vector system was necessary. More recently an AAV vec-
tor was used to deliver the BDNF cDNA to the intravitreal space of an
experimental rat model of glaucoma.19 Two weeks later, glaucoma was
induced in this model through an elevation in IOP via laser treatment of
the trabecular meshwork (the mesh-like structure near the cornea and iris
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which facilitates removal of aqueous humor from the eye into the blood
stream). At four weeks post treatment, AAV-mediated BDNF therapy pro-
moted survival of a statistically significant fraction of RGCs (as estimated
by RGC axon counts) in treated eyes relative to untreated controls. Trans-
gene expression was found predominantly in the desired target cell, the
RGC. One limitation of this therapy however was that RGC survival was
not quantified beyond 4 weeks. In addition, BDNF is known to have high
affinity for its receptor TrkB, an antigen expressed on multiple retinal cell
types, not just RGCs. This in theory permits the AAV-delivered transgene
to exert its effects in a broad fashion which could have implications for
other aspects of retinal structure and/or function. In fact, it is known that
application of neurotrophic factors in the retina can cause upregulation of
nitric oxide synthase activity and suppression of heat shock proteins, both
of which could have detrimental effects. In addition, it has been shown
that delivery of a related molecule, ciliary neurotrophic factor (CNTF), has
detrimental effects on retinal function.20 With this in mind, it was thought
that intervening in pathways downstream of neurotrophin administration
might have ‘cleaner’ therapeutic effects. It is known that BDNF binding
to its receptor, TrkB, stimulates multiple signaling pathways including the
extracellular signal-related kinase 1/2 (ERK1/2) which has been implicated
in RGC survival. Using an RGC preferential serotype 2 AAV vector to
deliver MEK1 (the upstream activator of ERK1/2) to the intravitreal space
of an experimental rat model of glaucoma, researchers were able to stim-
ulate the ERK1/2 pathway in cells transduced with vector.21 At five weeks
post treatment, it was found that MEK1 gene transfer markedly increased
RGC survival in this model. Through the use of a serotype 2 AAV vector
and delivery to the vitreous cavity, this therapy specifically targeted RGCs.
This study is further proof that gene therapy is capable of promoting RGC
survival in animal models of glaucoma.

5. Retinal Pigment Epithelium

The retinal pigment epithelium (RPE) is the pigmented cell monolayer posi-
tioned between the neurosensory retina and the choroidal blood supply. The
RPE sustains the metabolic needs of the underlying neural retina by con-
trolling the transfer of small molecules between the blood stream and the
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Fig. 20.2 The Vitamin A Cycle: all-trans-retinol (vitamin A) is transported from the blood stream
to the retinal pigment epithelium (RPE). There it is esterified into all-trans-retinyl esters. On demand,
these esters can be hydrolyzed and isomerized (by RPE65) to form 11-cis-retinol which is oxidized to
form 11-cis-retinal. 11-cis-retinal is transported to photoreceptor outer segments where it binds with
opsin to form the visual pigment, rhodopsin in rods and cone opsin in cones. Absorption of a photon of
light catalyzes the isomerization of 11-cis-retinal to all-trans-retinal which releases it from the opsin
molecule. This photo-isomerization triggers a biochemical cascade in photoreceptors which eventually
leads to the generation of a neural signal in RGCs that is interpreted in the brain as vision.

retina. It is also responsible for the phagocytosis of shed photoreceptor outer
segment tips and plays a crucial role in the Vitamin A cycle by isomerizing
all trans-retinol to 11-cis retinal (Fig. 20.2).

RPE65 (retinal pigment epithelium-specific 65 kDa protein), expressed
predominantly in RPE cells, has been identified as the all-trans to 11-cis
isomerase.22 Improper functioning of RPE65 results in a lack of 11-cis
retinal production and an inability to form visual pigment (rhodopsin and
cone opsin). Without these light-sensitive opsins, photoreceptor cells of the
retina lack the ability to usefully absorb photons and initiate the conversion
of light into a visual signal. Mutations in Rpe65 are associated with Leber’s
congenital amaurosis type 2 (LCA2), one of the earliest and most severe
forms of inherited retinal dystrophies.23 This disease, which is most often
inherited in an autosomal recessive fashion, is usually diagnosed at birth
or within the first few months of life when patients present with severely
impaired vision, pendular nystagmus and abnormal ERG and pupillary light
reflexes. Patients progress to near total blindness by adolescence. Despite
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these severe, early symptoms there are often not any obvious ophthalmo-
scopic abnormalities present.

In order to circumvent the underlying defect in the retinoid cycle (the lack
of 11-cis retinal and failure to regenerate visual pigment), three therapies
have been evaluated; RPE cell transplantation, retinoid delivery and gene
based intervention. RPE cell transplantation is mechanically difficult and
invasive. Oral administration of retinoid is not optimal because it requires
repeated administration of drug. Of the three, gene-based intervention has
had the most success. AAV was used to deliver functional copies of RPE65
to the naturally occurring Rpe65 mutant Briard dogs, a naturally occurring
RPE65 mutant (rd12) mouse and the transgenic knockout Rpe65−/− mouse.
Taken together, these studies showed that AAV-mediated RPE65 expression
confers partial restoration of ERG, retinal structure, and visually evoked
behaviors in these animals.24,25,26 These studies laid the groundwork for
Phase I Clinical trials for LCA2.

6. LCA2 Gene Therapy, a Perspective on Translational
Research

The University of Florida — University of Pennsylvania LCA Consortium,
established through a NEI Cooperative Clinical Research Grant, had the
goal of establishing a safe and efficacious AAV gene therapy vector and
employing it in a clinical trial for LCA2 within 5 years. The Consortium’s
first step was to expand on the proof of concept work that began with AAV-
RPE65 treatments of Briard dogs.24 The first of these dogs to be treated and
subsequently shown to have restored vision, ‘Lancelot’, was instrumental in
raising public awareness of vision research. EventuallyAAV-RPE65 vectors
were evaluated in two other animal models of LCA2, the transgenic knock-
out Rpe65−/− mouse and rd12 mutant mouse.26,25 Restoration of visual
responses was achieved by subretinal injection of AAV-RPE65 vector in
both mouse models. In addition, in the Briard dogs vision-evoked cortical
responses had been restored similar to behavioral characteristics correlating
with the functional vision that were documented in treated rd12 mice. These
experiments provide further evidence that therapy could be successful in
restoring ‘functional’vision.27,25 Vision restoration has persisted unchanged
for more than 8 years after a single treatment in a Briard dog (Lancelot).
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A dose response study in affected Briard dogs revealed the therapeuti-
cally effective dose range of the vector. Safety within this range was further
validated in Cynomolgous monkeys. Both short term and long term biodis-
tribution and pathology studies were performed in vector-treated normal
vision rats and monkeys. In order to ensure that the monkey data was robust
and conclusions impartial, it was done by a contract research organization
in accordance with Good Laboratory Practices (GLP).28 Ophthalmological
examinations carried out in dogs and monkeys post vector administration
indicated that there were some minor to moderate post surgical compli-
cations, most of which resolved within a week post surgery and, aside
from anterior chamber flare, were not related to vector treatment (i.e. also
occurred in vehicle treated animals). Signs of retinal thinning localized to
the injection site of treated dogs and monkeys was likely a consequence of
the surgical procedure, and have been previously documented. Other mea-
sures of ocular health such as visual function as assessed by ERG did not
indicate a loss of visual function in monkeys when comparing pre and post
vector treatment time points. In affected Briard dogs, vector treatment was
correlated with improved ERG responses, as had already been established
in prior proof of concept experiments.

Pathological examinations of all non-ocular tissues were unremarkable
in all of the studies. Immunology experiments were carried out in the mon-
key studies. Circulating antibodies to AAV2 capsid protein were evaluated
by ELISA. For the 7 day monkey study, antibody titers were low before
treatment and remained so. However, given the short duration of this exper-
iment and the time necessary to mount a humoral response, these results
are inconclusive. In the 3 month monkey study, despite some variation in
pre-treatment antibody titers, there were no consistent changes in antibody
levels over the 3 month period following vector administration.

Biodistribution studies in dogs, rats and monkeys looked for the presence
of vector genomes in specific tissues. Tissues of particular interest included
the injected eye (where vector DNA is expected), tissues of the visual path-
way and brain (to determine whether retrograde vector transport along the
optic nerve occurred), and gonad (necessary to rule out the possibility of
germ-line vector transmission). All studies indicated vector was rarely and
only sporadically found outside of the injection site. Importantly, vector was
generally not found in the optic nerve or other tissues of the optic pathway
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leading to the brain, and never in the brain itself. Gonads, both male and
female, were found to be negative indicating that the potential for germ-line
transfer of vector is minimal.

Taking the conclusions from the safety studies and translating them into
a protocol for a LCA2 clinical trial highlighted several key points: 1) Details
of the surgical technique are of critical importance. Because limited injec-
tion site damage was noted proximal to the retinotomy, vector should be
delivered adjacent to target areas of best retained retina, thereby allowing
vector to spread into them by flow into the subretinal space. 2) The vector
dose range would be defined by the results in dogs which provided efficacy
but no established toxicity. Based on the efficacy and safety studies summa-
rized above, approval to proceed with a clinical trial was given by the US
FDA, the US Recombinant DNA Advisory Committee, an NIH/NEI con-
stituted Data Safety and Monitoring Committee, the Institutional Biosafety
Committees of the University of Florida and the University of Pennsylvania
and the Institutional Review Boards of the University of Florida (through
the Western IRB) and the University of Pennsylvania.

Presently, 3–12 month results from three separate clinical studies
(including the aforementioned University of Florida and University of Penn-
sylvania, NEI funded trial) have been reported involving a total of nine
young adults with LCA2.29,30,31,32,33 Although the primary purpose of all
three studies was to determine safety, each trial reported some measure of
therapy in at least one of their patients. Neither humoral nor T-cell medi-
ated immune responses to vector were detected in any patient. The fact
that LCA2 patients received 2 to 4 orders of magnitude lower AAV2 vector
doses than had been reported for patients in other non-ocular clinical trials
together with the relative immune privileged status of the eye makes this
lack of immune response understandable. One patient from the Bainbridge
et al. (2008) study and all three patients from the Hauswirth et al. (2008)
and Cideciyan et al. (2008) study experienced significant increases in light
sensitivity within the retinal area treated, with the best response being a
63,000-fold improvement over pre-treatment levels.32 A key conclusion of
all three trials was that the subretinal vector delivery procedure and any
transient post-surgical complications did not promote vision loss. A strik-
ing observation was noted in one patient one year post treatment.33 For the
first time in her life, the patient reported an ability to read the illuminated
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numerical clock display on the dashboard of the family vehicle. This new
perception was accompanied by a shift in fixation into the treated supero-
temporal retina. In other words, the patient had developed the ability to
fixate on an image with a treatment-created pseudo-fovea, an area which
now had better sensitivity than the untreated foveal region. The slow devel-
opment of this pseudo-fovea suggests an underlying experience-dependent
plasticity in the adult visual system. Put simply, this patient’s brain had
‘learned’ how to use the treated pseudo-foveal retinal region for fixation
over the 12 months post treatment. This result raises the possibility that
other retinal gene-based therapies have the potential to improve vision in
previously unexpected ways. In summary, early results suggesting efficacy
and safety in three AAV2-mediated gene therapy trials for RPE65 LCA
portend a hopeful future for retinal gene therapy with AAV vectors.
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Chapter 21

A Brief Guide to Gene Therapy
Treatments for Pulmonary
Diseases

Ashley T. Martino,∗ Christian Mueller
and Terence R. Flotte

Pioneering studies in the field of gene therapy were focused on the
common monogenic lung disease, cystic fibrosis. These efforts were
largely unsuccessful. Subsequent to these early studies gene therapy
for pulmonary disorders has expanded well beyond the initial targets
into diseases such as lung cancer, infectious diseases, and asthma. The
emergence of new vectors and concepts of preparative treatment have
allowed gene correction to advance despite initial setbacks. Moreover
hybrid technologies such as vector-mediated RNAi therapy and cell-
based genetic manipulation have added to the therapeutic armamentarium.
Overall, the various advances increased the number of potential drug can-
didates that might ultimately have a lasting impact on outcomes of patients
with lung diseases.

1. Introduction

Initially pulmonary gene therapy studies involved cystic fibrosis (CF) and
brought gene therapy into the spotlight. There have been 25 phase I/II
clinical trials for CF using viral and non-viral gene therapy methods.1

Unfortunately, the goal of effective, long-term cystic fibrosis transmem-
brane conductance regulator (CFTR) gene correction was not achieved with

∗Correspondence: University of Florida, Dept. Pediatrics, Gainesville, FL.
E-mail: amartino@peds.ufl.edu
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the initial trials. Human trials have also been pursued for the genetic disease:
Alpha-1 anti-trypsin (A1AT), with no significant therapeutic benefit. The
challenges encountered in these first clinical trials were critical in designing
strategies to overcome the early setbacks. Data from these studies prompted
improvements in the technology that yielded new generations of viral and
non-viral delivery systems and provided insight into how to improve effi-
ciency, many of which are currently either moving towards or are being
used in clinical studies.

The transformation of gene therapy for genetic lung diseases bolstered
the research potential of genetic manipulation for lung disorders. The full
spectrum of gene therapy based trials has expanded and now includes mul-
tiple genetic diseases and non-hereditary conditions like lung cancer and
asthma. In addition, multiple strategies, such as cell-based therapy and RNAi
mediated gene silencing, have emerged.

Although many critical advances have been made, there are still issues to
solve and new avenues to pursue before gene therapy becomes an accepted
treatment for lung diseases. This chapter will review common diseases,
evolution of vectors and strategies for their effective delivery, hurdles to
overcome, successes and the foreseeable future.

2. Common Disorders

2.1 Cystic Fibrosis

Cystic fibrosis (CF) is the most common genetic disease among Caucasians.
Interest in CF gene therapy treatments materialized after the 1989 publi-
cation by Riordan et al. revealed that CF was linked to a homozygous
gene defect in the Cystic Fibrosis Transmembrane Conductance Regulator
(CFTR) gene.2 The CFTR gene encodes a membrane-bound chloride chan-
nel protein and regulates the depth and composition of the airway surface
liquid (ASL), in which the cilia of the respiratory epithelium are immersed.3

It is widely accepted that a CFTR deficiency induces an alteration in
the ASL.4 This alteration leads to a build up of mucus, which impairs cil-
iary function and compromises pathogen clearance from the lung. Defective
bacterial clearance results in the colonization of Pseudomonas aeruginosa,
as well as other pathogens. This chronic state of persistent lung infection
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Table 21.1. Pathological consequences related to cystic fibrosis.

Organs/System Affected Pathological Condition

Lung/respiratory system Chronic endobronchial infection with
Staphylococcus aureus, Pseudomonas aeruginosa,
Burkholderia cepacia, and other specific
organisms, small and large airways obstruction,
bronchiectasis, allergic bronchopulmonary
aspergillosis, hyper innate immune response,
pneumonia, hemoptysis, fibrosis, pulmonary
hypertension, heart failure, respiratory failure;
chronic rhinosinusitis, nasal polyposis

Sweat gland Increased chloride and sodium loss due to
impairment of ductal reabsorption

Liver Ductal obstruction, biliary cirrhosis, multi-lobular
cirrhosis, metabolic complications, fibrosis

Pancreas Pancreatic insufficiency, ductal obstruction, loss of
insulin producing beta-cells, cystic fibrosis related
diabetes (CFRD)

Digestive System Gut obstruction, malabsorption, malnutrition

Reproductive system Infertility, absence of vas deferens (99% of men),
thickened cervical mucus (minor in women)

promotes a constant influx of cellular infiltrates from the immune system,
which ultimately leads to lung tissue destruction that may progress to res-
piratory failure and premature death. This severe pathology is complicated
by a collection of consequences in other organs and biological systems
(Table 1).

Why did CF become a popular candidate for gene therapy? Forty years
ago cystic fibrosis patients died in early childhood. There have been many
advances in treatments unrelated to gene therapy that have dramatically
increased life expectancy, but premature death still occurs. Correcting the
CFTR gene deficiency is of great interest due to the potential to completely
reverse the lung pathology.

347



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch21

A Guide to Human Gene Therapy

The bulk of the mortality comes from the lung condition and it has
been generally accepted that a minor CFTR correction in the deficient lung,
6–10% of normal levels, will be effective in reversing the pathophysiology.5

There is also the potential that correction of a single organ, the lung, will
lead to long-term benefit.6 Since newborns with CF usually have healthy
lungs, there may be an opportunity to prevent symptoms before they begin.
Furthermore, the lungs are relatively accessible as compared with other
organs, since the airway may serve as a route of vector delivery. Most
vectors can be readily aerosolized for inhaled delivery to the lung, an
option not available to other target organs, such as the brain, pancreas,
liver, etc.

2.2 Alpha-1 Antitrypsin (A1AT)

A1AT is caused by a homozygous gene defect in the SERPINA1 gene.
The encoded protein, alpha-1 antitrypsin (A1AT), is a protease inhibitor
predominately secreted by the liver. This protein is critical in regulating
the levels of pro-inflammatory elastases (i.e. neutrophil elastase) that are
present at sites of inflammation by degranulation of polymorphonuclear
cells such as neutrophil granulocytes.7

The common lung conditions that develop from the decrease in sys-
temic A1AT levels are chronic obstructive pulmonary disease (COPD) and
emphysema, both of which lead to respiratory insufficiency. The progres-
sion to these conditions is linked to the secretion of elastases in the lung
environment without proper regulation offered by A1AT. Unchecked, the
elastases linger and eventually lead to cellular damage. The lung is notably
vulnerable to the deficiency in circulating A1AT levels and is augmented
by smoking.

3. Development of Viral Vectors for Lung Disease

The evolution of viral vectors for genetic manipulation in the lung has
progressed via the early clinical trials related to CFTR gene correction for
cystic fibrosis treatment. These trials involved adenovirus (Ad) and a non-
pathogenic, helper-dependent adeno-associated virus (AAV2) administered
by nasal installation, lung installation and aerosolization.
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3.1 Adenoviral Vectors

Adenovirus was chosen because infections occur naturally in the lung and
intestines. Unfortunately, these infections lead to a host of conditions includ-
ing pneumonia, diarrhea and vomiting. Steps were taken to ensure safety
when using Ad vectors. With early indication showing that the E1 genetic
region was responsible for the cytotoxicity of Ad, the first clinical trial
involved an E1 deficient Ad vector expressing full length CFTR.8 This ini-
tial adenoviral trial revealed a transient pulmonary condition categorized
as pneumonia. Later efforts to address these safety issues by deleting the
E2 and E4 regions along with the E1 region did not prevent this pulmonary
condition.9

3.2 Adeno-Associated Viral Vectors

The AAV2 trials utilized the full-length CFTR coding region flanked by
the AAV2 viral integrated terminal repeats (ITRs). Since the CFTR coding
region is 4.4 kb, the small genome restraints (4.7 kb maximum capacity) of
the AAV2 viral vector prevented the use of expression enhancing elements.
Therefore transcription was relegated to the minor innate ability of the
viral ITRs. Wild-type AAV infections occur without pathology, and with
safety being a primary concern, the AAV viral vector delivery system was
preferable to the Ad delivery system.

3.3 Early Conclusions

Unfortunately, the initial trials of CF gene therapy fell short of expectations.
Viral vector transduction was not as efficient in the lungs of CF patients as
was predicted from the preliminary cell culture and animal models.10,11

However, safe administration of rAAV vectors was promising, and there
was correlation between presence of vector-derived CFTR cDNA and phys-
iologic correction of the CFTR chloride channel defect in cells recovered
from patients after rAAV gene therapy.12 The most difficult issues remain-
ing were efficiency and duration of gene transfer and the inability to redose
vectors after neutralizing antibody responses were elicited.

Therefore, to increase efficiency, alternate forms of these viral vectors
were created.
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Fig. 21.1 Schematic illustration of limits on vector efficiency in the lung.

4. Enhancing Efficiency

Improving efficiency requires a multi-faceted approach to overcome sub-
optimal vectors augmented by innate lung barriers associated with the
pathogen clearance mechanisms (Fig. 21.1). Target cells for gene trans-
fer are at the differentiated epithelium with a basal and apical surface. The
apical surface is exposed to the airway lumen while the basal lateral sur-
face is directed toward the interior of the tissue. Accessing the basal lateral
surface from the airway requires the gene therapy vector to cross epithelial
tight junctions. Unfortunately, the primary tropic factors for AAV2 and Ad
vectors are present only on the basal lateral surface.

4.1 Alternative AAV Viral Vector Serotypes

Targeting the apical surface was desirable to optimize gene delivery and
an extensive library of AAV serotypes have been cloned and tested for
tropic potential in the lung and other organs. These efforts have been crucial
in the evolution of AAV viral vectors. AAV5 and AAV1 serotypes have
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been chosen in the newest generations of AAV viral vectors to target the
apical surface of the lung. It was discovered that the receptors for AAV5
serotype are the platelet derived growth factor (PDGF) and 2,3 sialic acid
residues. Both these receptors are located on the apical surface of airway
epithelial cells.13,14 Notably, AAV1 is more efficient than AAV2 and AAV5
at transducing human airway cultures and also enters through the apical
surface of the cell.15−18

4.1.1 Addition of Expression Enhancing Elements

Adding promoters to enhance expression of the packaged CFTR transgene
was envisioned but due to packaging constraints would be problematic using
the AAV vector delivery system. To bypass this problem the idea of packag-
ing a functional CFTR mini-gene along with a continuative promoter was
investigated.

In 1995 it was discovered that the removal of a large portion of the
first trans-membrane domain of the CFTR protein (TMD1) could poten-
tially yield a functional protein. The truncation had negligible effect on the
stability and function of the CFTR protein.19 A more focused study delet-
ing the entire TMD1 and the deletion of the first 264 amino acids in 2004
produced a viable truncated CFTR protein.17 This deletion facilitated the
incorporation of an efficient universal, hybrid promoter using the constitu-
tive chicken beta-actin promoter (CBA), and the cytomegalovirus (CMV)
enhancer downstream of the �264 CFTR mini-gene flanked by the two
viral ITRs. The result was a very effective CFTR expression cassette that
was packaged into the AAV5 capsid. Further tests in non-human primates
and CF disease mouse models confirmed the improved efficiency with no
evidence of lung inflammation.20

4.2 Adenoviral Vectors

Discovering an alternative adenoviral vector that transduces through the api-
cal surface has been unsuccessful. Alternate strategies have been pursued to
enhance basal lateral transfer by temporarily compromising the tight junc-
tions using a pretreatment of ethylene glycol tetraacetic acid (EGTA). To
complement this strategy, less immunogenic second and third generationAd
viral vectors were developed. The second contained deletions or mutations

351



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch21

A Guide to Human Gene Therapy

of the E2a, E4 and E3 regions, while the third, helper-dependent (HD-Ad),
had all Ad coding sequences deleted.21

Although efficiency was improved, obvious focal pulmonary inflamma-
tion occurred, which included high levels of lymphocyte and macrophage
infiltrates.22 Such inflammation is problematic to a CF lung already heav-
ily burdened by elevated cellular infiltrates and bacterial colonization and
could potentially increase lung exacerbations. Moreover, pulmonary edema
by compromised tight junctions or sepsis by bacteria crossing and entering
the vascular system is a legitimate concern.23 Unfortunately, these concerns
have marginalized the role of Ad vectors for clinically relevant CFTR gene
replacement.

4.3 Physiological Hurdles in the Lung Environment

Innate physiological impediments within the lung environment provide a
potent barrier to vector transmission. The mucus of a CF patient, charac-
terized as extremely thick and sticky, is extremely obstructive compared
to the sputum of a healthy subject. Additionally, chronic innate immune
responses burden the CF airways with neutrophils that release large quan-
tities of elastase, DNA and F-actin. This extensive web of overly viscous
mucus laden with DNA, F-actin and mucus glycoproteins causes a physi-
cal barrier that limits the transduction of the epithelium. Pretreatment with
Dnases, mucolytic enzymes, and the elastase inhibitor, Alpha-1 antitrypsin
(A1AT) have shown promising results in breaking down this barrier.24

5. Non-Viral Vectors

5.1 Cationic Liposomes

Cationic lipid delivery has been aggressively pursued in CFTR gene replace-
ment studies and has led to many clinical trials. Cationic liposomes have
proportionately lower efficiency and elicit innate immune responses. Yet,
cationic liposomes are unlikely to produce an adaptive immune response,
providing an advantage over viral vectors.

The absence of an adaptive response perpetuated repetitive lung delivery
of the CFTR cDNA as a viable option to improve efficiency. This strategy
is less likely using viral vectors. Unfortunately, the inefficiency of cationic
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liposome gene therapy could not be overcome by compounding gene cor-
rection with repetitive delivery.25

Improvements in cationic liposomes to increase efficiency have also
been pursued. Variations in the hydrophobic body as well as additions
to increase the positive charge of the hydrophilic head and the use of
different neutral co-lipids have been tested. Although an improved lipid
cation and co-lipid combination has surfaced (DC-Chol ((3b[N-1(N_,N_-
dimethylaminoethane)-carbamoyl]cholesterol)) with DOPE), no significant
increase to overall efficiency has been achieved.26

5.2 Compacted DNA Nanoparticles

Compacted DNA nanoparticle delivery is a new player in CFTR gene cor-
rection. Briefly, polylysine or polyethylenimine can compact DNA into
nanoparticles. These vectors have the capability of transducing non-dividing
cells and have shown encouraging results in delivery to the lung epithelium
in animal models.27

The results from the only phase I clinical trial, using nasal installation
with the CMV enhancer to induce expression, were published in 2004.28

Although there were no detectable levels of vector-derived CFTR mRNA,
the overall prognosis was positive. There was no evidence of clinical toxicity
and partial correction of ion transport occurred in some patients. Still, it
seems unlikely that this delivery system will overcome the lung barriers
that have obstructed the success of other vectors. Improvements to increase
expression and transduction efficiency will surely have to been considered.

6. Gene Therapy Development for Alpha-1 Anti-trypsin

The first human trial for A1AT involved nasal delivery of A1AT using
cationic liposomes. Although, nasal delivery showed an increase of A1AT,
the levels were not significant enough to be of any therapeutic benefit.29

Early results redirected studies towards reversing the global deficiency in
A1AT levels. The protective threshold of circulatingA1AT is 600–800 ug/ml
and the primary goal clinical of studies has been to achieve this level.30 Using
the skeletal muscle as a protein factory for recombinant A1AT is a suitable
model for elevating levels of secreted protein in serum. The intramuscular
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delivery approach has minimal invasive properties and avoids the physio-
logical lung barriers that limit local gene delivery to the airway epithelium.
This and other strategies have been effective in augmenting systemic levels
of the transgene product in a host of animal studies, which include direct
liver injections, intramuscular injections and intravenous injections using
AAV2, AAV1, AAV8, retrovirus, adenovirus and naked DNA.

Since the first human trial involving lung delivery of A1AT, there have
been two clinical trials, one completed and one ongoing, both targeting
A1AT delivery to skeletal muscle. The completed phase 1 study utilized an
AAV2-A1AT viral vector.31 Elevated antibody titers against the AAV2 cap-
sid were the only observed immune response and detection of recombinant
A1AT protein was complicated by the protein replacement therapy many of
the patients were on prior to entering the trial. To bypass this, protein ther-
apy was suspended prior to vector instillation but the washout period for the
recombinant protein was longer than anticipated. Consequently, the A1AT
baseline levels where elevated by the residue protein. The active phase 1
study is a follow up to the first study employing an AAV1 vector. A host of
studies have confirmed that AAV1 transduces skeletal muscle substantially
better than AAV2. AAV1 coupled with CBA/CMV hybrid promoter rep-
resents the most advanced AAV vector for muscle expression. Despite the
development of neutralizing immune responses to the AAV1 viral vector
in this trial, there was sustained vector specific A1AT expression, 0.1% of
normal, for one year in the highest-dose patient group.32

An added complication occurs in A1AT patients with a PiZ genotype.
Secretion of the PiZ protein from liver hepatocytes is severely impaired.
The PiZ protein fails to be degraded and aggregate lesions develop in the
hepatocytes. This pathology progresses to liver disease and cannot be treated
by A1AT gene correction. This condition requires an additional strategy to
reduce the PiZ proteins levels which can also be achieved by RNAI using
AAV to deliver shRNA or miRNAs that specifically target these transcripts.

7. Lung Cancer Gene Therapy Development

The development of gene therapy has added another alternative for the
aggressive push to treat lung cancer. Assisted by the dissection of cancer
genetics, gene delivery offers the development of gene-based vaccines
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against tumor cells, oncogene inhibition by RNAi delivery and gene
correction of tumor suppressor genes. This has been a welcome advance-
ment due to resistance against current chemotherapies in some types of lung
cancer like esophageal squamous cell carcinoma (SCC).

Preferred candidate genes have been elucidated, which include ras and
myc as oncogenes to inhibit and p53 and FUS1 as suppressor genes to
enhance. Both p53 and FUS1 gene replacement strategies have been used
in several clinical trials using Ad vectors, lentiviral vectors and cationic
liposomes with encouraging results.32 In addition, combined therapies are
being pursued and p53/FUS1 dual gene therapy has shown improved success
in tumor regression in preclinical animal studies and is moving towards a
clinical trial.33

The collection of results from the early body of work related to gene
correction (including p53 and FUS1) has demonstrated success in tumor
regression and increased apoptosis in tumor cells. This area of gene therapy
continues to evolve with strong enthusiasm. Efforts towards materializing
the potential of RNAi gene therapy targeted at oncogenes (ras and myc) for
lung cancer are underway.34 More time is necessary to build a strong body
of work in order to make this field more concrete.

8. Cystic Fibrosis Animal Models

Developing a confident animal model that presents with the entire panel
of disease manifestations is a critical step to developing effective treat-
ments. The absence of a reliable, living model can severely retard treatment
progress. This hurdle has been a long-standing obstacle for developing cys-
tic fibrosis treatments.

The first CFTR null mouse was developed after the discovery of the
CFTR gene.35 Unfortunately, this mouse and subsequent CFTR deficient
mice strains do not present with the characteristic CF lung pathologies
including chronic bacterial colonization, which is the center of lung disease
in cystic fibrosis. Although progress has been made using these cftr mice
strains, the development of a more comprehensive model is crucial.

Efforts are ongoing to generate CFTR deficiencies in animals that have
anatomies that strongly resemble that of humans. These advances include
ferrets and pig models. The CFTR null ferrets are still under development,
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while data from the initial study to test whether CFTR deficient newborn
pigs develop CF pathology has recently been published.36 Although the
CFTR defective newborn pigs present with several comparable manifesta-
tions in other organs (pancreas and intestine), no signs of lung inflammation
were evident. It remains to be seen whether lung disease occurs in aged
CFTR null pigs. This may seem discouraging, but a long-standing, unan-
swered question in cystic fibrosis lung pathology has been whether there
is an increased inflammatory condition in the absence of lung pathogens.
Controlled bacterial challenging of these newborn pigs may help unmask
this perennial enigma.

9. Cell-Based Therapy for Cystic Fibrosis

Genetic manipulation of pluripotent stem cells is the focus of a new field
of study to treat lung disease in cystic fibrosis. Isolated stem cells can be
expanded and infected for genetic manipulation by in vitro experiments
and can be transferred back to the original donor. This strategy requires
successful in vivo transformation of these manipulated stem cells so lung
cell repopulation can occur (Fig. 21.2). The ease of ex vivo gene transfer is a
welcome departure from the complications involving in vivo transduction.
Unfortunately, differentiation of plastic cells to fully functional epithelial
cells and successful engraftment into the lung is not without unique chal-
lenges.

Progressive studies have led to some progress towards cellular based
therapy that encompasses a range of stem cells. ES cells have demonstrated
the potential to differentiate into a class of airway cells called Clara Cells
under normal tissue culture conditions.37 An early animal study revealed that
systemic transplantation of hematopoietic stem cells (HSCs) could engraft
into the lung epithelium.38 Unfortunately, subsequent studies from other
groups failed to replicate these results. Mesenchymal stem cells (MSCs)
have been successfully directed to repopulate the lung environment, which
resulted in improvement of lung function after an induced lung injury.39

Finally, with specific emphasis on CFTR gene correction, MSCs from CF
patients were successfully isolated, expanded and CFTR corrected. These
MSCs possess the capability to differentiate into airway epithelial cells and
combat CF lung pathology.40
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Fig. 21.2 Schematic overview of cell-based therapy.

Initial studies have generated a favorable opinion about the potential
of cell-based therapy for lung disease. This promising new field has the
potential to restructure the field of genetic manipulation. Unfortunately,
ethical issues involving stem cell therapies have slowed progress.

10. Conclusion and Outlooks

Twenty years of clinically relevant gene therapy advancement for lung dis-
ease has compiled a diverse collection of studies that expanded from single-
gene, hereditary diseases into non-hereditary disorders, multi-gene combi-
nation therapy and the merger of stem cell and genetic manipulation studies.
During this tenure, gene therapy vectors have evolved along with strategies
for genetic modification. Favorable vectors and approaches have emerged
specific to the disorder being treated, while some have been precluded. It
is definite that unique tailoring of gene therapy approaches is necessary to
accommodate the diverse group of lung diseases that are targets for gene
correction. The adaptive response of the gene therapy field to these new chal-
lenges has been slow but productive. With many of the improved strategies
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moving towards or being used in clinical studies, this is a dynamic time that
may define gene correction for lung diseases.
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Chapter 22

Cardiovascular Disease

Darin J. Falk, Cathryn S. Mah and Barry J. Byrne∗

In this chapter we will discuss gene therapy-based applications for the
treatment of cardiovascular disease. Although much progress has been
made in tackling the disease, it still remains the number one cause of
death and disability in the United States and the majority of European
countries. It is estimated that 80 million Americans alone have one or
more types of cardiovascular disease. Given the worldwide prevalence,
the development of an effective strategy for cardiac repair and protection is
critical. Numerous approaches have been investigated and to date, there
is no single treatment that has proven to be successful. Inevitably, the
overall goal is to improve our understanding of the molecular basis of
myocardial injury in order to develop treatment paradigms to improve
cardiovascular disease related outcomes. Gene therapy based applications
provide a unique tool to understand and elucidate the basic underlying
causes of disease and presents a promising avenue to circumvent the
prevalence of cardiovascular related death and disability.

1. Introduction

Cardiovascular disease (CVD) accounts for ∼35% of all deaths and has
been the primary cause of death in the United States in each year since
1900 (with the exception of 1918).1 Much progress has been made during
this time with the advent of new technologies and innovative research which
has led to rapid diagnosis and treatment for CVD. However, the rank of CVD
has remained unchanged and a rapid increase in previously unconventional

∗Correspondence: University of Florida College of Medicine, Dept. Pediatrics, Div., Cellular Molecular
Therapy, and Powell Gene Therapy Center, 1600 SW Archer Road, ARB-165, Gainesville, FL 32610.
E-mail: bbyrne@ufl.edu
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diseases (Type II diabetes, obesity, etc.) will invariably lead to increased
incidence of CVD disease. The financial impact of CVD constitutes an
overwhelming share of burden on the health care system and the estimate
for the US alone in 2009 stands at over $475 billion. Despite the significant
resources expended on the treatment of this disease, outcomes still remain
poor. The five-year survival rate for individuals diagnosed with heart failure
is less than 50%, and in end-stage heart failure, the one-year survival rate
may be as low as 25% regardless of medical therapy.1

A vast amount of preclinical work has laid the foundation for the treat-
ment of CVD disease. Uncovering the cascade of events that occur during
myocardial insult has identified the potential targets and timing for inter-
vention. The majority of treatments prescribed for CVD is pharmacolog-
ically based and restricts therapeutic options for patients. The recurrence
of myocardial injury and lack of regenerative capacity in cardiac tissue has
highlighted the limitations of this approach. Patients are required to follow
lifelong dosing regimens with repeated visits and monitoring. Therefore,
the development of alternative therapies will inevitably enhance outcome
of diagnosis and improve the overall quality of life in the affected population.

2. Therapeutic Targets

Presently, there is no effective treatment for these disorders but several novel
strategies for replacing or enhancing the defective gene are in development.
An overwhelming number of preclinical studies have shown positive out-
comes in conjunction with a genetic based approach. At the same time,
some investigations are hampered by several limitations but in the end have
led to the optimization of applications. Still, we should move forward cau-
tiously to ensure the optimal therapy for affected individuals is prescribed
appropriately.

2.1 Congenital Heart Disease

The muscular dystrophies consist of a vast group of genetically inherita-
ble diseases characterized by progressive and debilitating muscle atrophy.
Over 40 diseases bear similarities to muscular dystrophy and are described
by a manifestation of a single or combinatorial defect typically found in
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structural muscle-membrane associated proteins, ranking them as the most
common inheritable childhood muscle disease.2 One of the hallmarks of
the most prevalent form is dilated cardiomyopathy making it one of the two
leading causes of death in Duchenne Muscular Dystrophy (DMD) patients.
Currently the prognosis is grim for patients and is based upon the type and
progression of the disorder. Clinical trials have gained momentum recently
although most regimens are pharmaceutical based and only cause a delay
in the progression and materialization of pathogenic abnormalities (clini-
caltrials.gov).

Accordingly, much interest has been shifted to gene therapy where a
wide range of vectors have been employed (plasmid DNA, Ad, lentiviral,
antisense oligonucleotides, and AAV) and have shown promise in circum-
venting the cascade of events defining the dystrophic process.3 The major-
ity of pre-clinical models show restoration of the dystrophic cardiomyopic
abnormalities associated with the disease (Table 1). Recently, stop codon
suppression with antisense oligonucleotides has shown substantial success
in mdx mice, dystrophic dogs and isolated cells from DMD patients and
may move to a clinical trial in the near future.4−6

Ongoing clinical trials are investigating AAV-mediated transgene
expression for DMD (rAAV2.5-CMV-Mini-Dystrophin) and LGMD-2
(rAAV1.tMCK.hαSG) (clinicaltrials.gov) and while both of these dystro-
phies affect cardiac phenotype and function, neither treatment is currently
addressing cardiac parameters. However, these trials will generate impor-
tant findings by determining the safety and efficacy of AAV-mediated gene
replacement in skeletal muscle for both dystrophies.

While the most commonly known muscular dystrophies are caused by
abnormalities in proteins involved in tissue structure and function, inherited
metabolic diseases can lead to cardiac pathologies as well. Two examples of
this include Fabry disease, an X-linked recessive disorder due to a deficiency
of alpha-galactosidaseA (alpha-galA), and Pompe disease, a glycogen stor-
age disease caused by a lack of functional lysosomal acid alpha-glucosidase
(GAA).7,8 Pathology in both diseases results from progressive accumulation
of cellular products. The storage of excess glycosphingolipids in Fabry can
lead to impaired arterial circulation whereas the storage of lysosomal glyco-
gen in Pompe disease can result in physical damage to heart and muscle
cells. In either disease, patients often succumb to cardiac complications.7,9
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Currently, only enzyme replacement therapy (ERT) is available for both dis-
eases, however there is a short half-life requiring repeated administration
which incur substantial health care costs. These qualities have invoked the
need for a long-term correction of the enzyme deficiency which has gained
the attention of gene therapy.

Work by Ogawa et al. investigated the effects of AAV delivery of human
alpha-gal A to a neonatal Fabry mouse model. Activities of alpha-gal A 25
weeks after a single injection produced a 45 fold increase above wild-type
basal levels and that the high level of cardiac alpha-gal A was attributed
to direct transduction of the heart rather than uptake of secreted protein.10

Interestingly, the authors also noted that enzyme levels varied with respect
to age at administration and/or gender of the animals, suggesting that these
attributes are also major factors in the degree of success garnered by gene
therapy.

Clinical studies of ERT for Pompe disease have shown marked improve-
ment in myocardial pathology and prognosis. However, Pompe disease is
a multi-system disorder and improvements in skeletal muscle function and
phenotype have been met with less success. Patients initially appear to ward
off the rapid progression of the disease but eventually succumb to the cardiac
and skeletal pathogenesis.

Recent attempts have focused on improving the delivery of hGAA to
affected tissues where the incorporation of enzyme enhancement (chaper-
one) and protein modification (increased affinity for M6P receptor) have
increased the payload to affected tissues.8 These studies are ongoing and
clinical trials are currently enrolling patients to establish the safety and
efficacy of these options.

Ideally, treatment for Pompe disease would consist of a single treatment
that would reverse and restore normal phenotype and function of organ
systems. Gene therapy has consistently shown these characteristics while
receiving enhanced development and refinement. Our laboratory and oth-
ers have repeatedly shown that administration of GAA via AAV or Ad can
promote regression of cardiomyopathy.8 Specifically AAV-GAA has been
shown to increase cardiac function (i.e. PR interval, cardiac output, ejec-
tion fraction, end diastolic mass), decrease left ventricular mass and reduce
myocardial glycogen accumulation. The preclinical evidence for a potential
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curative option is mounting; however there are still additional hurdles (i.e.
immunotolerance) to overcome.

2.2 Coronary Artery Disease and Ischemia/
Reperfusion Injury

Myocardial ischemia/reperfusion injury and infarction originally result
from inefficient bloodflow to the heart, with myocardial ischemia gener-
ally occurring first. Repeated and/or prolonged periods of ischemia can
result in injury, and, if allowed to progress, ultimately cause myocardial
infarction, or permanent damage, death, and necrosis of cardiomyocytes
and scarring of tissue. Atherosclerosis of the coronary arteries is the most
common cause of myocardial ischemia. The majority of gene therapy stud-
ies for the treatment of CVD have focused on correction of myocardial
ischemia by therapeutic angiogenesis in which new vessels are promoted
to form, creating a bypass around the restricted or occluded vessels and
allowing for continued efficient blood supply to the heart.11,12 Angiogene-
sis is the natural response to ischemia, however, in many cases, the native
response is inadequate to overcome progressive disease. Clinical studies in
which recombinant angiogenic factors were administered to treat coronary
or peripheral artery disease have not been successful and are attributed in
part to the short half-life of the recombinant proteins. Gene therapy is an
attractive alternative mode of therapy, offering the potential for providing a
sustained source of therapeutic protein expression. Preclinical gene transfer
studies utilizing plasmid DNA vector or adenovirus-based vectors encod-
ing proangiogenic factors including isoforms of vascular endothelial growth
factor (VEGF), fibroblast growth factor (FGF), and hepatocyte growth fac-
tor (HGF) have resulted in neovascularization and enhanced bloodflow in
localized areas of vector delivery.11 The success of these preclinical studies
warranted testing in clinical trials (Table 2), some studies of which are still
currently active.

2.3 Oxidative Stress

Myocardial ischemic events lasting beyond 20 minutes result in irreversible
damage and death to cardiomyocytes. During such ischemic periods there is

365



May 4, 2010 11:0 SPI-B903 9in x 6in b903-ch22

A Guide to Human Gene Therapy

a substantial increase in the levels of free radicals, reactive oxygen/nitrogen
species and in the rise and duration of intracellular calcium concentra-
tion. Depending on the extent and severity of ischemia and reperfusion
(IR) events puts the myocardium at risk for oxidative-mediated damage.
The concomitant production of these reactive species overwhelms cellular
defense mechanisms and the subsequent cascade of events may diminish
contractility and cardiac pump function. Fortunately there are innate mecha-
nisms within cardiomyocytes reducing the susceptibility to ischemia-related
injury. The presence of cytoprotective proteins involved with calcium han-
dling and antioxidant buffering capacity allow for the maintenance of cel-
lular homeostasis.

2.4 Antioxidants

As shown by Sweeney and colleagues, early gene therapy studies manipu-
lating cellular antioxidant defense mechanisms were effective in reducing
and minimizing infarct size and cardiac contractile dysfunction during IR
injury.13 Since this time there has been an expansion on initial studies and the
outcome for vector delivery of antioxidant species has consistently agreed
upon previous findings.14−16 In a rabbit model of IR injury, extracellular-
SOD (Ad5 with and without heparin) reduced the size and area at risk of
infarction with a ∼5 fold increase in cardiac SOD (total) activity.15,16

Modulation of HO-1, and to some extent HO-2, has been under intense
study for potential in mediating or preventing the progression of a wide range
of CVD (I/R, cardiomyopathy, hypertension, organ transplantation). Upon
the degradation of heme, HO-1 exerts antioxidant properties with the release
of biliverdin, bilirubin and carbon monoxide. These moieties have shown
valuable antioxidant properties in various models of CVD while inhibition
of HO-1 promotes lesion formation.18 Direct augmentation of HO-1 or its
breakdown products confers cardioprotection after intramyocardial delivery
of HO-1 against IR injury.Ad-mediated transfer (vascular delivery) of HO-1
was shown to maintain arterial vasodilation and exhibited antiproliferative
effects in a swine model of vascular injury.19 Administration of rAAV-HO-
1 to rodents prior to I/R injury was associated with significant decreases
in lipid peroxidation and apoptotic/inflammatory markers resulting in 70–
80% reduction in infarct size.20 These studies shed light not only on the
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effectiveness of HO-1 therapy but help delineate the mechanism responsible
for IR injury as well.

Preferably, an approach similar to Phillips and colleagues would allow
investigators to express the transgene of choice under conditions of cellular
stress.21,22 Using novel responsive promoter and transactivator elements in
gene therapy strategies, they demonstrated the feasibility of switching on
a transgene only during bouts of IR injury in vivo showing preservation of
myocardial function and integrity, decreases in oxidative stress, inflamma-
tion and apoptotic markers under periods of prolonged hypoxia.

2.5 Cardiac Contractility

Calcium dysregulation is considered a primary factor of myocardial patho-
genesis. Loss of calcium homeostasis can be attributed to dysfunction of the
sarcoplasmic endoplasmic reticulum Ca2+ATPase (SERCA) in cardiomy-
ocytes and directly effects cardiac contractility and relaxation properties.
Importantly, phospholamban, the endogenous inhibitor of SERCA pump
activity, has also shown to be amenable to gene therapy intervention and
improvement of cardiac contractility and calcium handling in vivo.23 Alter-
natively, modulation of the calcium binding proteins S100A1 and parvalbu-
min have shown similar results in augmenting cardiac function in senescent
and aortic banding rodent models.24,25 These studies highlight the critical
nature of restoring calcium homeostasis in vivo where prolonged and sus-
tained damage to the myocardium may result in a rapid upregulation of
calcium activated proteases (i.e. calpain), ubiquitin-proteasome machinery
and apoptotic signaling. Pharmacological inhibition of these mechanisms
results in preservation of cardiac function and reduction in area of infarc-
tion. A plausible solution may include siRNA mediated knockdown of key
regulators within these signaling cascades or upregulation of chaperone and
anti-apoptotic mediators to lower myocardial injury.

3. Animal Models

There exist several animal models of CVD. Progressive CVD manifestations
can be observed in some models of congenital disease such as the muscular
dystrophies. However, many models require induced physical damage such
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Table 22.1. Selected models of diseases used in preclinical AAV gene therapy
studies.

Condition Animal Promoter Vector Route Ref.

MD
Duchenne Mouse CMV, CK6 AAV2, 5, 6, 9 IV, IM 36–38
Delta- Hamster CMV AAV1, 8, 9; IP, IV 39

sarcoglycan dsAAV2, 8
Alpha- Mouse MCK AAV1 IM 40

sarcoglycan
Fabry Mouse CAG AAV IV 10
GSD II Mouse CMV, CBA, AAV1, 8, 9 IP, IV, IM 8

DES
Angiogenesis/ Mouse, CMV, MHC, AAV1, 2, 5, IV, IM 11
Ischemia- Rat, Pig MLC2V, 6, 8, 9

Reperfusion CBA

Abbreviations: MD, Muscular Dystrophy; LSD, Lysosomal Storage Disease; CMV, cytomegalovirus;
CK6, creatine kinase; MCK, creatine kinase; CAG, CBA, chicken beta-actin; DES, desmin; MHC,
Myosin heavy chain; MLC2V, myosin light chain; AAV, adeno-associated virus; IP, intraperitoneal; IV,
intravascular; IM, Intramyocardial.

as aortic banding or ligation of vessels to create regions of ischemia/infarct.
While useful in studying correction of severe acute damage, these models
lack the pathology related to chronic disease that may impact on therapeutic
success. Table 22.1 lists several examples of animal models of diseases that
have been treated using AAV vectors. The same models as well as routes of
delivery have been tested using other gene therapy vectors as well.

4. Vector Delivery

To-date, the most successful cardiovascular gene therapy applications have
utilized non-viral plasmid DNA (pDNA) and viral recombinant (Ad) aden-
ovirus and adeno-associated virus (AAV)-based vectors. Both naked pDNA
and Ad vectors have progressed to testing in clinical trials for therapeutic
angiogenesis applications and AAV vectors are currently being assessed for
gene transfer of calcium-handling proteins (Table 22.2). Recently several
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Table 22.2. Gene therapy clinical trials for CVD.

Target Delivery Vector Trial

Angiogenesis Intracoronary Ad-VEGF165 KAT
Ad-FGF-4 AGENT-2,3,4
Ad-FGF-4 AWARE
Ad-AC6 Adenylyl cyclase

Intramyocardial Ad-VEGF161 REVASC
pDNA VEGF165 Euroinject one
pDNA VEGF-2 Genasis
Ad-VEGF121 Northern
Ad-VEGF121 NOVA

Heart Failure Intracoronary AAV-SERCA2a SERCA Gene Therapy
AAV-SERCA2a CUPID

Angina Intramyocardial pDNA VEGF-2 VEGF therapy
In-stent Local delivery after Anti-sense oligo

Italics
restenosis stent implantation against c-myc

Abbreviations: Ad, Adenovirus; VEGF, Vascular endothelial growth factor; FGF, Fibroblast growth
factor; AC, Adenyl Cyclase; pDNA, plasmid DNA; AAV, Adeno-associated virus; SERCA, Sarco-
plasmic endoplasmic reticulum calcium ATPase; oligo, oligonucleotide.

lentiviral vectors studies have also shown potential, thus warranting contin-
ued investigation of these vectors for cardiovascular applications.26

In vivo delivery methods for cardiovascular gene therapy broadly include
direct delivery of vector to the target tissue, local intravascular delivery, and
systemic delivery of vector. Briefly, direct delivery methods entail adminis-
tration of vector directly into the heart musculature or onto walls of the vas-
culature, most commonly with a needle or other device. Coronary delivery is
the most common form of local intravascular delivery and requires transient
isolation of the circulation by cross-clamping or balloon angioplasty fol-
lowed by injection of vector into the coronary circulation. Systemic delivery
usually entails simple IV injection of vector at a peripheral site.

From a theoretical, but not necessarily technical, standpoint, the sim-
plest mode of delivery is direct injection of vector into the target tissue,
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however specific techniques can vary. For example, in rodents, blind injec-
tions through the chest wall or through the diaphragm from the abdomi-
nal side have been used successfully to transduce myocardium in various
disease models. In larger animal models, ultrasound or electromechanical
mapping technologies to visualize the heart have allowed for more accurate
targeted delivery to the affected tissue. Following injection, overall trans-
duction efficiencies then become dependent on the ability of the vector to
efficiently enter the target cell and subsequently, cellular expression of the
therapeutic transgene. The obvious advantage of this method is the direct
exposure of target cells to the vector, thereby maximizing the potential for
efficient transduction in those cells. Furthermore, restriction of vector to
the sites of injection reduces the potential for spread of vector to non-target
tissues and organs thereby reducing the potential of adverse events resulting
from inappropriate transgene expression. A limitation of direct injection is
the technical difficulty of the procedure, as not all regions of the heart are
easily accessible for direct injection. As such, procedure-related adverse
events are of concern, especially for highly invasive methods. Expression
from direct injection is generally limited to regions of delivery which may
not be as effective in diseases that may benefit from more global cardiac
transduction; however, applications better suited for localized transduction
of the heart do exist.

Direct injection in the myocardium has been shown to be effective in
animal models of disease and as such has been utilized in several phase II/III
randomized control clinical trials. Direct intramyocardial injection of Ad
vectors encoding for VEGF121 (REVASC trial) or naked pDNA vectors
encoding for VEGF-2 or VEGF165 (Genasis and Euroinject One trials,
respectively) are currently being assessed for the treatment of coronary
artery disease. Despite impressive results in animal models with pDNA
vectors, current results in clinical trials thus far have been disappointing.
The REVASC trial had more successful results with improvement in time
to 1mm ST-segment depression and time to level 2 angina in treated groups,
as well as first anatomical evidence that AdVEGF121 could mediate neovas-
cularization in humans.1,11,27−29

Gene gun, or particle bombardment technology, is a modified form of
direct injection in which vector is linked to micron-sized heavy metal par-
ticles. The particles are then propelled under high pressure into targeted
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tissue. This method has been used with pDNA vector for cardiac applica-
tions in several preclinical studies but has not been shown to be significantly
better than traditional direct injection techniques.26

The use of solid support structures to mediate local direct delivery has
been investigated, and in particular the potential of vector-eluting stents.
Over 1 million stents were placed in patients in the United States in 2006
and restenosis can occur in up to 30% of patients.27,30 Local gene transfer
may provide a sustained supply of therapeutic protein to prevent restenosis
and may have the additional advantage of being able to correct the local
underlying molecular defect(s). Preclinical studies in which pDNA, Ad,
or AAV vectors are tethered to stents have shown promise, giving rise to
efficient local transduction.27,31

Injection of vector into the pericardial space, rather than directly into the
heart musculature has also been employed in preclinical studies utilizing
pDNA, Ad, and AAV vectors, leading to moderate transduction in regions
adjacent to the pericardial space. Transmural transduction however was
inefficient and could thus far be achieved only with concomitant treatment
with enzymes such as collagenase or proteases to disrupt the extracellular
matrix.26,29

For some CVD models, direct delivery of vector to tissue distal from
the heart (such as skeletal muscle or liver) has been utilized. This strategy
relies upon secretion of the therapeutic protein from the transduced tissue
and uptake into the affected myocardium. For example, for Pompe disease,
GAA expressed in liver or skeletal muscle can be secreted, then taken up
by the heart, resulting in correction of cardiac biochemical abnormalities in
a mouse model of disease.32

Local intravascular delivery in which vector delivery is isolated to the
heart circulation is attractive as the vasculature structure and dense cap-
illary network allows for improved dispersion of vector and access to
target cells.1,26,33 Restriction of delivery to the local vasculature can be
achieved by injection into heart ex vivo (for transplanted hearts), injection
into the vasculature after cardiac bypass with induced cardioplegia and
cross-clamping, where blood flow into and/or out of the heart is blocked
by clamping or balloon angioplasty, or cross-clamping followed by vec-
tor delivery into the left ventricle of the beating heart. These methods
have been shown to be very effective in achieving efficient global cardiac
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transduction in preclinical studies; however the technical difficulty and
invasive nature of the procedures may limit clinical use. The most suc-
cessful application of local intravascular delivery thus far has been the
use of intracoronary catheters. In the phase II Kuopio Angiogenesis Trial
(KAT), pDNA and Ad vectors encoding VEGF165 were delivered locally
via an infusion-perfusion catheter during percutaneous coronary interven-
tion procedures. At 6 months post-treatment, there was significant increase
in myocardial perfusion in the group treated with Ad vector. No differ-
ence was seen with the pDNA vector. The Angiogenic Gene Therapy Trials
(AGENT) assessed intracoronary injection of AdFGF-4 vectors and while
smaller cohort studies demonstrated some improvement in exercise time and
reduction of ischemic defect size, differences were not noted in the larger
studies. Post-hoc analysis, however, did reveal that when subject age or
gender was a factor, significant improvements in response to therapy were
evident and as such, a study assessing a more focused patient population
(Angiogenesis in women with angina pectoris who are not candidates for
revascularization; AWARE) is currently ongoing.1,26,28,34 In addition to Ad
vectors, recombinant AAV vectors have recently shown great promise as
vectors for CVD in preclinical studies and the first AAV trial for car-
diac failure entailing delivery of vector encoding SERCA2a via percuta-
neous intracoronary injection (Calcium Up-Regulation by Percutaneous
Administration of Gene Therapy in Cardiac Disease; CUPID) has been
initiated and results presented at the 2009 American Society of Gene Ther-
apy meeting so far suggest evidence of biological activity and safety of the
vector.28

Improvements to current local intravascular delivery methods are being
investigated in preclinical animal studies and include modification of physi-
cal delivery means such as increasing delivery/injection pressure and vector
dwell times, inclusion of adjuvants to vector preparations which increase
microvascular permeability, or use of electroporation or sonoporation to
increase cell membrane permeability.35 Vector modifications are also being
investigated as potential means to improve uptake into target cells. Such vec-
tor modifications also lend themselves well to systemic delivery strategies
and will be discussed further below.

Simple intravenous (IV) injection for systemic delivery of vector is the
idealized mode of gene therapy in which the vector itself provides all the
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means to transduce only the affected target cells and mediate correction. The
clear advantage to such methods is the ease of vector delivery and avoidance
of procedure-related complications. Current disadvantages however include
the probable transduction of non-target tissues which could result in severe
immune response to the vector itself, the therapeutic transgene product,
and the transduced cells themselves. As such, control of each step of vector
transduction is likely necessary, beginning from initial attachment to target
cells, to tissue/cell-type specific transgene expression, and regulation of said
expression.

Systemic delivery of naked pDNA vectors has met with little success for
cardiac transduction, however pDNA preparations utilizing lipid or other
polymer complexes/coatings and in particular, coatings in which specific
peptide ligands or antibodies have been incorporated, have been shown
to enhance uptake in target tissues. A physical method of targeted deliv-
ery has used microbubble technology in which vectors (pDNA or viral)
have been encapsulated in gas microbubbles which can then be deliv-
ered systemically. Ultrasound in the heart or vasculature will then result
in destruction of the microbubbles in the local area, releasing the vectors
in the targeted region. For enveloped viral vectors, pseudotyping envelopes
to include targeting moieties have also been employed. For non-enveloped
viruses, molecular adapters (cell-specific antibodies, ligands, targeting pep-
tides, etc.) have been either physically conjugated to the viral capsid
to allow for re-direction of the vector to target cells, or, in some cases
such as with AAV vectors, directly incorporated into the capsid structure
itself.

Recently, natural tissue tropism of novel vectors has been exploited
in gene therapy strategies. For example, recombinant AAV pseudotype 9
(rAAV2/9) vectors have been shown to be naturally tropic for the heart
and globally transduce myocardium after IV delivery and have shown great
promise in models of congenital cardiac disease, IR injury, and calcium dys-
regulation. Several studies have investigated the potential of directed evolu-
tion of AAV vectors in which viral capsid proteins are randomly mutated or
capsid proteins from different serotypes are mixed together to create novel
vectors with different bioactivities and tissue tropisms. These novel vectors
can then be screened for tissue tropism for the cell-types of choice and could
yield vectors with stringent tropisms.
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5. Conclusions and Outlook

Since the first preclinical CVD gene therapy studies in the late 1980’s,
the development of improved vector systems, cell-specific promoters, and
routes of delivery have enabled investigators to target a myriad of disease-
associated factors affecting the myocardium and the translational nature is
now being realized. Initial clinical studies have been promising however it is
clear that continued development and understanding of the molecular basis
for disease as well as vector biology is necessary to develop effective gene
therapies. Questions with regard to dosing, timing of delivery and long-
term safety remain. Well-designed clinical trials have the potential to com-
plement and even stimulate basic science and preclinical research. In most
cases there likely will not be a single target that may provide an all end cure,
and refinement of treatments may likely include a multifactorial approach
including gene therapy and additional strategies. Better understanding of
the molecular mechanisms will invariably provide platforms on which to
develop effective countermeasures for this devastating disease. Gene ther-
apy provides an attractive alternative or complement to current therapies for
efficient and effective treatment for CVD. The examples provided through-
out this chapter represent some of the many pioneering studies contributing
to the characterization, development and implementation of therapy for
CVD and the authors regret that only a minor portion could be included.
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