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Preface

Gene therapy is a rapidly advancing field with great potential for the treatment
of genetic and acquired systemic diseases. In developing pharmaceutical gene
therapies, the disease, the therapeutic genes, and the gene delivery system need
to be taken into consideration. The disease areas that have been most investigated
in gene therapy to date are cancer and cardiovascular, pulmonary, and infectious
diseases. Therapeutic genes for each of these diseases have been identified and
are either in the clinic or due to enter the clinic. As future generation products
are developed, the search for better therapeutic genes for the diseases currently
being treated and genes to treat other diseases will continue. What remains to be
identified is the gene delivery system needed to control the spatial and temporal
modulation of the gene function. Furthermore, the duration, fidelity, regulation,
and level of gene expression will be essential features to control by the design
of specific gene expression systems.

Present delivery systems can be divided into virus-based, plasmid-based,
and composites of both virus-based and plasmid-based systems.

Virus-based gene delivery systems comprise viruses that have been engi-
neered not to replicate but to deliver genes to cells for expression. The viruses
offer several advantages with regard to long-term expression, gene transfer effi-
ciency, and expression of therapeutic genes. The limitations are (1) amenability
of the viruses to pharmaceutical scale manufacture, (2) the restriction of viral
infection to those cells expressing a receptor, and (3) the immunogenicity of the
viral proteins. Viral systems do have applications for life-threatening diseases
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that do not require large quantities of material to be administered. Preclinical
research is focused on alleviating some of these limitations with adenovirus and
adeno-associated virus being the lead candidates.

Plasmid-based gene delivery systems for so-called nonviral gene therapy
are being developed as an alternative to the virus-based systems. Plasmid is prop-
agated in and isolated from bacteria. The isolated plasmid by itself can be admin-
istered locally, yielding expression in the injected tissue. Formulating the plasmid
with synthetic gene delivery systems can increase the transfection efficiency.
These gene delivery systems comprise mainly lipids, peptides, or polymers. The
delivery systems protect the plasmid from degrading enzymes prior to internaliza-
tion, facilitate cellular uptake by endocytosis, and can promote endocytic vacuole
release of the plasmid into the cytoplasm. Some of the technologies developed
in the early stages of the field are presently used in the clinic. The technology
is limited to local administration, yields transfection of a small portion of cells,
and duration of expression is at best on the order of days to weeks. The disease
indications (primarily cancer and cardiovascular and infectious diseases) to be
treated by these technologies conform to these specifications.

This book is divided into the following sections: an introduction providing
an overview of gene therapy, including a brief history summarizing the field of
plasmid and virus-based gene delivery; a description of the present studies in the
clinics covering the highlighted technology for each clinical application; a review
of the plasmid-based expression systems; a summary of the present plasmid-
based gene delivery technologies; the gene therapy applications, both preclinical
and clinical; and new technologies for expansion of the applications to new dis-
eases.

It is critical for the field of gene therapy to transition from a proof of concept
to a pharmaceutical product at the beginning of the new millenium. A successful
outcome will result in a new clinical modality that represents a revolutionary
approach to medicine. One immediate benefit will be to produce a continuous
level of therapeutic protein, avoiding the characteristic peak and trough behavior
of intermittent administrations. Physicians will have the capability to turn genes
on or off on demand, producing a therapy that can treat the disease rather than
the symptoms and with minimal side effects.

Alain Rolland
Sean M. Sullivan
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1

Introduction to Gene Therapy
and Guidelines to Pharmaceutical
Development

Sean M. Sullivan
University of Florida, Gainesville, Florida, U.S.A.

l. WHAT IS GENE THERAPY?

Medicine is entering a new era for treating diseases that will enable physicians
to treat the cause of a disease rather than the symptoms. Human genetic disease is
the result of mutation or deletion of genes that impair normal metabolic pathways,
ligand/receptor function, regulation of cell cycle, or structure and function of
cytoskeletal or extracellular proteins. Diseases that are suitable for treatment by
gene therapy can be divided into genetic and acquired diseases. Genetic diseases
are typically caused by a single gene mutation or deletion. The acquired diseases
are those for which no single gene has been identified as the only cause of the
disease state. However, expression of a single gene delivered by a gene delivery
system to the correct cell type(s) can potentially lead to the elimination of the
disease state. Some examples for each type of disease are listed in Tables 1 and 2.
The genetic diseases are what sparked the initiative to create such gene-
based therapeutics. Prior to this endeavor, there were no alternatives to correcting
a genetic disorder. Therapies were developed that transiently alleviated the symp-
toms of the disease. Through the efforts of gene therapy, the correction of the
mutation and the subsequent return to normalcy is now feasible. Fischer’s Labora-
tory in France [2] recently achieved the demonstration of this principle.
Patients with severe combined immunodeficiency lack functional T cells
and natural killer cells (NKs) due to mutations in the yc chain cytokine receptor
subunit for interleukin (e.g., IL-2, -4, -7, -9 and -15) receptors. Ex vivo gene
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Table 1

Candidate Genetic Diseases for Gene Therapy

Disease Defect Incidence Target
Severe combined immu- Adenosine Rare Bone marrow or
nodeficiency Deaminase T cells

Hemophilia Clotting Factors VIII 1/10,000 Liver and muscle

and IX
Familial hypercholester- Low-density lipoprotein ~ 1/1,000,000  Liver

olemia receptor

Cystic fibrosis Loss of cystic fibrosis 1/3000 Lung

transmembrane con-

ductance regulator

(CFTR)
Hemoglobinopathies o and B Globin 1/600 Red blood cell

precursors
Gaucher’s disease Glucocerebrosidase 1/450 Ash- Liver
kenazi
Jews

Inherited emphysema o, Antitrypsin 1/3500 Lung, liver
Muscular dystrophy Dystrophin 1/3500 males Muscle
Table 2 Candidate-Acquired Disease for Gene Therapy
Disease Defect Incidence Target
Cancer Defects in tumor 1 million/yr Liver, lung, brain,

Neurological dis-
eases (Parkin-
son’s and
Alzheimer’s)

Cardiovascular
diseases
Infectious diseases

suppressors and/
or presence of on-
cogenic factors

Neurotransmitter re-
lease; structural
defect of B-amy-
loid protein

Defect in blood ves-
sels

Suppressed immune
system (HIV),
liver destruction
(HBV)

1 million Parkin-
son’s

4 million
Alzheimer’s in
United States

13 million in
United States

Increasing numbers

pancreas, breast,
prostate, kidney

Brain, neurons, glial
cells, Schwann
cells

Arteries, vascular
endothelial cells
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Source: Ref. 1.
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transfer was employed to correct this genetic disease by delivering the wild-type
sequence for the yc chain cytokine receptor subunit to hematopoietic stem cells
using a nonreplicating murine retrovirus that has the therapeutic gene encoded
within the viral genome [3,4]. Pages and Danos describe the properties and utili-
ties of this virus in much greater detail in Chapter 9. Preclinical results in yc chain
cytokine receptor subunit—deficient mice showed that gene expression could be
restored resulting in normal T-cell and NK cell development. Also, gene transfer
to canine bone marrow resulted in long-term expression. Since this is a chronic
disease, long-term gene expression is required.

A clinical trial was initiated in which hematopoietic stem cells from two
infants were infected with a retrovirus carrying the yc chain cytokine receptor
subunit. A 30% infection efficiency was obtained, and the patient’s blood was
analyzed on a regular basis for receptor expression in appropriate cell types and
immunological function. After 10 months, the results showed that T-cell and NK
cell counts were comparable to matched normal patients and the T and NK cells
were found to be completely functional. This represents the first successful human
gene therapy trial and validates the field. Eleven infants have been treated to date,
all yielding seminormal immune systems. However, 2 infants have developed rare
forms of leukemia. One infant is in remission and the other is being treated.

An extension of this success is being observed in in vivo human gene ther-
apy trials for treatment of hemophilia. Adeno-associated virus has been delivered
intramuscularly to patients lacking functional clotting Factor IX [5]. Carter de-
scribes the features and utility of this virus in Chapter 8. The Phase I clinical
trial showed that the therapy was well tolerated. In addition, a reduction in the
number of bleeding episodes for the treated patients was also observed.

In vivo gene therapy is a more acceptable clinical and pharmaceutical ap-
proach, because the therapeutic (a gene and a delivery system) is directly adminis-
tered to the patient via conventional routes and methods, rather than a service
that requires isolating the patient’s cells, introducing the gene into those cells,
and then reintroducing the modified cells back into the patient. Ex vivo gene
therapy (as used with success in France for X-SCID patients) is not a desirable
product for pharmaceutical companies but may be a service that can be provided
by private or medical institutions. The listed acquired diseases should all be ame-
nable to in vivo gene therapy.

The types of gene delivery systems are not restricted to viral vectors but
can also be the simpler administration of the gene itself. The gene can be adminis-
tered as a circular double-stranded DNA that is propagated in bacteria. This is
termed naked DNA, and it was first applied in 1990 by Drs. Wolff and Felgner
[6]. Intramuscular administration of such plasmid DNA yielded gene expression
in skeletal muscle fibers. The transfection efficiency is relatively low, but current
therapeutic applications include the development of genetic vaccines [7] and ex-
pression of angiogenic factors, such as vascular endothelium—derived growth factor
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(VEGF) and fibroblast-derived growth factor (FGF), for the stimulation of new
blood vessel growth in peripheral vascular disease and ischemic heart disease [8].
Gene transfer efficiency with a plasmid can be increased by formulating
the plasmid in a number of synthetic gene delivery systems or applying external
stimuli, such as electrical pulses (i.e., electroporation) [9—13] or ultrasound (i.e.,
sonoporation) [14]. MacLaughlin describes electroporation of plasmid in detail
in Chapter 10. These methods are effective for local administration (e.g., intra-
muscular or intratumoral). Systemic administration requires the formulation of
plasmid with cationic lipids, cationic polymers, or a combination of positively
charged condensing agents with negatively charged liposomes [15]. Huang de-
scribes this latter system in more detail in Chapter 11. It is the surface charge
interaction of the transfection complexes with the cells that results in the binding,
internalization, and ultimately the transfection of endothelial cells after systemic
administration. The transfection complexes can be further modified by covalent
attachment of molecules such as polyethylene glycol (PEG) to the surface of the
complexes to increase their circulation half-life [16,17]. In addition, targeting
ligands, in the form of peptides, carbohydrates, or antibodies, can also be attached
to the complex surface to bind cell surface antigens or receptors expressed on
specific cell types to achieve site-directed gene transfer. This feature of the gene
delivery systems is not restricted to nonviral systems but can also be applied to
viral systems, such as retrovirus, adenovirus, and adeno-associated virus [18].

Successful demonstration of nonviral, cationic lipid-based gene transfer has
been achieved clinically for the treatment of restenosis following balloon angio-
plasty [19]. The strategy was to administer a plasmid formulated with cationic
liposomes composed of DOTMA/DOPE using a dispatch catheter following
plaque removal by balloon angioplasty. The plasmid encoded the vascular endo-
thelial growth factor (VEGF,4s). Expression of VEGF-induced endothelial cell
nitric oxide synthetase resulted in the inhibition of neointimal invasion of the
blood vessel by smooth muscle due to nitric oxide production. Patients were
monitored for status of the ballooned vessel and also production of new blood
vessels as a result of VEGF expression. A comparison of adenovirus to the nonvi-
ral DNA approach showed that both gene delivery vehicles yielded similar re-
sults. A more detailed description of the technology and the design of the clinical
trial can be found in Chapter 13 by Yla-Herttuala.

Subsequent chapters describe various gene delivery systems and their thera-
peutic applications. This brief summary of the recent success in gene therapy
was selected to introduce the exciting promise of gene therapy as a viable thera-
peutic for the future. What is not readily available in the literature is information
regarding the processes by which a gene-based therapeutic is turned into a phar-
maceutical product. The last part of this chapter will be devoted to product devel-
opment of a gene-based therapeutic up to the filing of an Investigational New
Drug application (IND). It is not meant to be a complete map to an all encom-
passing depiction of the transition from the preclinical proof of concept to clinical
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trials, but it will offer insights from personal experience, discussions with col-
leagues directly involved in the drug development process, and is supplemented
with published information from the Food and Drug Administration (FDA).

Il. DEVELOPMENT OF A GENE THERAPY
PHARMACEUTICAL

Marketing of a gene-based therapeutic requires approval by the FDA. The drug
sponsor must show, through supporting scientific evidence, that the therapy is
safe and effective for its intended use. The sponsor must also demonstrate that
the processes and controls used in manufacturing are properly controlled and
validated to ensure the quality of the product.

The Center for Drug Evaluation and Research (CDER) is involved in New
Drug Development and Review, Generic Drug Review, Over-the-Counter Drug
Review, and Post Drug Approval Activities. The Center does not review gene
therapy submissions. However, the approval process for gene-based therapeutics
is similar and information obtained from the Center can be applied. For example,
Figure 1 outlines the New Drug Development time course. The responsibilities

POST-
PRECLINICAL CLINICAL MARKETING
R&D R&D NDA REVIEW SURVEILLANCE
DEMONSTRATION ADVERSE
OF FEASIBILITY m REACTION
AND SUBMISSION REPORTING
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vV
SURVEYS/
SAMPLING
[ TREATME
sr{oa‘r-rﬁl{> TESTING
7
ANIMAL /4
TESTING :9'
/.
T ONGTERM INSPECTIONS
30-DAY SAFETY NDA SUBMITTED NDA APPROVAL
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Figure 1 Gene therapy-based drug development time course. (Adapted from Ref. 20.)
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of the sponsor are depicted in arrows, the white background is industrial time,
and FDA review times are depicted in diagonal line with marked bars. There are
several important features in the depicted timeline, the first one being the meet-
ings between the sponsor and the FDA. The first of these meetings takes place
upon demonstration of the proof of concept and the sponsor’s decision to develop
the product. There should be a preclinical development plan in place to review
with the FDA. Timing for this meeting is critical, because it should not be con-
ducted prematurely, nor should it be conducted too far into the development stage
to avoid performance of unnecessary studies, and also to identify deficiencies in
the design of the plan.

Items not displayed in the outline shown in Figure 1 are the continued
processes after the drug candidate has entered Phase I clinical trials. This contin-
uum includes, modifications to the manufacturing process, formulation optimiza-
tion, and development and validation of quality control assays.

A misconception of an IND application is that it corresponds to an approved
document that has to be signed by the FDA. In fact, the only approved, signed
document by the FDA is a New Drug Application (NDA) that is submitted upon
demonstration of the safety and effectiveness of the drug from the results obtained
in the clinical trials.

The sponsor submits the IND application. The FDA notifies the sponsor
that it has received the submission. Lack of a response within a 30-day period
from the time of the notification allows the sponsor to proceed with the clinical
trials. Technically, submission of an IND application is a request by the sponsor
to be exempt from the federal statute that prohibits an unapproved drug from
being shipped in interstate commerce. Only federally approved drugs are allowed
to be shipped or distributed across state lines. The sponsor will usually conduct
the clinical trials in several clinical centers in different states, thus requiring the
authorization to ship the investigational drug to these centers. An exemption from
this legal requirement is achieved by submission and approval of the IND applica-
tion. However, in reviewing the IND document, the FDA ensures that the investi-
gational drug is safe and the quality is suitable for testing in human clinical trials.

The FDA has two centers for the review of investigational drugs: Center
for Drug Evaluation and Research (CDER) and Center for Biologics Evaluation
and Research (CBER). CDER regulates conventional nonbiologically derived in-
vestigational drugs and CBER regulates biopharmaceuticals (e.g., recombinant
proteins, monoclonal antibodies) and human gene therapies, which fall under the
legal definition of a “biologic.” Figure 1 serves as a general outline for the preclin-
ical and clinical development of gene therapy products. The pharmacology and
safety concerns of these products are significantly different from conventional
drugs and also are different from biological drugs, such as recombinant proteins,
blood products, and vaccines. One of the most important features is the pre-IND
meeting with the FDA. The purpose is to review preclinical results and outlines
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for experiments to complete the IND submission, including the safety/toxicology
and clinical plans. This step is important to ensure that the preclinical information
can meet the requirements for IND filing.

Up until January 2000, no product-related serious adverse events had been
reported in approximately 350 human gene therapy clinical trials. However, in-
vestigation of the death of a patient being treated for a rare liver disorder resulted
in the FDA placing a clinical hold on all gene therapy clinical trials. The results
from the investigation identified several deficiencies in conducting the clinical
trials, in the recruitment and information of patients, and in the reporting of ad-
verse events. As of April 2002, the FDA requires that the sponsor submit the IND
documentation to the recombinant DNA Advisory committee [RAC; currently
the Office of Biotechnology (OBA)] before submitting it to the FDA. The OBA’s
major role is to evaluate all protocols for clinical trials involving the transfer of
genetically modified tissue into humans. The committee also considers safety
standards, potential hazards, and methods for monitoring and minimizing risks
associated with recombinant DNA research and advises the National Institutes
of Health (NIH) director and staff on related issues and activities.

The OBA requires that investigational review boards (IRBs) from each
institution conducting the proposed gene therapy clinical trials approve the proto-
col prior to submission of the IND application. Hence, in establishing timelines
for product development, these considerations need to be taken into account.
Presumably as more safe and efficacious gene therapies emerge from the current
clinical trials, the time constraints placed on the review process may be reduced.

A. Product Discovery

The product discovery stage or “feasibility study” requires demonstration of phar-
macological activity, or efficacy, in an appropriate animal model with expression
of a gene that could correct the disease state and assessment of the safety profile
of the drug product. Before initiating the animal studies, the therapeutic gene is
cloned into a vector that can be delivered by the gene delivery system. The se-
quence is checked to ensure that it is correct. It is recommended that the entire
expression cassette be checked to ensure proper expression of the gene. This
includes not only the open reading frame of the gene but the promoter (including
the enhancer), the intron/exon, the g-methyl cap sequence, the 5” untranslated
region, the Kozak sequence for identifying the initiation codon for translation,
the 3" untranslated region, and the poly adenylation sequence. Any ATG initiation
sequences in the 5" untranslated region upstream of the Kozak sequence can lead
to false initiation of the transcript. The gene delivery system is then tested for
gene transfer in tissue culture. Expression of the gene product is verified usually
by Western blot. If it is a secreted protein, both the cell pellet and the extracellular
media are assayed to ensure that the gene product is secreted. Finally, the biologi-
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cal activity of the expressed gene product is characterized. In planning ahead,
the design of these identity tests should be amenable for development into quality
control tests for release of manufactured product upon demonstration of feasibil-
ity. Upon validation of the gene sequence, expression of the correct gene product,
and demonstration of biological activity, in vivo studies are initiated in an appro-
priate animal model.

The animal model should be a relative facsimile of the disease state in
humans such that demonstration of efficacy in the animal model could parallel
that observed in the clinic. The relevance also pertains to maximal tolerated dose
and minimal effective dose yielding the therapeutic index for the therapy. These
results can serve to define the initial dosing range for a Phase I clinical trial.

There are accepted models, for instance, for different types of cancer, car-
diovascular disorders, or infectious diseases. A gene delivery system needs to be
decided upon based on gene transfer efficiency, desired transfected cell type,
duration of expression, administration route, and single-dose or multiple-dose
regimen, as well as balance of risk versus therapeutic activity.

Once these factors have been decided upon, in vivo expression studies are
initiated to show that the desired cell type in the diseased state is either transfected
or impacted by gene expression from another cell type. An example would be
the local expression of a cytokine gene or tumor suppressor gene in a tumor
following intratumoral administration, or the intramuscular administration of an
antiangiogenic agent resulting in subsequent secretion into the blood stream, thus
acting distally on the tumor relative to the gene product production site. Once
biological activity has been established, an efficacy study is then conducted show-
ing that the diseased state can be cured.

B. Preclinical Development
1. Dose Optimization

Upon completion of feasibility studies, detailed pharmacokinetic and pharmaco-
dynamic studies are required to determine the dosing schedule and to determine
the minimal effect dose and maximal tolerated dose. The pharmacokinetic profile
can be better defined as biodistribution with an acute time point for rapid clear-
ance and a later time point for residual clearance; for example, 2 days versus 30
days. This would be applicable for a locally administered gene delivery system.
For a systemically administered gene-based medicine, the time points would have
to be more extensive and may require multiple dosing followed by administration
depending on the type of gene delivery system, the administered dose, and the
number of injections. Duration of expression is also part of the therapeutic profile.
This also provides an estimate for the frequency of administration needed to yield
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an efficacious end result. The pharmacokinetic profile can be obtained using
blood and tissue samples and analyzing by quantitative polymerase chain reaction
(qPCR). The same samples used for the DNA analysis can also be used for deter-
mination of expression by assaying for RNA by reverse transcriptase—polymerase
chain reaction (RT-PCR). The primary organs of interest are the injection site
and typically the lung, liver, heart, spleen, muscle, kidney, bone marrow, and
gonads. Gonadal tissue is of particular importance to the FDA. The requirement
is that no transgene be vectorially transferred to offspring.

2. Stability

The manufactured gene-based product should ideally have a shelf life sufficient
to ensure adequate manufacturing and use in toxicology and/or clinical trials
(e.g., 1-2 years). However, for some gene-based medicines, this is not possible
or conditions to achieve this are still under development while completing the
preclinical development data package. Hence, the minimal shelf life stability
should be from time of manufacture to completion of the first half of the Phase
I clinical trials. It is not feasible to carry out real-time shelf life stability prior
to submission of the IND. Accelerated stability studies utilize incubation of the
product at several temperatures, and product stability is monitored as a function
of time yielding an Arrhenius plot from which the slope is the reciprocal of the
activation energy. The question then becomes which parameters to monitor as
stability indicators. Ideally, the most informative assay would be an in vivo gene
transfer assay, applicable for all gene-based products. However, use of this assay
for stability studies is impractical because of the time requirement, degree of
variability, and the potential for loss of replicates due to uncontrolled variables,
such as infection.

The next preferred assay would be a cell-based bioactivity (potency) or
gene expression assay. This is also a tedious and variable assay requiring the
characterization and banking of cells, also displaying a potentially high degree
of variability compared to other analytical methods. A cell-based assay should
not be used alone but in conjunction with analytical techniques such as refractive
index, appearance, particle size, pH, enzyme-linked immunosorbent assay
(ELISA) for retention of receptor-binding domain for the case of virus-based
gene delivery, high-performance liquid chomatography (HPLC) analysis of DNA
for ratio of supercoiled to open circle for nonviral gene delivery, electrophoretic
or mass spectroscopy analysis of protein degradation, HPLC analysis of cationic
lipids, polymers, and polypeptides. Results from the biological assay can then
be used to validate the use of the physical and chemical assays for stability testing,
thus eliminating the need for the cell-based assay for future stability studies and
release assay for a manufactured lot.
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3. Safety/Toxicity

The design of the safety/toxicity studies depends on several parameters: (1) the
disease to be treated, (2) the potential side effects of the gene product either due to
expression in non-diseased tissue or to overexpression, and (3) the gene delivery
system. Before initiating the design of the safety/toxicity studies, the following
questions should be answered:

e Is a single administration sufficient for treatment or will multiple ad-
ministrations be required?

e What is the duration of expression and what is the level of gene expres-
sion?

e What are the target organs for gene expression?

e Ifside effects are observed, what is their severity and are they reversible?

These questions are not meant to be inclusive. However, they should ad-
dress the desired performance of the gene therapy product and potential side
effects derived from the gene delivery system, expression of the therapeutic gene,
and the administration route. Ideally, these studies can be conducted in conjunc-
tion with efficacy studies. However, owing to sampling times and dosage, it is
often not possible to achieve this goal.

Specific points to consider are that the duration of gene expression determines
the dosing schedule for the product, and the safety/toxicity dosing schedule should
parallel the pharmacological dosing schedule. The assays should follow Good Labo-
ratory Practice (GLP) procedures to assess safety and toxicity, including, for instance,
histopathology of target organs along with other assays, such as blood chemistry to
monitor liver damage. Board certified pathologists, either from a Contract Research
Organization (CRO) or in-house personnel can conduct the organ pathology exami-
nation. The duration of expression will determine when to assay the animals. The
time points can be divided into an acute phase in which tissues are harvested shortly
after the last administration of the gene delivery system, such as 2—7 days, and a
recovery phase where the tissue is harvested 1 month after administration. The safety/
toxicity design will be dependent upon the disease to be treated.

Another point to consider is that the gene product should be active in the
safety/toxicity animal model. For example, human IL-1 is active in mice and
consequently the human sequence can be used for mouse safety/toxicity studies.
There are genes in which the activity of the gene product is species specific (e.g.,
IL-12, interferon-a). Hence the safety/toxicity studies require expression of the
species-specific sequence.

Under Good Manufacturing Practice (GMP) compliance, this will require
the manufacture of a separate batch of the gene therapy product for each species.
For example, in a nonviral setting, a bacterial master cell bank will be required
for each new sequence. The DNA sequence of the manufactured plasmid will
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have to be verified. If an ELISA is used to assay for the transgene product, the
assay will have to be developed and validated. If a bioassay is required for release,
then a species-specific cell type may be required for release of the product.

Proper selection of suitable animals for the safety/toxicity studies is essen-
tial. The FDA requires that safety/toxicity studies be conducted in two animal
species for an IND submission. One assumption is that primates should be one
of these species. However, this may not always be the most suitable species.
Primates are expensive both to purchase and house. They are high maintenance
and require anesthesia for most procedures. Their immune system is not as well
characterized as some rodent models, and the primate viruses are poorly charac-
terized and may interfere with the study. Mice, dogs, rabbits, and pigs are more
commonly used, and once again species selection will ultimately depend on sev-
eral parameters, including the disease, expressed transgene, and route of adminis-
tration. For example, the vascular system of pigs resembles the human vascular
system compared to other animals. Hence, pigs would be better suited for demon-
stration of side effects for excessive expression of the gene product. Before ini-
tiating the safety/toxicity studies, it is advisable to have a preliminary meeting
with the FDA and request a preliminary review of the study protocol to avoid
later surprises upon the IND submission.

4. Scale Up and Validation of Manufacturing

A decision needs to be made early in the development of the gene therapy product,
often as early as the feasibility period, as to whether manufacturing will be con-
ducted internally or licensed out to a contract facility. There are generally some
internal capabilities to supply the research teams with material for future develop-
ment. At that stage, the manufacturing facilities and processes can be “GMP-like,”
without the necessary validation. There are advantages and disadvantages to both
strategies. Cost is typically the first consideration. Establishing a certified GMP
manufacturing process requires a large up front expense starting with something
as simple as the supply of water for injection. In addition to building a manufactur-
ing facility and certifying the manufacturing process, quality assurance needs to
be established with auditors and creation of standard operating procedures (SOPs)
for all aspects of the manufacture, quality control, and stability analysis.

The manufacturing process will most likely be unique to a specific product
with regard to formulation development at the very least. Different administration
routes require the addition of additional excipients. Development of a lyophilized
product may also require specific cryoprotectants and other additives. Hence, the
manufacturing process will often be codeveloped with a CRO. The advantage is
that CROs already possess the instrumentation and possibly the quality assurance
personnel, although in-house quality assurance personnel should coordinate activ-
ities with the CRO. A disadvantage of the CRO is loss of control over scheduling
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and cost. This requires a very high degree of planning and scheduling to ensure
that lack of time slots does not slow the development of the manufacturing pro-
cess. It is advisable to identify a CRO with which a good working relationship
can be established. One additional concern is the stability of the CRO, especially
if the sponsor is solely reliant on the expertise of the CRO for manufacturing.

5. Methods Development and Quality Control

The purpose of quality control is to ensure that the product can be manufactured
reproducibly within a set of specifications that can be used to release the product
for human administration. The assays will measure gene sequence and DNA con-
tent. Regardless of the manufacturing location, establishment of quality control
will be required to release the finished product for clinical trials. These assays and
release specifications can begin to be set with the safety/toxicity manufactured
material. Assays for release can follow standard physical inspection such as ap-
pearance (clear or cloudy, color), pH, particle size (indicative of aggregation:
this may not be applicable for low-titer viruses, such as retrovirus or lentivirus, or
noncondensed, nonviral products), or refractive index. Early in the development
process, bioassays involving in vitro cell culture or even in vivo expression study
can be performed in parallel with physical measurements. Positive or negative
correlations may be observed between physical/chemical analysis of the gene
delivery system and its biological activity. Observed correlations from several
GMP manufactured lots of the gene delivery system may yield substitution of
the physical-chemical analytical methods for the in vitro or in vivo biological
activity assays for quality control release assays. Cell-based quality control assays
have far greater requirements and are more prone to variation compared to chemi-
cal and physical analytical methods. Also, the time required to perform a chemical
or physical assay is generally far less than that required for a biological assay.

C. IND Submission

The flowchart in Figure 2 depicts the IND review process upon submission to the
FDA. This diagram is from the Center for Drug Evaluation and Research Division
(CDER) of the FDA and the review categories will somewhat differ for Biologicals.
Specifically, the Chemistry Review section reviews all chemical aspects of the new
drug entity such as manufacturing, stability, quality control, and quality assurance.
These aspects of the gene-based pharmaceuticals will be reviewed by a similar
committee who has expertise in biochemistry, virology, and microbiology for eval-
uation of the manufacture of the gene-based medicine and, for example, establish-
ing validated quality control assays and determining the storage shelf half-life.
The medical/clinical reviewers evaluate the clinical section of the submis-
sion, such as the safety of the clinical protocols. The protocols are evaluated to
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determine if the participants are at unnecessary risk and will the design of the
study yield results that can evaluate the effectiveness of the gene therapy.

The pharmacology/toxicology review section will evaluate the tolerability
studies conducted in animal models and determine whether the results reflect the
potential impact on humans. There will be additional safety concerns that are
common to gene therapy—based investigational therapies. For example, one con-
cern of the FDA is gene transfer to germ cells that could result in vertical gene
transfer to offspring. The purpose is to contain the observation of any adverse
effects to the patient and not have to be concerned with long-term development
effects on the offspring.

Completion of the review by the first set of committees sends the application
to be reviewed for safety. The submission progresses to completion if there are
no concerns regarding the safety and study design to show drug product efficacy.
However, if safety issues are raised, the FDA may place a clinical hold on the
submission and the sponsor has a set time frame to respond to the concerns. Once
the sponsor has submitted the response to the cited concerns by the FDA and they
are favorably reviewed, the process can proceed. As stated previously, the review
process takes 30 days from the notification date to the sponsor that the FDA has
received the submission. If the sponsor receives no requests for information within
this 30-day process, the sponsor can proceed with the clinical trials.

D. Clinical Trials

The protocols for all three phases of the clinical trials must be submitted in the
IND document. The description of the clinical trials is also included in the Investi-
gator’s Brochure of the IND submission (Section 5). Also included is the informa-
tion regarding the clinical facilities and the individual Institutional Review
Boards (IRBs). Phase I clinical trials are designed to show that the new drug
product or therapy is safe and well tolerated. Second, it will identify whether the
patients display any adverse effects and at what dose. Since this first study in-
volves the introduction of a new drug candidate into humans, the patients are
closely monitored for any effects exerted on them as the result of the administra-
tion of the drug product. Dosing is initiated at a low dose deemed safe based on
the preclinical results and often at a nonobservable effect level. The dose is esca-
lated until a maximal tolerated dose (MTD) is determined. Phase I study design
also includes the characterization of transgene expression, such as secreted
transgene products assayed from the blood or locally expressed in biopsied tissues
following local administration. This will serve to show that the gene transfer was
successful, determine the variation in therapeutic gene expression levels from
patient to patient, and ultimately determine the duration of expression. This latter
point will facilitate the determination of dosing frequency for Phases II and III.
Phase I studies can be conducted in diseased patients or in healthy volunteers
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depending on the disease. The total numbers of patients can range from 15 to
80 depending upon the disease and clinical endpoints, and trials are generally
conducted at one or more clinical centers depending upon availability of patients.

Once the new therapy has been shown to be safe and well tolerated with
an assessment of MTD, Phase II clinical trials are conducted to determine the
effectiveness of the therapy in patients with the disease or condition and to deter-
mine the common short-term side effects associated with the therapy. These studies
are not only designed to evaluate the effectiveness of the therapy but also to deter-
mine the minimal effective dose. The number of patients is still relatively small,
not exceeding a few hundred patients and trials are conducted at a few centers.

Pivotal Phase III clinical trials are expanded controlled and uncontrolled
studies performed at multiple centers with the total study treating several hundred
to several thousand subjects. The increased enrollment will yield necessary infor-
mation to allow the overall effectiveness and safety of the therapy to be statisti-
cally determined.

The FDA'’s primary objectives in reviewing the IND documentation are to
assure the safety and rights of the subjects. The central theme of the initial IND
submission should be on the general investigational plan and the protocols for
specific human studies. Subsequent amendments to the IND document, either in
response to inquiries by the FDA or modifications to the clinical trial protocols
as the result of additional information, should build logically on previous submis-
sions and should be supported by additional information, including the results
of animal toxicology studies or other human studies as appropriate.

The field of gene therapy has great potential for patients, resulting in either
cure or prevention of disease. In the early years of gene therapy, there may have
been a tendency to progress too rapidly experimental gene therapies from the
bench to the clinic. What is currently being observed is the transition from getting
the therapy into the clinic to getting the therapy successfully out of the clinic
and into the population. There will be false starts in this endeavor, but the ques-
tion will no longer be “Will a gene therapy product ever be approved for treatment
of a disease?” but rather “When will it be an approved therapy commercially
available for every patient?”
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Sustaining Transgene Expression
In Vivo
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. INTRODUCTION

Preclinical studies have demonstrated the potential of gene therapy to reverse,
albeit transiently, several disease phenotypes. For some indications such as
cancer, these short-term effects may be sufficient. However, for a large pro-
portion of diseases being considered for gene therapy, sustained expression of
the therapeutic gene will be required. For genetic disorders such as cystic fibrosis,
hemophilia, muscular dystrophy, or lysosomal storage disorders, the therapeutic
protein will need to be supplied to the appropriate tissues essentially for the
lifetime of the patient. Although one can repetitively administer therapy, for
many current gene delivery vectors this remains problematic, and for an organ
such as the brain, frequent redosing may not be feasible. If gene therapy is
to become a truly practical mode of treatment, the therapeutic gene will need
to be expressed for a sustained length of time. How long will depend on the
disease, route of delivery, and ability to redose, but a period of several
months at therapeutic levels is considered a desirable goal. One can consider
three basic requirements to achieve this goal: (1) stable transduction of the tar-
get tissue, (2) maintenance of gene expression, and (3) minimizing the immune
response to the vector and the transgene product. This chapter will review the
ability of current viral and nonviral vectors to fulfill each of these three require-
ments.
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Il. STABILITY OF TRANSDUCED VECTOR GENOMES

The first basic requirement for sustained expression is to maintain the transduced
vector within the target cells. Vector DNA can exist either in an extrachromo-
somal episomal form, as occurs with adenoviral (Ad) or plasmid DNA (pDNA)
vectors, or as one or more integrated copies in the genome, as occurs with adeno-
associated viral (AAV) and lentiviral vectors. Is integration necessary for stable
gene expression? Although there are examples of stable nonintegrating vectors
in tissues, in other instances elements that promote integration, episomal replica-
tion, or nuclear retention appear to be necessary to increase vector DNA stability.

A. Stability of Episomal Vector DNA
1. Adenoviral Vectors

Adenovirus is a linear double-stranded DNA virus whose genome persists as an
episome in the infected cell, but the stability of the transduced DNA is highly
dependent on surviving the strong host immune response to the virus. Adenoviral
vectors primarily transduce the liver when delivered intravenously, where 90%
of the vector DNA is lost within 24 hrs postinjection as a result of an innate
immune response to the virus [1]. This is followed by a cytotoxic T-lymphocyte
(CTL) response and destruction of the infected cells with additional loss of vector
DNA [2,3]. However, there is a surviving population of infected cells within
which adenoviral DNA can be stably maintained for at least several weeks. This
stability may be aided by the presence of terminal protein that is covalently
attached to the end of the adenoviral genome, which may help anchor the adenovi-
ral DNA through its interaction with the nuclear scaffold [4-7]. Very long-term
stability of viral DNA has been observed with adenoviral vectors deleted of all
viral genes (“gutless” or helper-dependent vectors), with expression being sus-
tained from several months to a year [8]. Compared to first-generation E1-deleted
vectors, significantly higher levels of vector DNA were detected by Southern
analysis at 8 weeks postinfection with fully deleted vectors [9]. This increased
survival of vector DNA is due to the greatly decreased CTL response. Thus, it
would appear that adenoviral DNA can exist stably as an episome so long as it
can avoid the significant cellular immune response of the host.

2. Plasmid DNA Vectors

Transduced plasmid vectors also exist as extrachromosomal entities. An ex-
tremely small proportion can be maintained stably in particular tissues, but even
this amount is eventually degraded over time. pDNA is usually delivered com-
plexed to cationic lipids, polycationic polymers, or other molecular conjugates
or as naked DNA when injected into muscle. All of these delivery vehicles are
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quite inefficient, and the bulk of the injected pDNA is eliminated within the first
24 hr after administration by either the intravenous (IV), intranasal, or intramus-
cular (IM) route [10—12]. For example, the half-life of pDNA was observed to
be less than 5 mins after IV injection of pDNA complexed with DMRIE-DOPE
[13] due to the presence of serum nucleases. The pDNA that is delivered into
the cell must then survive the nucleases present in the cytosol, which has been
shown to degrade naked pDNA within 50—-90 mins after microinjection into the
cytoplasm of HeLa and COS cells [14]. Whether this time is extended when
the DNA is present in a complex has not been discerned. pDNA that reaches the
nucleus should conceivably be more stable, although the kinetics of DNA loss
from the nucleus are actually unknown, as in vivo studies have not been able to
distinguish nuclear from cytoplasmic pDNA. Total pDNA levels, though, decline
much more slowly after the first few days. At day 7 after IV injection of cationic
lipid—pDNA complex, pDNA could be detected by polymerase chain reaction
(PCR) in all tissues, with the greatest amounts seen in muscle, spleen, liver, heart,
and bone marrow [13]. At day 28 postinjection, these levels decreased further,
with the largest decrease being in the liver and the smallest in the lung. At 6
months postinjection, pPDNA could be detected only in the muscle [13].

There are very low levels of persistent expression from these residual
amounts of pDNA at the later time points. In the lung and liver, in the absence
of promoter inactivation, expression can be detected out to at least 10 weeks,
and in the muscle, luciferase expression could be detected for up to 1 year postin-
jection [15]. With a few exceptions these levels are generally far below what is
required for a therapeutic effect. So a primary issue with pDNA stability is first
obtaining sufficient transduction of the target tissue and having a greater propor-
tion of pDNA reach the nucleus. This would permit a longer period of expression
at therapeutic levels as pDNA levels decline slowly over time.

3. Plasmid-Based Transposons

One approach to increase the stability of pPDNA is to promote its integration into
the genome. This can be achieved by adding sequence elements from transposons,
which are mobile genetic elements capable of moving from one region of a chro-
mosome to another [16]. The Tcl/mariner superfamily of transposons consists of
a transposase flanked by inverted repeats (IRs) [17]. The transposase enzyme
binds to the IR sequences, catalyzing excision and integration by a cut and paste
mechanism. The target sequence for the transposase is a TA dinucleotide, so
integration is essentially random [17]. Although vertebrate transposons have
through evolution been inactivated by mutation, Ivics et al. [18] eliminated the
inactivating mutations in a transposon from fish and restored its enzymatic activ-
ity. This reconstructed transposon was named Sleeping Beauty and was shown
to mediate transposition in human cells. Using this system, Yant et al. [19] con-
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Figure 1 Strategies to increase the stability of transduced vector genomes. Boxes indi-
cate different sequence elements, lines indicate vector backbone sequence, which could
be either plasmid or virus. EBV, Epstein—Barr virus; Pr, promoter; pA, polyadenylation
signal; FR, EBV family of repeats; SB, Sleeping Beauty; IR/DR, inverted repeats/direct
repeats; ITR, inverted terminal repeats.

structed a plasmid containing an o--antitrypsin (AAT) expression cassette
flanked by two ITRs and a second plasmid that expressed the Sleeping Beauty
transposase from the cytomegalovirus (CMV) promoter (Fig. 1). The plasmids
were codelivered into the livers of mice and AAT expression in the serum was
measured. The ITR—plasmid was found to be inserted into approximately 5—-6%
of the hepatocytes. Compared to control mice, mice that received both the ITR
and transposase plasmids expressed approximately 40-fold more AAT for more
than 6 months. This system also expressed therapeutic levels of Factor IX for
greater than 5 months (Fig. 2) [19]. An obvious concern of such a system is
safety, as there is always a risk from random integration events into the genome
and an additional unknown risk from injecting millions of copies of an active
transposase into the body. The stability of the transpositions also needs to be
determined. Nevertheless, this system offers an effective approach to increase
both pDNA transduction efficiency and stability.

4. Replicating Vectors and Nuclear Retention

A vector that can be maintained stably as an episome would theoretically be safer
than a vector that integrates randomly into the genome. In dividing cells, such
as hematopoietic stem cells, regenerating vascular endothelium, and tumor cells,
the vector would also need to replicate to be maintained without dilution [20].
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Figure 2 Long-term transgene expression mediated by Sleeping Beauty transposon vec-
tors in mice. 25 pg of pTEF10.-FIX (contains cassette-expressing human Factor IX from
the EF1o promoter flanked by inverted repeats) was injected via the tail vein with 1 pg
of pCMV-SB (expressing the Sleeping Beauty transposon; filled circles) or 1 ug of
pCMV-BS (control; filled triangles). Serum Factor IX concentrations were measured at
different days post-injection. (From Ref. 19.)

In slowly dividing or nondividing cells, such as hepatocytes and myoblasts, the
vector does not necessarily need to replicate but still must be retained efficiently
in the nucleus. Vectors based on the Epstein—Barr virus (EBV) appear to provide
both replicative capability and nuclear retention signals [21]. EBV plasmids con-
tain the latent viral DNA replication origin (oriP), which consists of two parts:
the family of repeats (FR) and the dyad symmetry sequence [22]. The plasmids
also express the EBNA-1 nuclear antigen, which binds to the FR [23]. Expression
of EBNA-1 is sufficient for replication of the plasmid, which occurs once per
cell cycle. EBNA-1 also binds to the nuclear scaffold, prolonging retention of
the plasmid in the nucleus [24]. When an EBV plasmid was combined with hem-
agglutinating virus of Japan (HVJ) liposomes and injected into the liver of mice,
expression persisted out to 35 days (approximately 25% of peak expression) com-
pared to less than 14 days for the non-EBV vector [25]. A similar system using
a separate plasmid to express EBNA-1 (see Fig. 1) also showed sustained expres-
sion in the lung after IV injection of cationic lipid—plasmid complexes (approxi-
mately 10% of peak expression at 11 weeks) [26]. Although EBV plasmids have
been shown to replicate in human cells, they do not appear to replicate in rodent
cells, so the increased persistence of expression in the mouse liver is presumably
due, at least in part, to the increased nuclear retention of the pDNA.
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It may be possible to substitute the replicative and retention functions pro-
vided by EBNA-1 with mammalian replication origins and retention signals (see
Fig. 1). However, unlike the relatively small and discrete origins found in viruses
or yeast, the origins of higher eukaryotes are much larger and less well defined
[27,28]. Nevertheless, genomic sequences containing putative replication origins
have been cloned into plasmids and shown to confer the ability to replicate in
tissue culture cells [29]. Nuclear retention could conceivably be achieved using
matrix attachment regions (MARs), which are sequence elements that associate
with the nuclear scaffold [30,31]. Further studies are needed to determine the
benefit from using either mammalian origins or MARs to increase the persistence
of expression in vivo.

B. Integrating Viral Vectors: AAV and Lentivirus

AAV viruses can stably integrate their genomes into the target cell, although
recombinant AAV vectors may be mainly episomal. Regardless, AAV vectors
can achieve very stable transgene expression. For example, intraportal delivery of
an AAV—Factor IX vector into hemophilic mice or canines resulted in sustained
expression for greater than 17 months and partial phenotypic correction [32—
34]. IM injection of an AAV- erythropoietin vector into monkeys resulted in
undiminished expression for nearly 20 weeks [35]. Injection of an AAV—tyrosine
hydroxylase vector into the brain of a rat model for Parkinson’s disease resulted
in expression for up to 4 months and behavioral correction of the lesioned rats
[36]. These and other examples of sustained expression from AAV vectors are
one reason for their increasing popularity.

A second integrating vector is based on lentiviruses, most commonly hu-
man immunodeficiency virus (HIV) type 1 [37,38]. Unlike retroviruses such as
those derived from murine leukemia virus, lentiviruses can transduce nondividing
cells efficiently, and they can transduce a broad range of cell types when pseu-
dotyped with the vesicular stomatitis G protein. Expression was sustained for 6
months after injection of a lentiviral vector into the striatum and hippocampus
of adult rats [39], and green fluorescent protein (GFP) expression persisted for
22 weeks after transduction of CD34" hematopoietic stem cells [40,41]. Long-
term expression was also seen after injection into the rat liver parenchyma and
the muscle [42].

C. Simian Virus Vectors

A viral vector that may persist either episomally or possibly integrate into the
genome is based on simian virus 40 (SV40), a papovavirus that contains a 5.2-
kb circular double-stranded genome. Strayer et al. [43,44] inserted various
transgenes in place of the large T-antigen gene to generate a replication-deficient
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virus. These vectors transduce CD34" hematopoietic progenitor cells in vitro very
efficiently, and they were stably maintained in these cells for at least 3 months
when reimplanted into mice [45-47]. IV injection of an SV40-luciferase vector
resulted in sustained transgene expression in several tissues for greater than 3
months [44]. There is some evidence of random integration of these vectors,
although this has not been extensively characterized.

lll. MAINTENANCE OF TRANSCRIPTIONAL ACTIVITY

The vector DNA that is successfully transduced into the target tissue must also
be actively transcribed and translated to achieve sustained gene expression.
Downregulation of gene expression over time has been observed, and is thought
to be mainly due to promoter inactivation. This phenomenon has most often been
seen using the strong promoter from human CMV. Several studies using viral
and nonviral vectors have shown that transgene expression from this promoter
peaks at 2—3 days postadministration, and then declines to near background levels
within 4 weeks [10,48,49]. What is the cause of this inactivation and why is
promoter activity more persistent in certain tissues than others? There is currently
little mechanistic data available to answer these questions, but investigators have
explored the use of cellular promoters, synthetic promoters, and transactivating
systems to increase the persistence of transcriptional activity.

A. Viral Promoters: CMV

One of the most commonly used promoters is from the immediate-early gene of
human CMV (CMV IE), a member of the herpesvirus family. The popularity of
the CMV promoter stems from its very strong transcriptional activity in a variety
of cells [50,51]. The CMV IE promoter region extends to approximately -550
relative to the transcriptional start site and contains a high density of transcription
factor—binding sites [50]. These sites include multiple 18-, 19-, and 21-bp re-
peated motifs that bind the transcription factors NFxB/rel, CREB/ATF, and Spl1,
respectively, as well as binding sites for AP1, retinoic acid, ETS, and SRE [52].
The promoter can be activated via the protein kinase A, protein kinase C, and
Ca**/calmodulin C pathways, and is also activated by heat shock, stress, phorbol
esters, mitogens, tumor necrosis factor-o. (TNF-o) and other viral transcription
factors [52]. These multiple activation pathways account for at least part of its
strong short-term activity, but may also factor in the downregulation of the pro-
moter that is often observed in vivo. The reason for this inactivation is unclear,
but perhaps could be viewed as either (1) an active repression mechanism that
“turns off” transcriptional activity over time or (2) one or more factors “turns
on” the promoter, and without these factors promoter activity is quite low.
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Studies in transgenic mice that express a reporter gene using the CMV
promoter provide some indirect evidence as to why the CMV promoter may not
be appropriate for expression in certain tissues. In vitro, the promoter is transcrip-
tionally active in virtually all cell types, and in vivo the promoter is also active
in a broad range of tissues. However, in mice that express the Escherichia coli
chloramphenicol acetyltransferase (CAT) or B-galactosidase (lacZ) gene from the
CMV promoter, the level of transgene expression varied widely from tissue to
tissue. Reports using different transgenic mice are not completely congruent, but
the highest levels of expression generally were observed in organs such as the
stomach, skeletal muscle, and spleen, whereas little or no expression was seen
in the liver and lung, two of the main targets for gene therapy vectors [53-55].
These results suggest that either the activity from the integrated CMV promoter
is being inhibited in the lung and liver, or some factor required for activity is
missing from these tissues.

Cytokines can negatively affect CMV promoter activity transiently, al-
though it is unclear if cytokines are principally involved in the continued in-
activity of the promoter at later time points. Interferon-o. (IFN-a), IFN-y, and
TNF-a have been shown to inhibit expression from the mouse and human CMV
promoters in tissue culture cells [56—58]. B-Galactosidase (-gal) expression
from C2C12 myoblasts infected with CMV—[-gal or Rous sarcoma virus (RSV)—
B-gal adenoviral vectors decreased 24-72% after addition of either IFN-y or
TNF-o, whereas addition of other proinflammatory cytokines, such as IL-1,
IL-6, or transforming growth factor-f (TGF-3) had no effect on promoter activity
[59]. IFN-y and TNF-a were also shown to act synergistically, further depressing
activity [59]. Administration of either adenoviral vectors or cationic lipid—pDNA
complexes induces a transient inflammatory response that includes the induction
of IFN-y and TNF-o [60]. These elevated cytokine levels precede the loss of
transgene expression. However, IFN-y and TNF-o levels fall to basal levels
within a few days, whereas expression from the CMV promoter remains de-
pressed. Thus, if cytokines were principally responsible for the inactivation of
the CMV promoter, their effects would have to be irreversible. Evidence for this
in vivo remains to be determined.

A converse theory is that CMV promoter activity is essentially dependent
on one or more transcriptional activators that are transiently induced early after
vector delivery. Promoter activity then declines in concert with the decline in
the levels of these activators. Loser et al. [48] have provided evidence that the
activity of the CMV promoter in mouse liver is dependent on the transcription
factor NFxB. Mice were given a partial hepatectomy or lipopolysaccharide (LPS)
28 days postinfection with an adenoviral vector. These treatments, which are
known to activate NFxB activity in hepatocytes, reactivated the CMV promoter
as evidenced by an increase in transgene RNA levels [48]. Elevated levels of
nuclear-associated NFkB were detected after IV delivery of adenovirus, which
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Figure 3 Effect of polypeptides from the adenoviral E4 region on the persistence of
CAT expression from a CMV promoter plasmid (pCF1-CAT). Cationic lipid GL-67 was
complexed with either pCF1-CAT plus pCFA-E4 (expressing the entire Ad E4 region
from the CMV promoter), pCF1-CAT plus pCFA-ORF3 (expressing only ORF3), or
pCF1-CAT alone. Complexes were instilled into the lungs of nude BALB/c mice. Lungs
were harvested at 2, 7, 21, and 42 days postinstillation and CAT assays were performed.
(From Ref. 65.)

peaked at 4 days postinfection and declined to low levels by day 14. This profile
paralleled the loss of transgene expression.

Besides NFxB, an early viral protein from adenovirus can also positively
regulate the CMV promoter. This discovery was made while attempting to reduce
viral gene expression by deleting portions of the adenoviral genome. In immune-
deficient mice, CMV-driven transgene expression can persist in both the lung
and liver from adenoviral vectors containing an intact E4 region. However, ex-
pression did not persist from vectors deleted completely of E4 or vectors express-
ing only open reading frame 6 (ORF6) [61,62]. Sustained expression could also
be achieved by coinfection of the E4-deleted virus with an E4-containing virus,
showing that E4 function could be supplied in trans [61]. Thus, one or more
proteins expressed from the E4 region were responsible for sustaining transgene
expression. Mutation of each of the individual ORFs indicated that expression
of ORF3 was required [63]. Adenoviral vectors were also constructed which con-
tained different subsets of the ORFs. The expression of ORF3 was sufficient for
sustained transgene expression from the CMV promoter in the liver, but expres-
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Figure 4 Strategies for transactivation of the promoter. Boxes indicate different se-
quence elements, lines indicate vector backbone sequence, which could be either plasmid
or virus. E4 ORF3/4, adenovirus E4 open reading frames 3 or 3 and 4; Pr, promoter; pA,
polyadenylation signal; FR, EBV family of repeats; BS, LexA-binding site; LexA— VP16,
LexA DNA-binding domain herpes virus VP16 activation domain fusion protein.

sion of both ORF3 and ORF4 was required for sustained expression in the lung
[64]. This effect could also be duplicated in the context of plasmid vectors, al-
though in this case, expression of ORF3 alone was sufficient to increase the
persistence of transgene expression in the lung (Fig. 3) [65].

There are a few examples of sustained expression from the CMV promoter
without the need for any activating factor, most notably in muscle, where expres-
sion actually increases over the first 7 days and can persist for several weeks
(Table 1). Factor IX expression from the CMV promoter in an AAV vector or
B-gal expression in a helper-dependent Ad vector injected into the muscle also
persisted for several weeks, and transgene expression from the CMV promoter
in plasmid vectors injected IM was sustained. What is unique about muscle that
permits long-term expression from the CMV promoter? It remains to be deter-
mined if there are particular activated factors in muscle that are absent in lung
or liver.

B. Cellular Promoters

An alternative to viral promoters are cellular promoters that express endogenous
genes. There is a myriad of possible promoters from which to choose, but the
number that have been evaluated so far for persistent expression in vivo is rela-
tively few (see Table 1). The advantages of using a cellular promoter are that
some may be less prone to inactivation over time, particularly constitutively ac-
tive, “housekeeping”-type promoters, and they may confer tissue-restricted ex-

Copyright [ 2003 by Marcel Dekker, Inc. All Rights Reserved.



Table 1 Representative In Vivo Studies of Various Promoters Evaluating the Persistence of Transgene Expression

Approximate
% of peak
Promoter* Type® Vector® Animal Tissue Transgene! Last timepoint expression Reference
AAT C HD Ad mice liver AAT 40 weeks 100 138
Albumin C AAV mice liver G-CSF 5 months 100 76
Albumin C AAV mice (RAG-1) liver AAT 18 weeks 50 156
Albumin C Ad mice liver AAT 40 days 10 124
Albumin C Ad mice liver FVIII 12 months 2 77
EFla C AAV mice liver FIX 6 months 100 71
EFla C Ad mice (SCID) liver AAT 13 weeks 100 70
EFlo C HD Ad mice liver epo 6 months+ 85-100 72
LSP C AAV mice liver FIX 20 weeks 100 134
CMV-actin H AAV mice (RAG-1) muscle FIX 14 weeks 90 157
CMV-actin H AAV mice (RAG-1) liver AAT 18 weeks 80-100 156
HBV-CMV H Ad mice liver LDL receptor 77 days 75-100 48
CMV v AAV rats brain [-gal 3 months 36
CMV v AAV dogs muscle FIX 32 weeks 100 33
CMV \Y AAV mice muscle B-gluc 11 weeks 158
CMV \Y% plasmid mice muscle luciferase 6 months 100 159
RSV v AAV mice liver FIX 125 days 100 160
RSV A% plasmid mice muscle luciferase 19 months 20 15

* AAT, o,-antitrypsin; EFlo., elongation factor lo; LSP, liver-specific promoter containing thyroid hormone—binding globulin promoter and two copies of
the o;-microglobulin/bikunin enhancer; CMV-actin, CMV enhancer and B-actin promoter; CMV, cytomegalovirus; HBV-CMV, enhancer II from hepatitis
B virus and human CMV promoter; RSV, Rous sarcoma virus LTR.

®C, cellular; H, hybrid; V, viral.

¢ AAV, adenoassociated virus; Ad, adenoviral; HD Ad, helper-dependent adenovirus.

4 AAT, o -antitrypsin; G-CSF, granulocyte-colony stimulating factor; FVIII, Factor VIII; FIX, Factor IX; epo, erythropoietin; B-gal, B-galactosidase; B-gluc,
B-glucoronidase.
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pression. A disadvantage of using cellular promoters is that they are often less
transcriptionally robust compared to CMV.

The promoter from the gene encoding elongation factor-1o (EF1a) is one
example of a widely expressed, constitutive cellular promoter. EF1a is an abun-
dant protein that has an essential role in protein synthesis, catalyzing the guano-
sine triphospate (GTP)—dependent binding of aminoacyl-tRNA to ribosomes
[66]. The EF1o promoter was initially utilized for high-level expression in tissue
culture cells [67—69]. This promoter has also been evaluated in the context of
an Ad—AAT vector in immunodeficient SCID mice [70]. Compared to the CMV
and RSV promoters, the EFla promoter produced the highest sustained levels
of AAT at 12 weeks [70]. In an AAV—Factor IX vector, the EFlo. promoter
expressed Factor IX for 6 months, and in a helper-dependent Ad—erythropoietin
vector, the promoter expressed erythropoietin for greater than 6 months (85—
100% peak expression at 6 months) [71,72].

Other groups have employed tissue-specific promoters, such as the liver-
specific albumin promoter. Albumin is the most abundant protein in plasma, and
is transcribed primarily in the liver. Several liver-specific elements within the
promoter account for its restricted expression [73—75]. The albumin promoter
was compared to other promoters such as CMV, phosphoglycerokinase (PGK),
chicken B-actin, and the Moloney murine leukemia virus long terminal repeat
(MMV-LTR) using AAV-AAT vectors in immunodeficient RAG-1 mice [70].
The albumin and MMV-LTR promoters gave the highest levels of expression
and the levels persisted out to 18 weeks. In an AAV vector expressing granulocyte
colony-stimulating factor (G-CSF), the albumin promoter expressed G-CSF for
5 months, and in an Ad-Factor VIII vector, the albumin promoter expressed
Factor VIII in the liver for 1 year [76,77]. The levels of Factor VIII declined to
approximately 2% of peak levels at 1 year, but were still above therapeutic levels.

C. Synthetic Promoters

The optimal promoter may be derived from neither viral nor cellular sequences,
but rather constructed from a novel synthetic sequence selected for high-level,
sustained expression. Such a promoter could combine the features of a high den-
sity of transcription factor—binding sites for strong activity while avoiding se-
quence elements responsible for promoter inactivation. Li et al. [78] randomly
assembled several transcription factor—binding sites from various promoters dis-
playing muscle-restricted expression, and then inserted these sequences 5" of a
minimal o-actin promoter. The library of random promoters was first screened
in vitro, and then promising candidates were tested in mouse muscle. The best
promoter was found to express luciferase at levels six to eightfold greater than
that of CMV, and also exhibited muscle-specific expression. Promoters from a
completely random sequence were created by Edelman et al. [79], who inserted
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18-mer oligonucleotides upstream of a minimal promoter. They then constructed
retroviral vectors expressing GFP from these promoters selected for expression
by fluorescence activated cell sorting. The selected vectors contained promoters
composed of novel composites of transcription factor—binding sites. Conceiv-
ably, one could develop an analogous screening assay to select for sustained gene
expression in vivo from a library of random promoter sequences.

D. Transactivating Systems

To increase the relatively weak activity of cellular promoters, some investigators
have expressed either in cis or in trans transcriptional activators that bind to a
specific site just upstream of the promoter. The EBV-based vectors described
earlier are an example of such a system, as EBNA-1 binding to the origin is
known to activate transcription (Fig. 4) [80]. Nettlebeck et al. [81] used a chimeric
transcriptional activator to boost the expression of the endothelium-specific but
poorly expressing von Willebrand factor (vVWF) promoter. One plasmid contained
seven tandem lexA-binding sites upstream of the vVWF promoter, whereas another
plasmid expressed a chimeric transcription factor composed of the lexA DNA-
binding domain fused to the strong viral VP16 activation domain (Fig. 4). Cotrans-
fection of both plasmids into endothelial cells in vitro increased expression from
the vVWF promoter 14- to greater than 100-fold [81]. A related strategy used
serum response factor (SRF), a ubiquitous transcription factor, to transactivate
a muscle-specific skeletal actin promoter (skA) [82]. Cotransfection of a SRF-
expressing plasmid with a skA promoter—SEAP reporter plasmid increased the
level and duration of SEAP expression in the muscle. In theory, a self-perpetuat-
ing positive feedback loop could be established by having the transactivator acti-
vate its own expression in addition to the transgene by placing binding sites into
the promoter expressing the transactivator (Fig. 4) [83]. Alternatively, both the
transgene and transactivator could be expressed from one transcript using an
internal ribosomal entry site [83].

IV. REDUCING THE IMMUNE RESPONSE TO INCREASE
DURATION OF EXPRESSION

Of the three requirements for sustained gene expression, reducing the immune
response to the vector and the transgene is perhaps the most consequential. This
is especially true for viral vectors, as inhibiting the immune response can lead
to dramatic increases in persistence of expression. This section will review strate-
gies to suppress transiently the immune response and to reduce the immunogenic-
ity of both viral and nonviral vectors.
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A. Nature of the Inmune Response to Adenoviral Vectors

The immune response to adenoviral vectors has been described to consist of three
phases: (1) an early, innate response, (2) a CTL/antibody response, and (3) a
gradual hypertrophy and death of transduced cells due to leaky, low-level expres-
sion of viral proteins [9]. The innate response to adenoviral vectors is one typical
to any viral pathogen, characterized by a rapid induction of cytokines, such as
interferons and chemokines, activation of complement, and recruitment of neutro-
phils and macrophages [84—89]. As a result, 90% of the adenoviral DNA is de-
graded within the first 24 hrs after vector administration (1). Following this early
response, CD4" and CD8" T cells are activated leading to the destruction of
virus-infected cells within 2—3 weeks [2,3,90,91]. Neutralizing antibodies to the
capsid proteins are also generated preventing the ability to effectively readminis-
ter the vector [2,92-94]

B. Immunesuppression Strategies
1. General Immunesuppressants

Drugs used to immunosuppress organ transplant patients are being employed to
reduce the immune response to adenoviral vectors [95—100]. Examples include
cyclosporin A, a compound isolated from a Tolypoiciodium fungus, and FK506
(now known as tacrolimus), a compound isolated from Streptomyces bacteria.
These drugs act by disrupting intracellular signaling pathways important for T-
cell proliferation. Treatment of hemophilic dogs with cyclosporin A was shown
to prolong Factor IX expression from an Ad-Factor IX vector, although there
was no decrease in anti-Ad antibodies and the vector could not be readministered
[101]. Mice treated with FK506 resulted in prolonged dystrophin expression after
IM injection of an Ad—dystrophin vector [99]. Other immune suppressants, such
as deoxyspergualin, also reduced the immune response to adenovirus and pro-
longed expression [96,102,103]. However, these compounds are somewhat toxic
to the kidney and other organs, and their use in a gene therapy regimen must be
carefully evaluated. Nevertheless, their effects highlight the paramount involve-
ment of the immune response to first-generation Ad vectors in limiting long-term
expression.

2. Inhibiting the Innate Immune Response

A second approach is to inhibit the innate immune response to the vector, and
a key component of this response is the ingestion of foreign particles by macro-
phages. Macrophages can be depleted transiently using liposomes encapsulating
dichloromethylene bisphosphonate (clodronate) [104,105]. Upon IV administra-
tion, the liposomes are phagocytosed by hepatic Kupffer cells and splenic macro-
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phages, inducing the cells to undergo apoptosis [105]. When clodronate lipo-
somes were injected IV 2 days prior to injecting an Ad-chloramphenicol
acetyltransferase vector, the levels of CAT expressed were both increased and
more persistent [106]. Without clodronate pretreatment, AAT levels from an RSV
promoter—AAT Ad vector dropped a 1000-fold over 30 days, but in mice pre-
treated with clodronate, AAT levels dropped less than 10-fold over the same
period and remained detectable out to 180 days postinjection [107]. Clodronate
liposomes also prolonged Factor IX expression from an Ad—Factor IX vector,
inhibited the generation of an antibody response to Factor IX, and partially inhib-
ited the anti-Ad antibody response [108].

3. Disrupting T-cell-Antigen-Presenting Cell Interactions

Another immune target that is central to both CTL and antibody responses is T-
cell activation, which requires T-cell interaction with B cells and antigen-present-
ing cells (APCs). This interaction can be inhibited by disrupting binding of APCs
to the CD4 receptor or disrupting binding of costimulatory molecules; for exam-
ple, CD40 to the CD40 ligand or B7 to CD28 (Fig. 5). In the absence of signaling
through CD4 or the costimulatory molecules, T cells will become inactivated and
induce a state of tolerance or anergy to the antigen. Treatment with depleting or

anti-CD40L Ab (MR1)
T cell APC

CD40L CD40

TCR MHC class Il

CD28

CTLA4Ig anti-CD4 Ab

Figure5 Approaches to inhibit the immune response to adenoviral vectors by disrupting
the interaction between T cells and antigen-presenting cells (APC). TCR, T-cell receptor.
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nondepleting antibodies to CD4 prior to administration of Ad vectors has been
shown to prolong transgene expression [109—111]. Rats treated with a nondeplet-
ing anti-CD4 antibody prior to instillation of an Ad vector into the lung exhibited
reduced lung inflammation, blocked development of anti-Ad neutralizing anti-
bodies, and showed increased persistence of expression [111].

Other groups have used CTLA4Ig, a hybrid molecule composed of the
extracellular domain of CTLA4 fused to an immunoglobulin IgGFc domain,
which binds to B7 and blocks its interaction with CD28. Treatment with
CTLA4Ig reduced CD4" infiltration and prolonged AAT expression from an Ad—
AAT vector for greater than 5 months [112]. Nakagawa et al. [113] expressed
CTLAA4lIg from an adenoviral vector, and when coadministered with an Ad—B-
gal vector, prolonged (3-gal expression, inhibited production of anti-Ad antibod-
ies, and permitted readministration of the vector.

Equally effective is to target the interaction between CD40 (on the APC)
and CD40 ligand (on activated CD4" T cells). Mice were given intraperitoneal
injections of MR1 an anti-mouse CD40L (gp39) hybridoma, approximately every
other day for 6-9 days, just prior to and immediately after injection of an Ad
vector. Transgene expression was more persistent only in those mice transiently
immunosuppressed with MR1 (114-116). MR1 inhibited both the CTL response
to Ad and the development of anti-Ad neutralizing antibodies [114,115]. MR1
also permitted a second and third administration of Ad vector, as long as the
MRI1 dosing regimen was rigorous enough to inhibit completely development of
anti-Ad antibodies [108]. Investigators have also combined MR1 with CTLA4Ig
or MR1 with clodronate liposomes [117,118].

4. Tolerization Strategies

A more difficult but potentially highly effective approach is to induce tolerance
to the vector and transgene. Orally administered antigens have been shown to
render patients immunologically unresponsive to the foreign protein, likely by
active suppression mechanisms and clonal anergy or deletion, although the mech-
anism is not well understood [119,120]. Mice or rats that were fed multiple doses
of ultraviolet-inactivated adenoviral particles became tolerized to the virus. Sub-
sequent administration of Ad vectors resulted in increased persistence of expres-
sion compared to the profile seen in nontolerized animals [121-123].

C. Decreasing the Inmunogenicity of the Vector

Having to immunesuppress patients transiently could be avoided if the vector
could be rendered nonreactive to the host immune system. For adenoviral vectors,
the following examples demonstrate that reductions in the immune response to
the vector and the transgene can significantly increase sustained gene expression.
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1. Use of Tissue-Specific Promoters

A simple, effective alteration is to use a tissue-specific promoter to express an
antigenic transgene. Pastore et al. [124] injected C3/HeJ mice with first-genera-
tion E1-deleted Ad vectors expressing human o-antitrypsin from either the non-
specific PGK promoter or the liver-specific albumin promoter. In mice that re-
ceived the phosphoglycerate kinase (PGK) promoter vector, AAT expression
declined precipitously within the first 3 weeks, and the mice developed antibodies
to AAT. However, in mice that received the albumin promoter vector, AAT ex-
pression persisted for greater than 40 weeks, and the mice did not develop anti-
AAT antibodies [124]. A proposed explanation for these observations is that with
a liver-specific promoter, AAT was not expressed in APCs, making it less likely
that an antibody response to AAT would develop. The effect may be limited to
this particular transgene in C3/HelJ mice, in which AAT appears not to be highly
immunogenic [124]. Nevertheless, the use of a tissue-specific promoter will likely
be beneficial in most vector systems.

2. Partially and Fully Deleted Ad Vectors

Even with a tissue-specific promoter, leaky expression of viral genes from Ad
vectors limits persistence of expression. E1-deleted vectors still express early and
late viral genes, especially at higher multiplicities of infection [3,90]. One strat-
egy to reduce this problem has been to delete some or all of the viral genes within
the vector. Several investigators have made additional deletions in the E2a and
E4 regions with varying effects on toxicity and persistence [125-136]. One of
the more effective modifications deletes the polymerase gene. An E1- and poly-
merase-deleted Ad vector exhibited increased duration of B-gal expression in
immunocompetent mice [137].

The next logical progression has been the development of “gutless” or
“helper-dependent” vectors in which all the viral coding sequences are removed,
retaining only the inverted terminal repeats and packaging signal. A helper virus
supplies in trans the missing proteins required for replication and packaging.
Several studies have shown that these vectors induce significantly less inflamma-
tion and liver toxicity compared to first-generation adenoviral vectors. Schiedner
et al. [138] constructed a helper-dependent virus that contained the complete 19-
kb human o-antitrypsin gene under the control of its own promoter. When this
virus was injected into C57B1/6 mice, AAT levels plateaued at 3 weeks and
remained essentially undiminished for 10 months. When this same vector was
injected into baboons, expression persisted for more than 1 year in two of the
three animals, with a slow decline to less than 10% of peak expression at 24
months (Fig. 6) [8]. Therapeutic levels of Factor VIII, leptin, dystrophin, and
erythropoietin were also achieved for greater than 6 months in mice and canines
using fully deleted vectors [72,139,140]. Maione et al. [72] showed that compared
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Figure 6 Expression of human oy -antitrypsin (hAAT) in baboons after administration
of AAShAATAEL, a first-generation adenoviral vector, or AASTK 109, a gutless adenoviral
vector. Baboons 12402 and 12486 received 6.2X 10" particles per kilogram (particles/kg)
of Ad5hAATAEI. Baboons 12490 and 12497 received 1.4X10" particles/kg of
AdShAATAEL. Baboons 13250, 13277, and 13729 received 3.3X 10", 3.9X10", and 3.6 X
10" particles/kg, respectively, of AASTK109. (From Ref. 8.)

to using a first-generation vector, a 100-fold lower dose was sufficient to achieve
therapeutic levels of erythropoietin. Even though fully deleted Ad vectors are
capable of inducing the formation of neutralizing antibodies to the same degree
as first-generation vectors, at this lower dose neutralizing antibodies to the vector
were not produced. Consequently, the deleted vector could also be readministered
effectively. Thus, fully deleted vectors are a substantial improvement over first-
or even second-generation Ad vectors. The major current limitation is the ability
to produce sufficient amounts of these viruses, although improvements are being
made.

3. Decreased Immune Response to AAV Vectors
and Lentiviral Vectors

Vectors derived from AAV and lentivirus are essentially fully deleted vectors,
expressing no viral proteins. This feature, more so than their ability to integrate,
may explain the sustained expression from these vectors. IM injection of an
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AAV-B-gal vector induced a CTL and antibody response to the viral capsid
proteins. However, no CTLs or humoral response were developed to the neoanti-
genic B-gal protein [141]. Joos et al. [142] showed that transduction of dendritic
cells is required to generate a CTL response to a foreign transgene in the muscle,
and that AAV avoids this by its poor transduction of APCs. Although AAV enters
the cytoplasmic compartment of APCs, they do not appear to enter the nucleus
[142]. When AAV is delivered by other routes, such as intravenously, intraperito-
neally, or subcutaneously, a CTL response to the transgene is generated [143].

Lentiviral vectors also show a decreased immune response compared to
that seen with Ad vectors. For example, when an HIV vector was injected into
the striatum and hippocampus of adult rats, there was no significant infiltration
of lymphocytes or macrophages over that seen with the saline control [39]. In-
flammation was also not observed after injecting an HIV vector into the mouse
liver parenchyma or into the muscle [42]. However, the dose used in these studies
(3 X 107 IU) was very low, which may account for the lack of a response. Never-
theless, like AAV, the decreased immune response is likely due to the absence
of viral protein expression from these vectors.

4. Plasmid DNA Vectors

The immune response to nonviral vectors was thought initially not to be a signifi-
cant problem, as such systems are devoid of any viral components. However,
pDNA, either alone or complexed with cationic lipid, is capable of inducing a
significant inflammatory response [10,60,144,145]. This is because pDNA, like
bacterial DNA, contains unmethylated CpG dinucleotides in particular sequence
contexts that are immunostimulatory [146,147]. This response includes the acti-
vation of B cells, natural killer cells, dendritic cells, monocytes, and macro-
phages, with the subsequent release of several proinflammatory cytokines (148—
153).

Does this inflammatory response affect the persistence of transgene expres-
sion from plasmid vectors? There are several examples of sustained expression
from naked DNA in muscle, but the inflammatory response to the pDNA back-
bone has been shown to decrease the longevity of expression [145]. Methylation
of the plasmid was found to decrease this inflammatory response and increase
persistence. The immunostimulatory CpG motifs present in the plasmid also func-
tion as effective adjuvants, stimulating an antibody response to the transgene
[154]. This feature is being exploited for the development of DNA vaccines, but
the production of potentially neutralizing antibodies would likely reduce persis-
tence. Elimination of CpG motifs from pDNA has been shown to reduce its in-
flammatory properties [155], but the effect of these CpG reduced vectors on the
duration of gene expression remains to be determined.
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V. SUMMARY

An arbitrary, yet reasonable, goal applicable to many diseases targeted for gene
therapy is expression at therapeutic levels over several months. In this chapter,
several examples have been cited of sustained transgene expression in vivo and
for a limited number of indications, the goal has been met or exceeded. AAV,
lentiviral, and helper-dependent Ad vectors currently are superior to plasmid vec-
tors or first-generation Ad vectors in achieving sustained expression. Yet there
are still outstanding issues that need to be addressed. With AAV and lentiviral
vectors, the levels of expression may be too low to treat some diseases effectively.
With all viral vectors, redosing remains a significant problem, for even with the
most persistent vectors, expression does not last forever, and effective repeated
administration will be necessary. Nonetheless, these issues are no doubt solvable,
and one can envision truly practical gene therapeutics for many genetic disorders
in the not too distant future.
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Expression Systems: Regulated
Gene Expression

Jeffrey L. Nordstrom
Valentis, Inc., Burlingame, California, U.S.A.

. INTRODUCTION
A. Why Drug-Regulated Gene Transfer?

The Orkin-Motulsky report, a critical review of gene therapy published in Decem-
ber 1995 [1], highlighted the need for “improving vectors for gene delivery, en-
hancing and maintaining high-level expression of genes transferred to somatic
cells, achieving tissue-specific and regulated expression of transferred genes, and
directing gene transfer to specific cell types.” Gene transfer was deemed to be
very early in development. Since the report was published, gene transfer methods
have made significant improvements, particularly for helper-dependent adenovi-
ral vectors delivered intravenously [2—4] (see Chap. 7), for adenovirus-associated
virus (AAV) vectors delivered intravenously or intramuscularly [5-7] (see Chap.
8), and for plasmids delivered intramuscularly with the assistance of in vivo elec-
troporation [8-10] (Chap. 10). These systems have demonstrated the ability to
maintain the production of secreted proteins at therapeutic levels for months to
years in rodents and larger animals.

The ability to achieve sustained transgene expression by gene transfer
methods creates a need for robust, drug-dependent regulation systems, because
most proteins of therapeutic value are associated with side effects and toxicities
when overproduced. A drug-dependent gene regulation system provides an ability
to adjust the time or level of transgene expression, thereby conferring an ability
to maximize therapeutic benefit and minimize side effects, to tailor expression to
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compensate for variations in therapeutic need over time, or to shut down expres-
sion if unexpected effects due to the gene product are encountered.

B. Strategies for Drug-Dependent Gene Regulation

Many systems have been developed to provide drug-dependent regulation of
transgene expression in mammalian cells. Most are based on two key compo-
nents. The first component is a chimeric transcription factor, which can be con-
trolled, at the level of its activity or synthesis, by a low molecular weight drug.
The transcription factor is usually a fusion protein with domains for drug binding,
DNA binding, and transcription activation that are derived from different sources.
The second component is the regulated promoter that is linked to the target gene
of interest. The regulated promoter usually contains multiple tandem copies of
a DNA binding site for the novel transcription factor, and binding of the drug-
dependent active form of the transcription factor usually activates target gene
transcription.

Current drug-dependent gene-regulation systems fall into three categories,
whereby chimeric transcription factors are based on bacterial repressor proteins
(such as tetracycline, B-galactoside, or streptogramin-regulated systems) [11-
13], nuclear hormone receptors (such as antiprogestin, antiestrogen, ecdysteroid,
or glucocorticorticoid-regulated systems) [14—17], or heterodimeric proteins re-
sulting from chemical-induced dimerization (such as rapamycin-regulated sys-
tems) [18].

C. Focus

The four systems that have been evaluated most extensively in preclinical gene
transfer studies are the tetracycline-repressible, tetracycline-inducible, rapamy-
cin-inducible, and antiprogestin-inducible systems. There are many variants for
each of these four systems. This chapter will focus on the systems that have been
evaluated in vivo and applied to the regulated production of secreted proteins
that circulate in the blood stream. Virus-based as well as plasmid-based gene
transfer studies, published as of December 2001, will be discussed.

Il. TETRACYCLINE-REPRESSIBLE SYSTEM
FOR TRANSGENE REGULATION

A. Description

Gossen and Bujard first described the tetracycline-repressible (Tet-OFF) sys-
tem in 1992 [11]. It is based on a bacterial repressor/transcriptional activator
fusion protein that is allosterically inhibited by tetracycline binding. The system
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Figure 1 Schematic diagram of the tetracycline-repressible system for transgene regula-
tion. Two genes are required. Gene 1 is a constitutively active gene that codes for the tTA
(tetracycline transactivator) protein. Gene 2 is the regulated transgene. The tTA protein is
a homodimeric protein that is active in the absence of doxycycline. It binds to TetO (tetra-
cycline operator) sites in the inducible promoter and activates transgene expression. When
doxycycline (corepressor) is added, the tTA homodimer is converted to an inactive form,
which does not remain bound to TetO sites, thereby causing transgene expression to return
to baseline levels. Thus, in the absence of doxycycline, transgene expression is ON; in
the presence of doxycycline, transgene expression is OFF.

works via negative control, which means that expression of the target gene is
ON in the absence of the small molecule corepressor (tetracycline) but OFF in
its presence.

The tetracycline repressible system is schematically depicted in Figure 1.
The system requires two genes. One gene encodes the tTA (tetracycline transacti-
vator) fusion protein. The second gene is the target gene, and it contains a pro-
moter with multiple TetO (tetracycline operator)—binding sites for the tTA pro-
tein. In the absence of tetracycline, tTA protein has high affinity for TetO sites
in the promoter and stimulates transcription of the target gene. Following tetracy-
cline binding, tTA protein undergoes a conformational change, which greatly
reduces its affinity for TetO sites and causes transcription of the target gene to
be shut down [19].
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The structure of the tTA protein is [TetR;.,07]/S/[VP16355479]. TetR 5y is
the full-length repressor protein for the tetracycline operon from bacterial
transposon Tnl10 (Genbank accession number NP_052930), S is serine, which
serves as a linker, and VP163s,47 is the activation domain of the herpes simplex
virus VP16 protein (Genbank accession number P04486). The tTA protein con-
tains one fusion junction and none of its sequence is of human origin. tTA mono-
mers are 335 amino acids in length and have a molecular weight of 37 kD. A
dimerization domain in the repressor segment leads to the formation of homodi-
mers, which comprise the active form of tTA protein. The tTA protein is usually
expressed from a gene that is controlled by a strong, constitutively active pro-
moter, such as the cytomegalovirus (CMV) promoter, but tissue-specific or auto-
genously controlled promoters also have been utilized.

The target gene’s promoter consists of seven TetO sites linked to a
minimal fragment of the human CMV promoter. The 19-bp TetO element
(TCCCTATCAGTGATAGAGA) is an imperfect palindromic sequence.
Seven TetO elements are arranged in direct repeat but separated by 23-bp
linkers (AAAGTGAAAGTCGAGTTTACCAC) and joined via a 33-bp linker
(AAAGTGAAAGTCGAGCTCGGTACCCGGGTCGAG) to a fragment of the
human CMV immediate early 1 gene (Genbank accession number X03922) that
extends from —51 to +69 bp (where +1 is defined as the site of initiation of
transcription). The TATA box element is located at —29 to —24 bp. Thus, the
CMYV promoter fragment lacks most sequences upstream of the TATA box, and is
therefore considered to be mostly inactive. The overall length of the tetracycline-
controllable promoter, from the first TetO site to the presumed site of transcrip-
tion initiation, is 355 bp.

The tTA protein could potentially influence the expression of endogenous
genes if appropriate target sequences are present. When human DNA sequences
were analyzed, no perfect sequence matches to the 19-bp TetO sequence were
found. Frequencies for partial matches were as follows: one mismatch (0), two
mismatches (0), three mismatches (3), four mismatches (60), five mismatches
(111), six mismatches (469) and seven mismatches (356). These frequencies were
obtained from the Genbank Sequence Database, Release 127.0, December 15,
2001, using BLASTN 2.2.2. The paucity of sequences with complete or nearly
complete identity to the TetO sequence suggests that the risk of activation of an
endogenous human gene by the tTA protein is low.

Tetracyclines are commonly used broad-spectrum antibiotics that act by
interrupting prokaryotic polypeptide chain elongation. Doxycycline (molecular
weight [MW] 462.46), a tetracycline derivative, is the preferred corepressor mole-
cule. Doxycycline is lipophilic and is virtually completely absorbed after oral
ingestion. It binds to plasma proteins. Doxycycline has an elimination half-life
of 18—22 hours in humans and ~3 hrs in mice [20]. Doxycycline hyclate is water
soluble. Dosages approved for human use are 100-200 mg (~1.7-3.3 mg/kg
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body weight [BW]) per day. Doxycycline, like any tetracycline, has an affinity
for calcium binding and forms stable calcium complexes in any bone-forming
tissue.

In cell culture studies, repression of transgene expression occurs at doxycy-
cline concentrations that range from 0.2 to 20 nM (0.1 to 10 ng/mL), with half-
maximal repression occurring at 2 nM [21]. In transiently transfected cells, the
dynamic range of gene expression may be as high as 100-fold, and in stable cell
lines, the dynamic range of expression may be greater than 1000-fold [11]. In
transgenic mice, the dynamic range of transgene expression may be as high as
10°-fold [22]. In animal studies, doxycycline was dissolved in 5% sucrose and
added to drinking water at a concentration of 2 mg/mL [22] or injected intrave-
nously or intraperitoneally (IP) at doses of 25—-100 mg/kg BW [23].

B. Plasmid-Based Gene Transfer Studies

One of the first gene transfer studies on regulated transgene expression was per-
formed with a plasmid mixture that was delivered to murine tibialis muscle by
direct intramuscular injection [24]. One plasmid contained a gene for the tTA
protein: CMV promoter/tTA/SV40(L) poly(A); and the other contained a regu-
lated luciferase gene: 7xTetO/minCMV promoter/Luc/SV40(L) poly(A). Ad-
ministration of tetracycline (100 mg/kg/day, IP or 2.2 mg/mL in drinking water)
for 7 days caused luciferase expression to be repressed by approximately 100-
fold. Repression was incomplete, however, since the lowest level of repressed
expression was 10-fold greater than that exhibited by the regulated luciferase
plasmid alone. The extent of luciferase repression was dependent on the tetracy-
cline dose when it was varied from 0.05 to 2.2 mg/mL in drinking water, and
repression was reversible, because luciferase activity returned to nonrepressed
levels within 2 days of cessation of oral tetracycline dosing. Similar data on
regulated luciferase expression were obtained when plasmids for a modified ver-
sion of the tetracycline-regulated system also were delivered by direct intramus-
cular injection [25]. Both studies were limited by the fact that each animal only
provided a single time point, and, thus data on transitions in the levels expressed
by individual animals were not obtained. However, the studies were notable,
because they provided proof-of-concept that plasmid-based expression systems
can be delivered to muscle and regulated in a drug-dependent manner.

C. Virus-Based Gene Transfer Studies

Rendahl and coworkers [26] demonstrated the ability to repress erythropoietin
(EPO) transgene expression in mice in a doxycycline-dependent manner follow-
ing intramuscular delivery of two recombinant adeno-associated virus (AAV)
vectors. One vector contained a constitutively expressed gene for the tTA protein:
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CMYV promoter/tTA/murine protamine intron/murine protamine poly(A). The
second vector contained the regulated murine EPO (mEPO) gene: 7xTetO/
minCMV  promoter/B-globin intron/mEPO/bGH poly(A). The vectors were
mixed and injected into quadriceps muscles of Balb/c mice. With 10° particles
of each vector, hematocrit increased from 47 to 65% in 18 weeks and low levels
of mEPO protein were detected. No increase in hematocrit occurred with 10°
particles of the mEPO vector alone. With 10'° particles of each vector, hematocrit
increased much more rapidly, exceeding 80% by week 8. When slow-release
tetracycline pellets (~29 mg/kg/day for 21 days) were implanted at week 4,
mEPO expression was repressed by approximately 20-fold and hematocrit de-
creased from 70 (week 4) to 52% (week 9). By week 12, mEPO expression levels
began to rise (due to depletion of the tetracycline pellet) and the hematocrit
reached 70% by week 18. The data clearly demonstrated that the tetracycline-
repressible system could be used to regulate mEPO expression and hematocrit
in mice. However, some shortcomings were apparent. First, delivery of 10" parti-
cles of the mEPO vector alone led to a gradual increase in hematocrit, indicating
that the 7xTetO/minCMV promoter provided a significant level of basal expres-
sion. Thus, to achieve tight regulation of hematocrit, 10" particles of the tTA
vector were mixed with 10° particles of the mEPO vector. This was effective,
but the magnitude of the increase in hematocrit was lower than that observed at
the higher vector dose. Second, no attempt was made to block the initial rise in
hematocrit by initiating tetracycline dosing at the time of vector delivery. Third,
since tetracycline was administered only as single-dose, slow-release pellets, no
data were obtained for the kinetics following cessation of tetracycline dosing or
for a tetracycline dose response.

D. Summary

The data show that the tetracycline-repressible (Tet-OFF) system is functional
in muscle when delivered as a plasmid-based or AAV-based system. Expression
was repressed when tetracycline was administered at doses of 30—100 mg/kg/
day and the magnitude of repression in vivo was ~100-fold for the plasmid-
based system and ~20-fold for the AAV-based system. These values are similar
to those observed in transiently transfected cells, but considerably less than those
observed when the genes were integrated into chromosomes of stably transfected
cells or transgenic mice. The low magnitude of regulation exhibited by the AAV-
based system is interesting, especially since AAV vectors are capable of chromo-
somal integration. The plasmid-based studies were short—only encompassing a
two-week period—whereas the AAV-based study demonstrated that repressible
transgene expression was retained in murine muscle for at least 3 months, which
suggests a lack of immune responses to either the transgene product or to the
foreign tTA protein. Control experiments with the AAV-EPO vector alone that
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led to substantial increases in hematocrit indicate that the 7xTetO/minCMYV pro-
moter has a significant level of basal activity.

lll. TETRACYCLINE-INDUCIBLE SYSTEM
FOR TRANSGENE REGULATION

A. Description

Gossen and coworkers first described the tetracycline inducible (Tet-ON) system
in 1995 (27). It is based on the properties of a mutant version of the TetR (tetracy-
cline repressor) protein. Fusion proteins derived from the mutant TetR sequence
are allosterically activated, not inhibited, by tetracycline binding. The system
works via positive control, which means that expression of the target gene is
OFF in the absence of the small molecule inducer (tetracycline) but ON in its
presence.

The tetracycline-inducible system is schematically depicted in Figure 2.
The system requires two genes. One gene encodes the rtTA (reverse tetracycline
transactivator) fusion protein. The promoter for the target gene is identical to the
one used for the tetracycline-repressible system and has multiple TetO sites
linked to a minimal CMV promoter. In the absence of tetracycline, 1tTA protein
has low affinity for TetO sites and is inefficient in stimulating target gene tran-
scription. Following tetracycline binding, rtTA protein undergoes a conforma-
tional change, which greatly increases its affinity for TetO sites and stimulates
transcription of the target gene.

The mutant TetR protein was isolated following random mutagenesis of
the Tn10-TetR gene and selection in Escherichia coli for tetracycline-dependent
repression of gene expression (in contrast, wild-type TetR protein mediates tetra-
cycline-dependent derepression of gene expression in E. coli). The mutant TetR
protein had four amino acid substitutions (E71K, D95N, L101S, and G102D),
and it was fused to the VP16 activation domain to generate the rtTA protein,
which has the structure: [TetR,,; (4 point mutations)]/S/[VP16 3s,470]. Like the
tTA protein, the rtTA protein forms homodimers. The monomers are 335 amino
acids in length with a molecular weight of 37 kD. No portion of its sequence is
of human origin.

Doxycycline is an effective inducer for the system, but tetracycline is an
inefficient inducer, yielding transgene expression levels that are less than 1% of
that observed with doxycycline [27]. The concentrations of doxycycline that pro-
duce allosteric changes in the rtTA protein are approximately 2 logs higher than
those required to cause allosteric changes in the tTA protein. In cell culture,
the responsive doxycycline range for rtTA is 1-1000 ng/mL, with half-maximal
induction at 100 ng/mL; and in stable cell lines, the dynamic range of expression
varied from 260- to >5000-fold 27). In transgenic mice, the dynamic range of
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Figure 2 Schematic diagram of the tetracycline-inducible system for transgene regula-
tion. Two genes are required. Gene 1 is a constitutively active gene that codes for the
rtTA (reverse tetracycline transactivator) protein. Gene 2 is the regulated transgene. The
rtTA protein is a homodimeric protein that is inactive in the absence of doxycycline. It
does not bind to TetO (tetracycline operator) sites in the inducible promoter and transgene
expression is low. When doxycycline (inducer) is added, the rtTA homodimer is converted
to an active form, which gains the ability to bind TetO sites, thereby activating transgene
expression. Thus, in the absence of doxycycline, transgene expression is OFF; in the pres-
ence of doxycycline, transgene expression is ON.

transgene expression, in response to doxycycline added at 2 mg/mL to drinking
water, ranged from 10% to 10°-fold [22].

B. Plasmid-Based Gene Transfer Studies

Plasmid delivery to muscle by electroporation is efficient and capable of provid-
ing high-level, long-term transgene expression at low plasmid doses. In vivo
electroporation can enhance transgene expression by at least 100-fold [8—10]
(Chap. 10). Following the delivery of a mixture of two plasmids to skeletal mus-
cle with electroporation, Rizzuto and coworkers (28) demonstrated induction of
mEPO expression and hematocrit by doxycycline. One of the plasmids used a
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muscle-specific promoter to express the rtTAnls, an rtTA protein that was modi-
fied to include an N-terminal nuclear localization sequence: Muscle creatine ki-
nase promoter/rtTAnls/bGH poly(A). The target plasmid contained an inducible
murine EPO gene: 7xTetO/minCMV promoter/mEPO/SV40 poly(A). Delivery
of the inducible EPO plasmid alone caused hematocrit to increase if the plasmid
dose exceeded 10 pg, indicating that the 7XTetO/minCMV promoter has a sig-
nificant level of basal activity. To achieve regulated EPO expression, 10 ug of the
inducible EPO plasmid was mixed with 0.5, 2.0, or 10.0 ug of the transactivator
(rtTAnls) plasmid. At the two higher doses of transactivator plasmid, an increase
in hematocrit occurred in the absence of doxycycline. These data show that the
inactive form of the transactivator protein contributes to the basal expression
level, probably by low-level binding to TetO sites in the inducible promoter.
When 10.0 pg of inducible EPO plasmid and 0.5 pg of transactivator plasmid
were delivered to mouse quadriceps muscle with electroporation, and animals
were not treated with doxycycline, mEPO expression was undetectable, but a
small increase in hematocrit (from 43 to 48%) occurred over a 30-day period.
Daily administration of doxycycline (0.4 mg/mL in drinking water) induced
mEPO expression and caused hematocrit to increase from 48 to 56% in 10 days,
and this level was maintained for an additional 30 days. Reversibility was demon-
strated by a group of animals that, having reached hematocrit levels of 58% after
30 days of doxycycline dosing, were withdrawn from drug, which caused hemato-
crit to decline to 44% (baseline) over a 40-day period. The data demonstrated that
the plasmid-based, doxycycline-inducible transgene regulation system remained
functional in murine muscle for at least 2 months. However, the leakiness of the
system, evidenced by increases in hematocrit in the absence of doxycycline dos-
ing, restricted the amounts of plasmid that could be delivered, which probably
limited the magnitude of the desired biological effects.

C. Virus-Based Gene Transfer Studies

Bohl and coworkers (29) utilized a single AAV vector for inducible mEPO ex-
pression that contained two genes in converging orientation, 7xTetO/minCMV
promoter/mEPO/SV40 bidirectional poly(A)/rtTA/LTR promoter, where EPO
transcripts initiate from the inducible promoter and are processed at the simian
virus 40 (SV40) late poly(A) site, and rtTA transcripts initiate from the long
terminal repeat (LTR) promoter and are processed at the SV40 early poly(A)
site. The AAV vector was injected into the tibialis anterior muscle of mice at
two doses (2.5 or 5 x 10" genomes). In the absence of doxycycline treatment,
mEPO expression was measurable and hematocrit gradually increased from 45
to 54% at the low dose and to 63% at the high dose. These data demonstrate the
existence of a significant level of basal expression in the absence of doxycycline
dosing. Initiation of daily doxycycline dosing (0.2 mg/mL in drinking water)
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caused mEPO expression to increase by 13-fold, which caused hematocrit to
increase after 6 weeks to >75% for the low- and high-dose groups. Withdrawal
of doxycycline dosing caused mEPO expression to decline gradually and incom-
pletely, which caused hematocrit to decline over a 10-week period to 50-57%,
levels that were similar to noninduced but higher than naive animals (45%). Fi-
nally, reinitiation of doxycycline dosing at week 19 or 24 caused mEPO to be
induced to the same level observed at week 2, which reestablished elevated he-
matocrits (>75%) within 4—6 weeks. These data demonstrated that the inducible
EPO system retained function for at least 6 months after gene transfer. Southern
blot analysis revealed the retention at week 29 of approximately 0.04 double-
stranded vector genomes per diploid cell genome, and using a polymerase chain
reaction (PCR) assay, vector was detected in DNA from injected muscle, but not
spleen, liver, lung, or brain. No evidence for histological abnormalities was de-
tected in recipient muscles analyzed at the time of sacrifice, nor were antibodies
to rtTA detected, thus suggesting an absence of immune responses directed
against the xenogeneic epitopes of the rtTA protein.

D. Summary

The data demonstrate that the doxycycline-inducible system is functional for mul-
tiple months in mice following the intramuscular delivery of plasmids (facilitated
by electroporation) or AAV vectors. The main shortcoming was a significant
level of basal expression that occurred in the absence of doxycycline dosing and
was exacerbated by increases in the levels of transactivator (rtTA) protein.

IV. DIMERIZER-INDUCIBLE SYSTEM FOR TRANSGENE
REGULATION

A. Description

Rivera and coworkers first described the dimerizer-inducible system in 1996 (18).
It is based on the ability of drugs like rapamycin to bind to certain protein moieties
and trigger the formation of unique heterodimeric proteins. Thus, rapamycin is
a chemical inducer of dimerization. For the transgene-regulation system, each
partner of the heterodimer is a fusion protein. One has rapamycin-binding and
DNA-binding domains, and the other has rapamycin-binding and transcription-
activation domains. The system works via positive control, which means that
expression of the target gene is OFF in the absence of small molecule inducer
(rapamycin) but ON in its presence.

The dimerizer-inducible system is schematically depicted in Figure 3. The
system requires three genes. One gene encodes the ZFHD1-3xFKBP protein, in
which a DNA-binding domain (ZFHD1) is fused to three copies of a rapamycin-
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Figure 3 Schematic diagram of the dimerizer-inducible system for transgene regulation.
The system requires three genes. Gene 1 is a constitutively active gene that codes for the
DNA-binding subunit (ZFHD1-3xFKBP). Gene 2 is a constitutively active gene that codes
for the transcriptional activator subunit (FRB-p65). Gene 3 is the inducible transgene.
The DNA-binding and activator subunits remain separate and inactive in the absence of
rapamycin and transgene expression is low. When rapamycin (inducer) is added, the DNA-
binding and activator subunits form an active heterodimeric protein through rapamycin’s
dimerizing activity. The heterodimer binds to the ZFHD] sites in the inducible promoter,
thereby activating transgene expression. Thus, in the absence of rapamycin, transgene
expression is OFF; in the presence of rapamycin, transgene expression is ON.

binding moiety (FKBP). The second gene encodes the FRB-p65 protein, in which
a transcriptional activation domain (p65) is fused to a different rapamycin-bind-
ing moiety (FRAP). The different rapamycin-binding moieties bind to different
portions of the dimerizing agent, rapamycin. The third gene, the inducible target
gene, contains a promoter with multiple binding sites for the ZFHD1 DNA-bind-
ing domain. In the absence of rapamycin, the DNA-binding and transcriptional-
activation activities are on separate proteins that are ineffective in stimulating
target gene transcription. The DNA-binding protein might bind to sites in the
inducible promoter, but, because it lacks an activation domain, transcription is
not induced. Addition of rapamycin leads to the formation of heterodimers that
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have both DNA-binding and transcriptional-activation activity, which results in
the activation of target gene transcription.

The structure of ZFHD1-3xFKBP, the fusion protein with DNA-binding
activity, is HA/NLS/hZif268;35 30,/ GG/hOct-1375 430/ SR/WFKBP, 1o/ TR/hFKBP,.
107/ TR/hFKBP_,;/TS. HA is a 16-amino acid epitope from Haemophilus in-
Sfluenzae hemagglutinin, NLS is a nuclear localization sequence from SV40 large
T antigen, and GG, SR, TR, and TS are amino acid sequences that serve as
linkers. hZif268;;5.3¢, is a fragment of the human Zif268 transcription factor (Gen-
bank accession number P18146) that contains two zinc finger DNA-binding do-
mains. hOct-1375439 1 the DNA binding portion of the human homeodomain tran-
scription factor Oct-1 (Genbank accession number CAA31767). The entire
chimeric DNA-binding entity, hZif268/GG/hOct-1, is called ZFHD1. hFKBP;.
107 1S a nearly complete fragment of the human protein FKBP-12, also called
FK506-binding protein 1A (Genbank accession number A35780). The ZFHDI1-
3xFKBP protein is approximately 474 amino acids in length and has a molecular
weight of approximately 53 kD. Excluding the epitope and NLS sequences at
the amino terminus, the protein contains four fusion junctions. Approximately
94% of its sequence is of human origin. A constitutively active CMV promoter
controls expression of the gene for the ZFHD1-3xFKBP protein. The structure
of p65-FRAP, the fusion protein with transcriptional activation activity, is HA/
NLS/SR/hFRB 5113 (T2098L)/TR/hP6534,.550/TS. HA is a 16—amino acid epi-
tope from H. influenzae hemagglutinin, NLS is the SV40 nuclear localization
sequence, and SR, TR and TS are amino acid sequences that serve as linkers.
hFRBps5.,113 (T2098L) is a fragment of human FRAP-1 protein, also called
FK506-binding protein 12—rapamycin associated protein 1 (Genbank accession
number P42345); T2098L indicates that it contains a threonine to leucine muta-
tion at residue 2098. hP65;,.55, is a fragment of the activation domain of the p65
subunit of human transcription factor nuclear fragment-kB (NFxB) (Genbank
accession number AAA36408). The p65-FRAP protein is approximately 306
amino acids in length and has a molecular weight of approximately 32 kD. Ex-
cluding the sequences at the amino terminus, the protein contains one fusion
junction. Approximately 90% of its sequence is of human origin. A constitutively
active CMV promoter controls the gene for the p65-FRAP protein.

The rapamycin-inducible promoter for the target gene consists of 12
ZFHDI1 sites linked to a minimal fragment of the human interleukin-2 (IL-2)
promoter. ZFHDI1 elements are 12 bp in length (TAATGATGGGCG) and ar-
ranged in direct repeats that are separated by 6-bp linkers (GTCGAC, CTCGAG,
or TCTAGC). The region with 12 ZFHDI elements is joined via a 17-bp linker
(TCTAGAACGCGAATTCA) to a fragment of the human IL-2 gene (Genbank
accession number X00695) that extends from —72 to +45 bp (where +1 is de-
fined as the site of initiation of transcription). The TATA box element is located
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at —32 to —27 bp. Thus, the human IL-2 promoter fragment lacks most sequences
upstream of the TATA box and is therefore mostly inactive. The overall length
of the rapamycin-inducible promoter, from the first ZFHD1 element to the pre-
sumed site of transcription initiation, is 299 bp.

Heterodimers could potentially influence the expression of endogenous
genes if appropriate target sequences are present. When human DNA sequences
in Genbank were analyzed, 30 perfect matches to the 12-bp ZFHD1 sequence
were found, and 969 sequences exhibited only one mismatch. These frequencies
were obtained from the Genbank Sequence Database, Release 127.0, December
15, 2001, using BLASTN 2.2.2. The substantial number of sites with zero or only
one mismatch suggests that there may be a risk for activating the transcription of
certain endogenous human genes.

Rapamycin is the best-characterized dimerizer that has been used as an
inducer. Rapamycin (MW 914.2) is an immunosuppressive agent that inhibits T-
lymphocyte activation and proliferation that occurs in response to antigenic and
cytokine stimulation. It also inhibits antibody production. Rapamycin binds to
the immunophilin, FK binding protein-12, to generate an immunosuppressive
complex. Rapamycin is rapidly absorbed with an oral bioavailability of ~18%
and is associated with plasma proteins. It has a terminal elimination half-life of
~62 hrs in humans and 2-5 hrs in mice [31]. Rapamycin is indicated for the
prophylaxis of organ rejection in patients receiving renal transplants. The ap-
proved dosage is 2 mg (~0.03 mg/kg BW) per day.

In cell culture, transgene induction occurs at rapamycin concentrations that
range from 0.5 to 10.0 nM, with half-maximal induction occurring at 2 nM (18).
The dynamic range of expression was approximately 1000-fold in transiently
transfected cells and as high as 10*fold in stable cell lines. The low background
is attributed to the lack of an inherent affinity between the two fusion proteins
in the absence of rapamycin. In mice that received intramuscular implants of
stably transfected cells, induction of transgene expression occurred at intravenous
rapamycin doses of 0.1-10.0 mg/kg BW, with half-maximal induction at 1 mg/
kg. The dynamic range of transgene expression in vivo was approximately 40-
fold [18].

It is anticipated that clinical use of this gene-regulation system will require
dimerizers that are nonimmunosuppressive rapamycin analogs (rapalogs). The
strategy for obtaining nonimmunosuppressive analogs involves the addition of
substituents to rapamycin that block its binding to FKBP or FRAP. However,
modification of amino acid residues in the drug-binding domains of the fusion
proteins is needed to establish high-affinity binding of the analogs. Nonimmuno-
suppressive analogs have been synthesized and appropriate modifications in the
drug-binding domains have been constructed [30], but their applicability to in
vivo gene transfer studies has not been reported. The ability to alter the structures
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of the low molecular weight inducer and its binding target should provide an
extremely powerful tool for customizing and refining the properties of this induc-
ible gene-regulation system.

B. Plasmid-Based Gene Transfer Studies

No gene transfer studies with plasmid-based versions of the dimerizer inducible
system have been reported.

C. Virus-Based Gene Transfer Studies

Ye and coworkers [32] utilized two AAV vectors to achieve inducible mEPO
expression in mice. One vector (termed TF) had a bicistronic transcription unit
that encoded both of the fusion proteins: CMV promoter/HA epitope/SV40nls/
FRB-p65/IRES/HA epitope/SV40nls/ZFHD1-3xFKBP/RBG intron/RBG po-
ly(A). The other vector contained the inducible mEPO gene: 12xZFHD1/minIL-
2 promoter/chimeric intron/mEPO/SV40(L) 3’UTR fragment/2.7 kb stuffer
fragment/hGH 3’UTR fragment/RBG intron fragment/RBG poly(A). The two
AAV vectors were mixed in a 1:1 ratio and 4 X 10" genomes were injected
into quadriceps and tibialis anterior muscles of immunocompetent mice. No in-
creases in plasma EPO or hematocrit occurred during periods (30 or 70 days
in length) prior to challenge with rapamycin. Intraperitoneal administration of
rapamycin induced mEPO expression and caused hematocrit to increase from 45
to 70%. Four or five cycles of EPO induction were achieved within a 5-month
period with rapamycin doses that ranged from 0.1 to 10 mg/kg, and there was
no diminution of inducible EPO expression over time. Maximum EPO levels
were achieved within a few days of rapamycin administration, but the returns to
undetectable levels were more gradual, generally requiring several weeks. Fol-
lowing the induction of hematocrit to 70%, hematocrit values remained elevated
regardless of extended gaps in the schedule of rapamycin administration, which
suggests that significant basal expression occurred following the cessation of
rapamycin dosing.

An AAYV vector with an inducible rhesus monkey EPO (rmEPO) gene was
also constructed [32]. The rmEPO gene was identical to the inducible mEPO
gene except it lacked the chimeric intron and the rabbit -globin intron fragment.
A 10:1 (rmEPO:TF1) vector mixture was injected into 10 sites of the vastus
lateralis muscles of a 5-kg rhesus monkey. No increase in plasma EPO or hemato-
crit occurred during the 29-day period between vector injection and initiation of
rapamycin dosing. Two cycles of induction of rmEPO expression by single doses
of rapamycin were achieved within a 40-day period. Peak EPO levels occurred
after ~4 days, which required ~2 weeks to return to baseline levels. Each induc-
tion cycle caused hematocrit to rise to 60%, which was followed by a gradual
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decline to baseline levels. However, inducibility in the monkey was lost by day
90, for treatment with rapamycin failed to induce rmEPO expression or elevate
hematocrit. This could be indicative of an immune response directed against the
chimeric fusion proteins or a decrease in the level of transcription factors below
a critical threshold level.

When an AAV vector for inducible human growth hormone (hGH) expres-
sion, 12xZFHD1/minlIL-2 promoter/hGH gene with four introns/SV40(L) po-
ly(A), was mixed with TF1 vector in a 1:1 mixture and injected into mice, little
induction of hGH was observed [33]. Based on cell culture studies, it appeared
that expression of the FRB-p65 protein was limiting. To correct this deficiency,
a second FRB-p65 gene, CMV promoter/HA epitope/SV40nls/FRB-p65/RBG
intron / RBG poly(A), was inserted into the hGH vector downstream of the induc-
ible hGH gene. Although this AAV construct yielded high basal levels of hGH
in vitro, it functioned well in vivo when mixed with the TF1 vector in a 1:1
ratio. In immunocompetent mice, four cycles of undiminished hGH induction
were observed in a 10-week period, and in immunodeficient mice, 9 cycles were
observed in a 10-month period. The usual induction pattern was followed: peak
hGH levels occurred within days of a single dose of rapamycin, but reestablish-
ment of baseline was slow, requiring 10-20 days. Induction of hGH was propor-
tional to rapamycin doses (administered intraperitoneally) that ranged from 0.05
to 0.35 mg/kg and higher doses (up to 1 mg/kg) were not inhibitory. To achieve
similar levels of induction, oral rapamycin doses had to be four-fold higher, which
is consistent with its oral bioavailability of 15-20%.

An adenoviral (Ad) system for inducible hGH expression was identical to
that used for the AAV vector, but an additional gene for FRBp65 was not needed
[33]. In immunodeficient mice, hGH expression was induced by more than 100-
fold at times during the first 2 months. At 4 and 6 months, the magnitude of
induction decreased to 20- and 10-fold, respectively. The maximal level of hGH
induction was dependent on viral doses that ranged from 3 X 10° to 10" particles
per mouse. Relatively stable levels of hGH in blood were maintained by adminis-
tration of 0.05 or 0.5 mg/kg doses of rapamycin every other day, which resulted
in hGH levels of 1000-2000 or 3000—-5000 pg/mL, respectively. In immunocom-
petent mice, the ad vector was much less effective owing to antiviral immune
responses; only one round of induction was observed and its magnitude was
small—approximately four-fold.

D. Summary

The dimerizer-inducible system is durable and effective, particularly when incor-
porated into AAV vectors that are delivered by intramuscular injection. Drug-
dependent regulation of EPO expression was observed in mice and primates,
and no increases in hematocrit occurred before initiation of rapamycin dosing.
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However, once hematocrit levels were induced and drug dosing was terminated
for extended periods of time, declines in hematocrit were extremely gradual or
nonexistent, suggesting the existence of low-level rapamycin-independent ex-
pression. The requirement for two copies of the FRB-p65 gene to achieve regu-
lated hGH expression indicates that the intracellular level of the protein moiety
that carries the transcriptional activation domain is critical and rate limiting.

V. ANTIPROGESTIN-INDUCIBLE SYSTEM
FOR TRANSGENE REGULATION

A. Description

Wang and coworkers first described the antiprogestin-inducible system in 1994
[14]. It is based on a truncated version of a progesterone receptor’s ligand-binding
domain (LBD) that completely alters its specificity of activation [34]. The wild-
type LBD responds to natural progestins as agonists but to synthetic antiproges-
tins as antagonists. In contrast, the truncated LBD fails to respond to natural
progestins but responds to synthetic antiprogestins like mifepristone as agonists.
The antiprogestin-inducible system, also known as the GeneSwitch system,*
works via positive control, which means that expression of the target transgene
is OFF in the absence of inducer but ON in its presence.

The components of the antiprogestin inducible system and the mechanism
by which it works are outlined in Figure 4. The system requires two genes. One
gene encodes the regulator protein, in which a nuclear hormone receptor’s trun-
cated LBD is fused to a DNA-binding domain (GAL4) and a transcriptional acti-
vation domain (p65). The second gene, the inducible target gene, contains a pro-
moter with multiple binding sites for the GAL4 DNA-binding domain. In the
absence of antiprogestin, the regulator protein resides in an inactive monomeric
form that is ineffective in stimulating target gene transcription. Inactive mono-
mers, like other inactive nuclear hormone receptors, are probably maintained as
inert complexes with heat shock and other proteins. Following antiprogestin bind-
ing, the regulator protein undergoes a conformational change, which leads to
homodimer formation and release from the components of the inert complex.
The active form of the regulator protein binds to GAL4 sites in the inducible
promoter and activates target gene transcription.

The structure of the regulator protein (version 3.1) is MDSQQPDL/
yGAL4, o:s/EFPGVDQV/hPRgy0.914/ GST/hP655.551. MDSQQPDL is an N-termi-
nal amino acid sequence and EFPGVDQYV and GST are amino acid sequences
that serve as linkers. yGAL4,.; is the DNA-binding domain from the yeast GAL4
protein (Genbank accession number AAA34626), hPRgy.94 is a C-terminal trun-
cated version of the LBD of the human progesterone receptor (Genbank accession

* GeneSwitch® is a registered trademark of Valentis, Inc., Burlingame, CA.
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Figure 4 Schematic diagram of the antiprogestin-inducible system for transgene regula-
tion. The system requires two genes. Gene 1 is a constitutively active gene that codes for
the GeneSwitch regulator protein. Gene 2 is the inducible transgene. The regulator protein
exists as an inactive monomer in the absence of the antiprogestin, mifepristone, which
does not bind GALA4 sites efficiently and transgene expression is low. When mifepristone
(inducer) is added, the regulator protein is converted to an active homodimeric form that
efficiently binds to GAL4 sites in the inducible promoter, thereby activating transgene
expression. Thus, in the absence of antiprogestin, transgene expression is OFF; in the
presence of antiprogestin, transgene expression is ON.

number AAA60081), and hP654;s .55, is the activation domain of the p65 subunit
of human transcription factor NFkB (Genbank accession number AAA46408).
The regulator protein contains two fusion junctions, and 83% of its sequence is
of human origin. Monomers of the regulator protein are 652 amino acids in length
and have a molecular weight of 73 kD. The gene for the regulator protein is
usually controlled by a weakly active tissue-specific promoter, but highly active
CMYV promoters or autogenously controlled promoters also have been utilized.

The antiprogestin-inducible promoter for the target gene consists of six (or
four) GAL4 sites linked to a TATA box. GAL4 elements are 17 bp in length
(CGGAGTACTGTCCTCCG) and arranged in direct repeats that are separated
by 2-bp linkers (AG). The region with six GAL4 elements is joined via a 12-bp
linker (AGTCGACTCTAG) to the TATA box region of an adenoviral E1b pro-
moter (residues 1665—1677, Genbank accession number JO1917). The remaining
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portion of the promoter consists of linker (GGATCTCGAGATATCGGAGCT).
This minimal promoter, since it only consists of a TATA box, is highly inactive.
The overall length of the antiprogestin-inducible promoter, from the first GAL4
element to the presumed site of transcription initiation, is 170 bp.

The regulator protein could potentially influence the expression of endoge-
nous genes if appropriate target sequences are present. When human DNA se-
quences were analyzed, no perfect sequence matches to the 17-bp GAL4 se-
quence were found. Frequencies for partial matches were as follows: one
mismatch (1), two mismatches (1), three mismatches (15), four mismatches (122),
five mismatches (496), and six mismatches (363). These frequencies were ob-
tained from the Genbank Sequence Database, Release 127.0, December 15, 2001,
using BLASTN 2.2.2. These frequency values suggest that there may be some
risk for activating endogenous human genes.

Mifepristone is the best-characterized inducer for the GeneSwitch system.
Mifepristone (MW 429.6) has antiprogestational activity, which results from com-
petitive interaction with progesterone at progesterone receptor sites. Doses of 1
mg/kg BW or greater antagonize the endometrial and myometrial effects of pro-
gesterone in women, and, during pregnancy, the myometrium becomes sensitized
to the contraction-inducing activity of prostaglandins. Mifepristone is rapidly ab-
sorbed with an oral bioavailability of ~69% and is 98% bound to plasma proteins.
Mifepristone has a terminal elimination half-life of 18 hrs in humans, approxi-
mately 5 hrs in mice (P. Babij, personal communication) and 1 hr in rats [35].
Mifepristone is indicated for the medical termination of intrauterine pregnancy
through 49 days’ pregnancy and is administered as a single 600-mg (~10 mg/
kg BW) dose, which is followed in 2 days by a 400-ug dose of misoprostol (a
prostaglandin). In other clinical trials, designed to assess its antitumor effects,
male and female patients with meningioma tolerated long-term chronic dosing of
mifepristone (1-3 mg/kg BW administered daily for 12 months or more) [36,37].

In cell culture, transgene induction occurs at mifepristone concentrations
that range from 0.01 to 1.0 nM, with half-maximal induction occurring at 0.1
nM [14,38]. The dynamic range of expression was approximately 100-fold in
transiently transfected cells and as high as 10*-fold in stable cell lines. In mice that
received intramuscular implants of stably transfected cells, induction of transgene
expression occurred at mifepristone doses of 0.1-10 mg/kg, with half-maximal
induction at 1 mg/kg. In transgenic mice, induction of transgene expression oc-
curred at mifepristone doses of 0.1-0.5 mg/kg. The dynamic range of transgene
expression in transgenic mice was approximately 10,000-fold [39].

B. Plasmid-Based Gene Transfer Studies

Abruzzese and coworkers [38] were the first to deliver plasmids for an inducible
transgene-regulation system to animals by intramuscular injection with in vivo
electroporation. One plasmid encoded the GeneSwitch regulator protein: CMV
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promoter/GeneSwitch protein v.3.1/SV40(E) intron/SV40(E) poly(A). The sec-
ond plasmid contained an inducible secreted alkaline phosphatase (SEAP) gene:
6x GAL4/TATA box promoter/synthetic intron/SEAP/SV40(L) poly(A). The
two plasmids were mixed in a 1:1 ratio and 150 ug was injected into tibialis
anterior and gastrocnemius muscles of mice. The injected hindlimbs were then
subjected to electroporation (four short-duration, square wave pulses) using two
stainless steel parallel plate caliper electrodes, which were placed noninvasively
in contact with the skin of the leg [40]. In the absence of mifepristone dosing,
baseline serum SEAP levels were low. Following administration of a single mife-
pristone dose, SEAP expression was induced 10- to 20-fold with peak levels
occurring at 2—3 days, and baseline levels were reestablished by 7 days. Induced
SEAP levels were equal to or greater than that achieved by a plasmid with a
constitutively active CMV promoter. SEAP induction occurred at mifepristone
doses that ranged from 0.01 to 1.0 mg/kg BW, with half-maximal induction at
approximately 0.03 mg/kg BW, a very low dose. Multiple rounds of SEAP induc-
tion were observed, but in immunocompetent mice, the magnitude of each succes-
sive induction was diminished because of formation of anti-SEAP antibodies.
However, in immunodeficient mice, the ability to induce SEAP expression by
weekly doses of mifepristone persisted for at least 5 weeks. Although the dynamic
range of transgene regulation observed in vivo was low compared to that observed
in vitro (100-fold), these studies demonstrated that the antiprogestin-regulated
system was functional for more than a month following intramuscular plasmid
delivery with electroporation.

Abruzzese and coworkers [41] showed that the dynamic range of in vivo
transgene regulation could be improved by an order of magnitude if the constitu-
tive CMV promoter of the plasmid for the GeneSwitch regulator protein was re-
placed by an autoinducible promoter that consisted of GAL4 sites linked to a
minimal herpes simplex virus thymidine kinase (tk) promoter. For these studies,
the GeneSwitch plasmid was: 4X GAL/min tk promoter/synthetic intron/Gene-
Switch regulator protein v.3.1/hGH poly(A) and the inducible plasmid was:
6X GAL4/TATA box promoter/synthetic intron/transgene (SEAP, EPO, or
VEGF)/hGH poly(A). In transiently transfected cells, the autoinducible system
was able to regulate the level of transgene expression by 10%- to 10*-fold in re-
sponse to mifepristone administration. When plasmid mixtures were delivered
intramuscularly to mice with electroporation, SEAP expression was induced more
than 200-fold by mifepristone dosing. Since peak levels were maintained, the
greater magnitude of induction was achieved by a reduction in the level of baseline
expression.

When the plasmid-based autoinducible system for human VEGF expression
was delivered to mice by intramuscular injection and electroporation, VEGF pro-
tein was induced to high levels (>1 ng/mg muscle tissue) in response to mifepri-
stone dosing [41]. Peak levels were approximately 25% of that achieved by a
CMV-vascular endothelial growth factor (VEGF) plasmid. Three rounds of
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VEGF induction were achieved over a 3-week period and no VEGF expression
was detected in muscle either in the absence of drug or 1 week following induc-
tion. High levels of VEGF expression were associated with severe edema, an
undesirable side effect of VEGF expression, but the extent and duration of edema
were controlled by the schedule of mifepristone dosing. The results provide an
example of how the plasmid-based antiprogestin-inducible system could serve
as a gene transfer “safety switch.”

The plasmid-based autoinducible system also provided drug-dependent reg-
ulation of murine EPO expression and hematocrit in mice [41]. In these studies,
the amount of the inducible EPO plasmid, relative to that of the GeneSwitch
plasmid, had to be reduced, because the inducible EPO plasmid caused hematocrit
to increase when delivered alone at doses greater than 7.5 pg. These data are
similar to those obtained by the plasmid-based and virus-based tetracycline sys-
tems [26,28,29], and highlight the sensitivity of mice to low-level EPO expres-
sion. Following delivery of the plasmid mixture (7.5 pug of inducible murine
EPO plasmid plus 19 pg of autoinducible GeneSwitch plasmid), mifepristone-
dependent induction of murine EPO expression was observed. The increase in
EPO expression was associated with an increase in hematocrit, which was sus-
tained for several weeks. In the absence of mifepristone, no EPO expression or
an increase in hematocrit was observed. Thus, regulation of EPO expression and
its biological activity was achieved following delivery of the autoinducible
system to murine muscle. The major limitation was that induction at later times
was less effective than induction early on. Thus, the duration of responsiveness
of the autoinducible system in vivo appears to be limited by mechanisms that
are not yet understood.

Studies in mice with a constitutively expressed GeneSwitch plasmid, CMV
promoter/GeneSwitch regulator protein v.3.1/SV40(E) intron/SV40(E) poly(A),
and an inducible murine EPO plasmid, 6 X GAL4/TATA box promoter/synthetic
intron/murine EPO/hGH poly(A), demonstrated mifepristone-dependent induc-
tion of murine EPO expression at various times during an entire year following
plasmid delivery with electroporation (J. Nordstrom, unpublished data). How-
ever, hematocrit was not regulated in these animals in a drug-dependent manner,
because basal EPO expression was high enough to elevate hematocrit in the ab-
sence of mifepristone dosing.

To make EPO expression more strictly dependent on mifepristone dosing,
the GeneSwitch and inducible EPO plasmids were modified in three ways, re-
sulting in SK promoter/synthetic intron/GeneSwitch regulator protein v.4.0/hGH
poly(A) and 6 X GAL4/TATA box promoter with 30-bp deletion/synthetic intron/
EPO/hGH poly(A). First, the SK promoter is a muscle-specific, avian skeletal
a-actin promoter that is 1-10% as active as the CMV promoter. In addition to
tissue specificity, the SK promoter is expected to decrease the intracellular levels
of the GeneSwitch regulator protein. Second, GeneSwitch regulator protein v.4.0
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was constructed by truncating the GAL4 domain by 20 amino acids to reduce
the length of a coiled-coil structure, which was believed to enhance the formation
of homodimers that bind to GAL4 sites in the inducible promoter and partially
activate transgene transcription in the absence of mifepristone dosing. Third, a
30-bp deletion in the transcription initiation region of the inducible EPO plasmid
reduced the basal level of EPO expression by approximately 10-fold without
impairing the ability of the gene to be induced. When these modified plasmids
were delivered to muscle with electroporation, EPO expression and hematocrit
were regulated in a mifepristone-dependent manner. Increases in hematocrit that
occurred in the absence of mifepristone dosing were low and transient, and, im-
portantly, the ability to regulate hematocrit persisted for many months following
plasmid delivery (J. Nordstrom, unpublished data). An example of long-term reg-
ulation of hematocrit in rats by mifepristone dosing following delivery of the
improved plasmid-based EPO/GeneSwitch system is shown in Figure 5.
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Figure5 Anexample of drug-dependent regulation of hematocrit in rats following intra-
muscular delivery of plasmids for an antiprogestin-inducible system. A 1:1 mixture of
plasmids for an inducible rat EPO (rEPO) gene and a GeneSwitch regulator protein gene
driven by a muscle-specific promoter was formulated in poly-L-glutamate and delivered
to the gastrocnemius muscles of Sprague—Dawley rats (n = 24) by intramuscular injection
followed by electroporation with caliper electrodes. Mifepristone was administered by
intraperitoneal injection three or five times weekly on days 24—97 (first induction period)
or 192-231 (second induction period), as indicated by the open triangles. Hematocrit lev-
els were monitored in animals that received the rEPO/GeneSwitch plasmids (filled circles)
and in naive animals (open circles). Data are presented as mean = SEM.
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C. Virus-Based Gene Transfer Studies

Burcin and coworkers [42] put an antiprogestin-inducible system for human
growth hormone (hGH) expression into a single gutless Ad vector. The two
genes were arranged as follows: 4X GAL4/TATA box promoter/hGH gene (ge-
nomic version with four introns)/hGH poly(A) / TTRB promoter/regulator pro-
tein v.3.0/SV40(E) intron / SV40(E) poly(A). The TTRB (transthyretin B) pro-
moter is a liver-specific promoter. GeneSwitch regulator proteins v.3.0 (also
called GLp65) and v.3.1 are identical except the former has an extended linker
(GSTRYQA) between the progesterone receptor and p65 domains. Ad vector (5
X 10" genomes) was administered to mice by intravenous injection. Induction
of hGH protein in serum was observed if mifepristone doses were administered
after, but not before, the eighth day after viral delivery. This 8-day lag period
might reflect the time necessary for the regulator protein to reach functional
steady-state levels in liver cells. hGH expression was undetectable in the ab-
sence of mifepristone dosing, and induced levels of hGH expression were high,
reaching 2—10 pg/mL, resulting in an induction that was 3—4 logs in magnitude.
Peak expression occurred 12-24 hrs after a single mifepristone dose and re-
turned to undetectable levels by 192 hrs. Mifepristone doses that provided in-
duction were 0.1-0.5 mg/kg. hGH expression could be reinduced, and three
consistent rounds of induction were observed over a 50-day period. Chronic mif-
epristone dosing led to sustained, elevated levels of hGH in blood (2-5 pg/
mL), which produced substantial weight gains (increases of ~60%) over a 4-
week period. Weight gains in animals that received the Ad vector but were
dosed only with vehicle (sesame oil) were less than 10% and similar to those
of naive animals.

D. Summary

The antiprogestin-inducible system is effective and durable for many months
when incorporated into plasmids that are delivered by intramuscular injection
with electroporation or into helper-dependent Ad vectors that are delivered to
liver by intravenous injection. Earlier versions of the plasmid-based system ex-
hibited significant levels of basal expression, but modifying the regulator protein,
changing to a muscle-specific promoter, and altering the initiation region of the
inducible promoter markedly reduced this problem. The autoinducible strategy
was also effective in reducing basal expression, but the ability to reinduce expres-
sion at later times was limited. For the Ad-based system, where both genes were
arranged in a single cassette, the quality of drug-dependent transgene regulation
was exceptional and comparable to that observed in transgenic mice. The antipro-
gestin-inducible system appears to work best when a tissue-specific promoter is
used to express the regulator protein.
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VIl. DISCUSSION

All four systems were effective in providing drug-dependent transgene regulation
following delivery by in vivo gene transfer methods. Thus, preclinical proof-of-
concept has been achieved, and each system shows promise. However, all of the
systems have deficiencies that require attention, and many questions pertaining
to the development of drug-regulated gene therapies for humans remain to be
answered.

A. Basal Expression

Basal expression is the level of expression that occurs in the absence of drug for
an inducible system or in the presence of a saturating amount of drug for a re-
pressible system. An important factor that contributes to basal expression is the
inherent activity of the inducible promoters, which consist of minimal promoters
linked to multiple copies of specific DNA-binding elements. Even a minimal
promoter with just a TATA box element has a low level of activity, which can be
measured by quantitative reverse transcriptase—PCR (RT-PCR) assays. Sequence
context is important, because cryptic cis-acting elements can influence the activ-
ity of minimal promoters regardless of distance or orientation. For example, a
typical scan of a 1000-bp sequence reveals hundreds of potential transcription
factor binding sites. Most of these sites are expected to be irrelevant, but some
could increase basal expression in a cell- or tissue-specific manner. It should
never be assumed that a particular inducible promoter would exhibit the same
level of basal expression in different vectors or in different contexts or orienta-
tions, and the possibility of cryptic transcription factor—binding sites in the coding
sequences of different transgenes also needs to be considered.

A second factor that contributes to basal expression is the extent to which
regulatory fusion proteins activate inducible promoters in the absence of drug.
For the tetracycline- and antiprogestin-dependent systems, this depends on the
relative binding affinities of the inactive and active forms of the regulator pro-
teins. For the dimerizer-dependent system, this depends on whether the mono-
meric subunits have any activity or whether active heterodimers could form in
the absence of drug. In all cases, unwanted transcriptional activation is favored
as the number of binding sites in the inducible promoter is increased or as intracel-
lular levels of regulator proteins is increased. Accordingly, the strength of the
promoter or the quality of the posttranscriptional signals (5" UTR, intron, 3° UTR,
poly[A] signal) in the gene for the regulator protein can influence the level of
basal transgene expression [43].

A third factor is the gene delivery strategy, for virus-based systems appear
to exhibit lower levels of basal expression than plasmid-based systems. Differ-
ences in genome sequence, topology, size, structure, interactions with cellular or
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viral proteins, or subnuclear localization could all be contributing factors. AAV
and Ad genomes are probably more effective in forming integrated or noninte-
grated chromatin, or chromatinlike, structures that provide an improved state of
repression. By contrast, chromatinlike structures do not readily form when non-
replicating plasmids are introduced into mammalian cells [44]. Thus, plasmids
delivered to terminally differentiated skeletal muscle cells are not expected to
form chromatinlike structures and, to date, there is no evidence for plasmid inte-
gration into chromosomal DNA. Thus, plasmid-based regulation systems may
require more fine tuning to control basal expression.

Studies with regulated EPO expression systems provide the most sensitive
measure of biologically relevant basal expression in vivo, for trace levels of EPO
protein can trigger substantial increases in hematocrit. All four transgene-regula-
tion systems show some evidence of basal EPO expression. Basal expression was
high enough to cause unscheduled increases in hematocrit with the AAV-based
tetracycline-repressible system, the plasmid-based tetracycline-inducible system,
and the plasmid-based antiprogestin-inducible system. However, alterations in
the inducible promoter and the regulator protein, combined with a promoter
change designed to decrease the intracellular level of the regulator protein, sub-
stantially reduced the unscheduled increases in hematocrit exhibited by the plas-
mid-based antiprogestin-inducible system. No increases in hematocrit occurred
during the weeks following delivery of the AAV-based dimerizer inducible sys-
tem, which implies a lack of basal EPO expression. However, this is not a rigor-
ous conclusion, since AAV vectors require weeks to mature and reach full capac-
ity, and, unfortunately, no data on animals not subjected to rapamycin dosing
were reported. Evidence of basal expression is suggested by studies that showed
hematocrit levels to be stable or only gradually declining when rapamycin dosing
was withdrawn for periods of 40—100 days.

B. Single Versus Multiple Vectors

Single vector systems have advantages, because they simplify and reduce the
cost of manufacturing and avoid variations in the ratios of components following
in vivo delivery. Indeed, a single Ad vector that carried a cassette with both genes
required for the antiprogestin-inducible system worked extremely well, exhibiting
low basal and high induced expression. However, the performance of the system
was severely compromised when a similar cassette was inserted into a single
plasmid (J. Nordstrom, unpublished data). The main problem was high basal
expression, and the most likely explanation was that enhancer and promoter ele-
ments in the promoter for the regulator protein gene also activated the minimal
promoter for the inducible transgene. Thus, plasmid-based systems work best
when each gene is carried by a separate plasmid. An advantage of this approach,
of course, is that plasmid ratios can be adjusted to optimize performance. This
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feature was exploited for the plasmid-based tetracycline- and antiprogestin-induc-
ible systems [28,41].

A single AAV vector that carried the two genes for a tetracycline-inducible
system also suffered from elevated levels of basal expression [29]. Owing to
strict space limitations, the AAV-based dimerizer-inducible system will always
require at least two separate vectors even when single vectors carry multiple
components. For one embodiment [32], one vector carried the inducible
transgene, and the second vector carried a transcription unit for both monomeric
subunits by utilizing an internal ribosome entry site (IRES) element. A problem
with this approach is that IRES-dependent translation is about 10-fold less effi-
cient than normal cap-dependent translation, and thus the subunits are not pro-
duced in equimolar amounts. For another embodiment [33], a gene for one of
the subunits was combined into the vector carrying the inducible transgene. When
this vector, plus the one that encoded both subunits, was evaluated in vitro, sub-
stantial elevations in basal expression were observed. However, when evaluated
in vivo, the levels of basal expression were acceptable. These data suggest that
the transformations of the AAV genomes that occur following in vivo delivery
can have a substantial impact on levels of basal expression.

C. Maximal Levels of Expression

The levels of expression attained by the drug-dependent regulation systems, when
maximally turned on, appear to be comparable to those of constitutively active
CMYV promoter—driven constructs [28,33,38]. Thus, the chimeric regulator pro-
teins employed by the various systems are highly potent transcriptional activators.
The most potent system was the Ad-based antiprogestin-inducible system, deliv-
ered by intravenous injection, which yielded circulating levels of hGH of 10 pg/
ml in mice [42]. This was particularly impressive, since hGH has a serum half-life
of approximately 4 mins. In contrast, the Ad-based and AAV-based rapamycin-
inducible systems, delivered by intramuscular injection, provided circulating lev-
els of hGH in mice of 5 ng/mL and 1 ng/mL, respectively [33]. No data on hGH
expression with a plasmid-based regulation system have been reported.

D. Kinetics

The antiprogestin-inducible system displayed induction and decay kinetics that
were rapid. Induction of EPO or hGH expression by plasmid-based or Ad-based
systems reached peak levels in mice within 24 hrs of mifepristone dosing, and
baseline levels were restored after 72—96 hours [38,42]. Induction of SEAP ex-
pression peaked at 2—3 days, but this reflects the long half-life of the SEAP
protein in blood [38]. In contrast, the dimerizer-inducible system displayed rapid
induction kinetics but slow decay kinetics. Thus, induction of EPO or hGH ex-
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pression by Ad- or AAV-based systems was maximal in mice or rhesus monkeys
within 24 hrs of rapamycin dosing, but the return to baseline required 10-20
days and was sometimes incomplete [32,33]. These data suggest that rapamycin-
induced EPO or GH mRNAs are very stable, or that the heterodimeric regulator
protein, which is held together by rapamycin, remains in an active state for a
prolonged period of time even after free rapamycin has been completely elimi-
nated (the elimination half-life for rapamycin in mice is 2—5 hrs). Detailed kinet-
ics for the AAV- or plasmid-based tetracycline-dependent systems in vivo have
not been reported except that induced levels of EPO expression returned to base-
line levels within 10 days of cessation of doxycycline dosing [28].

E. Duration

All of the regulation systems remained functional for many months following
delivery to animals. AAV-based systems, when delivered to mice by intramuscu-
lar injection, showed retention of function for at least 4 months (tetracycline
repressible), 7 months (tetracycline inducible), or 10 months (dimerizer induc-
ible) [26,29,33]. Ad-based systems, when delivered to mice by intramuscular
or intravenous injection, retained function for at least 2 months (antiprogestin
inducible) or 5 months (rapamycin inducible) [33,42]. Plasmid-based systems,
when delivered to mice or rats by intramuscular injection with electroporation,
remained functional for at least 2 months (tetracycline inducible) or 8 months
(antiprogestin inducible) [28] (see Fig. 5). These data demonstrate that the
transfected cells tolerated the chimeric regulator proteins, and that robust cellular
immune responses directed against these cells were not generated. For the AAV-
and Ad-based systems, induced levels of expression were similar at different
times following vector delivery, implying that the viral genomes have attained
a steady-state condition. This is fortunate, for readministration of viral vectors
is difficult owing to immune responses against viral protein moieties. For the
plasmid-based systems, induced levels of expression may decline gradually, im-
plying that plasmid genomes are slowly lost over time (see Fig. 5). However, an
important feature of plasmid-based systems is an ability to be readministered
[28]. Thus, it should be possible to restore regulated transgene expression by
delivering plasmids with electroporation to the same or different muscle site.

In rhesus monkeys, the retention of function for an AAV-based rapamycin-
inducible system for rhesus EPO expression was erratic, lasting for only a few
months in some animals, but exceeding a year in others [32,43]. This could reflect
instability of AAV viral genomes or cellular immune responses. Antibodies to
the strongly immunogenic HA epitope of the regulator proteins were detected
in serum several months after gene delivery, but circulating antibodies are not
necessarily indicative of a cellular immune response. As these regulated gene
therapy systems move toward human clinical use, it will be important to under-
stand better the limitations presented by nonhuman primates.
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F. Ligand

An ideal ligand would be one that regulates transgene expression in a dose-depen-
dent manner, is orally bioavailable, and has no other activities. None of the cur-
rently available ligands fits all of these criteria. Doxycycline is a widely used
antibiotic, rapamycin is a potent immune suppressor, and mifepristone is an anti-
progestin that has abortifacient activity at high doses. However, better ligands
can be developed. The binding pockets of the different chimeric regulator proteins
are well characterized in structural terms and are known to be malleable. More-
over, the development of cell lines for high throughput screens to identify next-
generation ligands is straightforward. Using computer-aided design or directed
mutagenesis and selection, one can identify modified LBDs that specifically inter-
act with modified ligands. These types of methods were used to identify the
original progesterone receptor mutant that gained the ability to be activated by
mifepristone [34], and should be applicable to the identification of related com-
pounds with reduced antiprogestin activity. In addition, these methods have been
used to isolate rapamycin analogs (rapalogs) with reduced immunosuppressive
activity [30].

Key issues for the currently available ligands are the nature and extent of
side effects that occur at the dosages and schedules needed to produce the desired
therapeutic effect. For example, intermittent administration of low doses of li-
gand, which are likely to be well tolerated by patients, may be sufficient to induce
EPO expression to elevate and maintain hematocrit levels in anemic patients.
However, the applicability of this type of ligand dosing strategy to other regulated
transgenes of therapeutic interest would have to be determined on a case by case
basis.

G. Immunogenicity and Toxicity

The chimeric structure of the regulator proteins introduces a risk of immune re-
sponses, and the potent DNA-binding and transcriptional-activation activities car-
ried by these proteins could interfere with normal intracellular mechanisms and
introduce toxicities. With all of the systems to date, however, the durability of
drug-controllable expression in rodents and primates suggests that these effects
are minor.

The tetracycline-regulator proteins (tTA and rtTA) are composed of bacte-
rial and viral sequences, with one fusion junction, and are not humanized at all.
They have been associated with the inhibition of the proliferation of cells in
culture and toxicities in transgenic mice [46,47], but no evidence for toxicity has
emerged from in vivo gene transfer studies so far. However, the risk for toxicity
is increased if strong promoters, like the CMV promoter, are required to express
the gene for the tetracycline-regulator protein. The use of a less active, tissue-
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specific promoter, like that utilized by Rizzuto and coworkers [28], reduces the
risk of immunogenicity or toxicity.

For the dimerizer-inducible system, the DNA-binding subunit is 94% human-
ized in sequence with four fusion junctions, and the transcription activator subunit
is 90% humanized with one fusion junction. The large proportion of human se-
quence in these proteins should minimize the prevalence of foreign epitopes, but
novel epitopes might nonetheless arise from the multiplicity of junctions. The
DNA-binding subunit should bind to its DNA target with equal affinity either as
an inactive monomer or as an active heterodimer, but only the latter should activate
transcription. The activator subunit should be without function as a monomer, but
it could interact with other transcription factors or related proteins and cause toxic-
ity by squelching or other mechanisms. The intracellular concentration of the acti-
vator subunit appears to a critical variable, which makes sense if the DNA-binding
subunit is primarily bound to the DNA and the activator subunit is freely diffusible.
The need to produce high levels of the activator subunit increases the risk for toxic
or immune responses. The elements in the inducible promoter that comprise the
binding sites for the regulator protein are only 12 bp in length, which means that
multiple exact copies, as well as hundreds of near perfect copies, are found in
endogenous human DNA. Thus, there may be a risk of altering the expression of
certain endogenous genes, the consequences of which are unknown.

The GeneSwitch regulator protein, composed of yeast and human se-
quences, is 83% humanized with two fusion junctions. The yeast DNA-binding
domain and the two junctions may be sources of foreign epitopes. The inactive
monomeric form of the regulator protein, like other inactive nuclear hormone
receptors, is probably maintained in inert complexes with heat shock proteins,
immunophilins, and other proteins. This may be important, because inert com-
plexes should limit the availability of the regulator protein for squelching or other
deleterious interactions, and thereby reduce the chance of toxic responses. The
antiprogestin-inducible system appears to function best when tissue-specific pro-
moters are used to control the gene for the regulator protein. Since tissue-specific
promoters are relatively inactive, the intracellular levels of regulator protein
should be reduced, which further decreases the likelihood of toxicity. Tissue-
specific promoters also limit the possibility of expression in nontarget tissues,
particularly cells of the immune system, which also decrease the likelihood of
immune responses.

Vil. SUMMARY

The ability to provide long-term drug-controllable expression of genes for circu-
lating therapeutic proteins is a significant advance to the field of gene therapy.
Controlled, continuous production of natural forms of therapeutic proteins should
be more convenient than regular, repeated administration of injected recombinant
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proteins that often have short half-lives. Long-acting controllable gene therapy
systems have the potential to be more efficacious by avoiding troughs that drop
below therapeutic levels, and to be safer by avoiding peaks that exceed the level
required for therapeutic effect. One of the challenges of gene transfer is to achieve
predictable and consistent dose-dependent expression of genes following deliv-
ery. An advantage of drug-controlled gene transfer systems is that genes can be
delivered in a relatively dose-independent manner, because expression levels are
mainly controlled by the dose and/or schedule of the inducing drug. Thus, drug-
regulated gene systems have potential to provide more consistent and predictable
expression than is achievable with constitutively expressed genes.

Achievement of these performance goals will require improvements in the
properties of drug-controllable gene transfer systems. The immediate challenge
is further improvement of the tightness of regulation, and this will be addressed
by alterations in minimal promoter structures, by modifications to the structures
of regulator proteins, and by optimizing the transcription units and vectors that
carry them. Additional challenges are the characterization of new, safer ligands
and understanding the long-term consequences of chimeric protein production
in transfected cells. Work in all of these areas is in progress, and substantial
improvements have been reported for several systems [48—52]. In vivo gene ther-
apy studies, particularly ones conducted in larger animals, will be needed to eval-
uate fully the various modifications. The near future promises to be exciting, and
one should look forward to the development of drug-controlled systems that will
be more fully suitable for human gene transfer studies.
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. CATIONIC LIPIDS IN GENE TRANSFER

For over a decade, cationic lipids have been used for gene transfer both in cell
culture and in animals [1,2]. A cationic lipid is a positively charged amphiphile
with a hydrophilic head and a hydrophobic tail that self-associates in aqueous
solution to form either micelles or bilayer liposomes (Table 1). This results in
a multivalent particle which can then interact with the negative charges on a
polynucleotide, such as DNA. This complex of cationic lipid and DNA has been
given the term lipoplex [3].

The goal of cationic lipid—mediated gene transfer is to deliver a plasmid
of DNA to a cell such that it becomes transcribed and translated into a desired
protein/peptide (Fig. 1). The sequence of events involved in cationic lipid—medi-
ated gene transfer include, but are not exclusive to (Fig. 1): (1) the formation of
the cationic lipid into a liposome, providing a multivalent surface charge that is
(2) attracted via electrostatics to the negative charges on the DNA phosphate
backbone. This mixture of cationic lipid and DNA forms, (3) a small particle,
or lipoplex, on the order of 80—-400 nm in diameter. If these particles have an
excess of positive charge they will, (4) bind to the negative charges on the surface
of cells. The principal component through which the lipoplex binds is thought
to be the sulfated sugar residues of cell surface proteoglycans. The complexes
become (5) internalized through a vesicular pathway, followed by (6) the release
of DNA from the lipoplex into the cell cytoplasm. The release of DNA is thought
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Table 1 Cationic Lipids

Lipid/DNA Ratio Reference

poTMa 2.67 mol: 1 mol (in COS-7 cells) 1
1.21 mol: 1 mol (in CV-1 cells) 1

i,i,_/Eo 0.6 mol: 1 mol 10
! 0.5 to 2.67 mol:1 mol 51
DE-Lhol 1.65 mol: 1 mol 10

Y g
Nlh\/xﬁ)\a

jn, '(J-/_[ 1-3 mol/1 mol 9
Ve
‘—\_\_\ 2-3 mol/1 mol 35
PL? +*

A
GL&T
. 1
H o /‘\(C;SRN 0.67 mmol/4.8 mmol 6
H?”WNMLQW
NMz
DMAE 0.09-0.7 mol/1 mol 5
O S

to occur concomitantly with the release from the cationic lipid. Then some frac-
tion of the released DNA is (7) successfully trafficked by, as yet, an unknown
mechanism to the nucleus where it is transcribed and later translated to protein.
Each of these uptake and trafficking processes represents a stochastic event in
which only a small fraction of DNA proceeds to the next step. These cellular
barriers to gene transfer are reviewed in depth by Meyer et al. [4] and will only
be discussed as relevant to the known and hypothesized mechanisms of cationic
lipid—mediated gene transfer.

As new molecules are synthesized and studied, we gather more information
about how these lipids interact with polynucleotides, how they deliver their geno-
mic payload, and how they can induce cell toxicity at higher doses. For most
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(3) DNA condensation
o, ‘:. DNA to form lipoplex
(=)
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(2) Electrostatic
attraction with DNA
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liposome

(4] Cationic particle
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Figure 1 Proposed mechanisms of cationic lipoplex condensation and uptake. (1) A
cationic liposome is attracted by electrostatics to (2) the negative charges of DNA forming
(3) a lipoplex. (4) Lipoplex binding to the cell surface, (5) internalization, (6) the release
of DNA from the lipoplex, and (7) in the nucleus, where RNA is transcribed.

applications, cationic lipid vectors still require higher gene transfer efficiency to
render a significant therapeutic effect. Knowledge of the specific mechanisms by
which the cationic lipids promote gene transfer would give insight into the limita-
tions and the potential of these vectors and lead to new innovations for improved
in vivo delivery. In addition, researchers would be able to make predictions re-
garding which applications would benefit from the utilization of cationic lipids
in gene delivery.

A. Development of Cationic Lipid Formulations

The earliest applications of cationic lipids as gene transfer agents were reported
by Felgner et al. [1] where gene expression was demonstrated in vitro using
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Figure 2 Cartoons of cationic lipids and helper lipids shown as a micelle, single compo-
sition and mixed composition liposomes, and in an inverted hexagonal phase. Proposed

lipid mixing model of fusion of cationic liposome with a target, i.e., endosomal, mem-
brane. (Adapted from Ref. 24.)

DOTMA (see Fig. 1). Subsequent utilization of the same formulation in animals
by Brigham and colleagues showed evidence of gene transfer in the lung [2].
Since then, numerous cationic lipids have been synthesized, varying in head
group chemistry, acyl chain length and saturation, and head group to tail linking
chemistry. Felgner et al. [5], Lee et al. [6], Byk et al. [7], and Wang et al. [8]
are a few of the many studies attempting to correlate chemical structure with
transfection activity. Ironically, some of the original cationic lipids including
DOTMA, DOGS [9], DC-Chol [10], DOTAP , and lipid #67 [6] remain among
the more effective lipids currently used in vitro, in vivo, and in the clinic.

The first indication that a helper or colipid could modulate gene transfer
efficiency came from the original Felgner study [1], in which DOTMA formu-
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lated with dioleoylphosphatidylethanolamine (DOPE) had greater transfection ac-
tivity than when formulated with dioleolyphosphatidylcholine (DOPC). DOPE
tends to form an inverted hexagonal (Fig. 2) phase and does not promote a stable
bilayer by itself at neutral pH. It was proposed that DOPE promoted fusion of
the lipid-based complex with the cell membrane better than did DOPC. This
difference in activity between DOPE and DOPC was also observed using DC-
cholesterol (DC-Chol) formulations [11]. Numerous studies have examined a va-
riety of helper lipid derivatives [12,13] to varying degrees of improvement. One
of the commonly used colipids is cholesterol, which has been demonstrated to
improve gene transfer in the presence of serum-supplemented culture medium
and in vivo [14,15,32]. One hypothesis for this effect is that cholesterol stabilizes
the bilayer against interactions with serum components, thus preventing degrada-
tion of the lipoplex particle. Although this property may not be necessary for in
vitro transfections, it is important in vivo to prevent premature destabilization of
complex before it reaches its target tissue (see Sec. III.A).

Despite efforts to converge on a rational approach to selecting a cationic
liposomal formulation, no robust structure—activity relationship has been derived.
The important features of the cationic liposome appear to be (1) a tertiary or
quaternary amine on the cationic lipid head group; (2) a sufficient membrane—
destabilizing/fusion characteristic either by the acyl chain lengths or unsaturation
within the cationic or colipid; (3) a liposome of uniform size; and for intravenous
efficacy, (4) a cholesterol component; and (5) an excess of positive charge. Al-
though subtle formulation and technique differences may affect the overall levels
of gene transfer and expression, these are “rules of thumb” that allow the investi-
gator to attain consistent and efficient gene transfer.

Il. NAKED DNA MEDIATES GENE TRANSFER

The injection of plasmid DNA alone has been shown to be sufficient for gene
expression in the muscle, liver, lung, and brain. The ability for naked DNA to
transfect striated muscle is attributed to the structural characteristics of mature
myofibers (transverse tubule system, sarcoplasmic reticulum, and multinucle-
ation), facile DNA diffusion through the cytoplasm of a myofiber [16] and a
putative receptor for polynucleotide uptake [17,18]. In the liver, several adminis-
tration techniques mediate naked DNA gene transfer including direct liver injec-
tion [19], intraportal injection [20], high volume hydrodynamics injection [21].
Direct instillation of DNA into the lung airway has also been shown to produce
low levels of gene transfer [22].

These data indicate that naked DNA is effective in certain applications;
however, the incorporation of cationic lipids may be advantageous depending on
the property that it provides as a gene delivery system. Some of the advantages
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of cationic lipids include protection from nuclease degradation, binding and tar-
geting properties, lipid mixing interactions with cell membranes (for intracellular
entry of DNA/nucleotide), or adjuvant effects for vaccination and immune re-
sponse. These mechanisms and the toxicity associated with cationic lipids will
be the scope of this discussion in the following sections.

lll. MECHANISMS OF CATIONIC LIPID GENE DELIVERY
A. Protection/Stability in Physiological Medium

Cationic lipids protect plasmid DNA from degradation in both cell culture and
in the physiological milieu [23,24]. Early biophysical studies showed that DNA
becomes encapsulated or encapsidated by the lipid, with a charge neutralizing
effect which promotes condensation of the DNA polymer into a compacted parti-
cle [25]. Increasing the amount of cationic lipid preserves the circular integrity
of plasmid DNA when exposed to either blood serum, cell culture medium, or
purified nucleases [24,26,27]. It is thought that the excess lipid covering the DNA
creates a steric hindrance, and that nucleases are prevented from binding to DNA
in its compacted state. As a result, in vitro gel retardation and DNase I degradation
assays are now employed to demonstrate and predict sufficient particle condensa-
tion for use in transfection [23,24].

The relevance of protection from DNases depends upon the route of admin-
istration, since the plasmid DNA may be exposed to different amounts of degrad-
ing enzymes in different compartments. The nuclease activity in mouse serum
is reported at 5.0 X 10* U/mL of serum, and is characterized primarily as endo-
nuclease in specificity [28]. Endonucleases are also measured in mouse liver
(3.16 X 10° U/mg), lung (5.93 X 10* U/mg), and muscle (4.07 X 10* U/mg), and
are most likely present in the extracellular space [28]. The existence of nucleases
in serum and tissues influences the half-lives of plasmid DNA in these compart-
ments. Kawabata and colleagues measured the half-life of plasmid DNA at 10
mins in whole blood (29). When administered by instillation into the lung, 50%
of the original DNA dose is eliminated by 60 mins with no detectable plasmid
DNA by 6 hrs by Southern analysis [22]. In muscle, the reports vary from rapid
elimination, that is, 95% within 90 mins [30] to a moderate elimination rate where
DNA persists until 3 hrs [17] or 6 hrs [31].

Formulation of a plasmid DNA with a cationic lipid prolongs its half-life
in bronchiolar lavage fluid and its in vivo residence time in the airways [32,33].
Similar studies with cationic lipoplexes incubated with isolated blood serum have
shown prolonged half-life [26,34]. Indeed, the exposure of cationic lipid/DNA
complexes to serum or serum components results in some dissociation of DNA
from the lipoplex [24,26,27], allowing degradation by serum nucleases to occur.
However, formulations that are more resistant to serum dissociation also tend
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to have better activity in vivo [26,32]. Presumably the more stable complex will
prolong the half-life of the intact plasmid in the physiological milieu, thereby
increasing the probability that a transcriptionally active plasmid will be taken up
by the cells.

B. Cellular Binding
1. Effect of Charge Ratio and Size/Sedimentation

Part of the gene transfer activity/efficiency is attributed to the particular chemistry
of cationic lipid used (e.g., DOTMA, DOGS, DMRIE, DC-Chol) and to an attrac-
tive force between the positive charges of the vector and the negative charges
on the cell membrane. With all cationic lipoplexes developed to date, increasing
the lipid to DNA composition results in increasing levels of cell binding and of
gene expression until the high concentration of lipid results in toxicity and cell
death. The composition at which transfection becomes detectable at high levels
usually depends on the number of amines on the lipid head group and the nature
of those amines (e.g., quaternary, tertiary). The most effective and consistent
cationic lipid formulations are prepared with a net excess of positive charge
[5,11,35,36]. Thus, the amount of binding is positively correlated with increasing
cationic charge ratio.

The computed cation to anion ratio can be compared to the actual charge
exhibited by the lipoplex using measurements of particle surface charge, or zeta-
potential. The zeta-potential usually transitions from negative to positive between
the 1:1 and 2:1 theoretical net charge. Slight variations in the transition point
may occur based on the ionic concentration of the medium, the pH of the medium,
and the actual pKa’s of the amines [5,37]. Complexes made with an excess of
lipid have been shown to be a heterogenous mixture of lipid/DNA particles and
free liposomes [38,39]. Such preparations may be purified of free lipid/liposomes
by gradient centrifugation, thus obtaining a stable particle which usually exhibits
a slight positive charge [38,39]. This suggests that an equilibrium state can be
achieved for condensation of the complex. Whereas these separated complexes
had reduced gene transfer activity in serum-free conditions, they exhibited less
toxicity and demonstrated better activity in serum supplemented medium [39].

In regimens where a negative surface charge is exhibited, size of the com-
plex and its sedimentation appear to be important. As the charge composition
approaches unity, aggregates sediment onto cells. Felgner and colleagues [5], in
a study using multi-lamellar vesicles and small unilamellar vesicles found that
larger complexes were more effective in cell culture [5]. Ross et al. have also
reported that a larger sized particle can bring about transfection in the presence
of serum [40]. This is reflected in the transfection time required for activity, and
levels of expression are, in general, diminished.
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2. Role of Heparan Sulfate Proteoglycans

The binding of cationic lipid complexes to cell surface proteoglycans was first
characterized by Mislick and Baldeschwieler [41]. These sulfated polysaccharides
present a strong negative charge on the surface of the cell and are ideal binding
sites for positively charged particles. In particular, heparan sulfate proteoglycans
are implicated in many polyamine uptake processes [42]. The susceptibility for
cationic lipid—mediated gene transfer can be correlated to the level of proteoglycans
expressed on the cell surface, which may vary between different cell culture lines
[41,43]. The enzymatic digestion (heparinase I and II and chondroitinase ABC) of
cell surface proteoglycans, or the inhibition of proteoglycan sulfation, has been
reported to significantly decrease binding of cationic complexes and reduce the
level of gene expression [41,42,43]. Complex uptake and expression was also
shown to be modulated by stably transfecting a syndecan-1 cell surface proteogly-
can on the cell surface [43]. These data provide strong evidence that heparan sulfate
proteoglycans are a major binding site for cationic lipid complexes.

In addition to providing surface binding sites for lipoplexes, glycosamino-
glycans may also interfere with gene transfer at different steps in the uptake path-
way. Externally added proteoglycans have been shown to inhibit cellular binding
of positively charged complexes by competing with cell surface receptors for bind-
ing of the complex. When added to cell culture medium, heparan sulfate and hepa-
rin, but not chondroitin sulfates A, B, or C or hyaluronic acid, were shown to
reduce cellular binding of lipoplexes and overall gene expression of the cationic
lipid/DNA complexes [41,43]. In addition, heparin and other sulfated gly-
cosaminoglycans (dextran sulfate and heparan sulfate in particular) will cause a
dissociation of the lipid and DNA components [24,44,45]. This would lead to in-
creased degradation by nucleases and a reduced cationic charge for binding to cells.
This dissociative effect has also been demonstrated to disrupt previously bound
lipoplex in the pulmonary vasculature and reduce gene expression in the lung [46].

There is also evidence that soluble, extracellular proteoglycans can be inter-
nalized with the cationic complexes and may inhibit expression of gene products
[47]. This may explain why hyaluronic acid was observed to abrogate gene ex-
pression mediated by DOGS and fractured dendrimer without having a direct
effect on the complex stability [45]. This could also be due to coating the positive
charges on the lipoplex to provide “shielding” so the lipoplex cannot interact
with the cell surface through charge interactions.

It is clear that proteoglycans play multiple roles in the gene transfer process.
Further investigation into the mechanisms of transfer and cellular protection will
be important to the application of cationic lipids in vivo/gene delivery.

C. Internalization/Endosomal Escape

Although increased binding will usually lead to increased expression in a given
formulation, comparative levels of binding between formulations do not always
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correlate with the levels of gene expression [48—50]. This observation suggests
that cationic lipids have a mechanistic effect downstream of binding.

Internalization of the cationic lipid complex is known to occur via a vesicu-
lar process; most likely endocytosis [51-54] in vitro and in vivo [55]. Both lipid
and DNA components have been visualized by fluorescence microscopy and by
electron microscopy within vesicular compartments of the cell [52,53]. However,
since a specific receptor for the complex has not been identified, it is difficult to
predict the typical trafficking pathway for these vesicles. It is assumed that the
endosomes mature to late endosomes and then become fused with lysosomes.
With certain cationic lipids, the addition of a pH buffering agent (chloroquine—
ammonium chloride), a pH/salt gradient disrupter (monensin, bafilomycin A) or
a nuclease inhibitor [56] have been reported to increase gene expression levels.
These agents are most active in perturbing the lysosome, and thus may prevent
acid-mediated plasmid degradation or prevent acid activation of nucleases. In
this way, DNA may persist for longer times within the vesicle. Presumably, this
increased in situ time would be sufficient to allow a greater probability of plasmid
escape from the vesicle.

In all electron microscopic studies of internalization, both lipid and DNA
can be observed in the vesicular compartment. However, DNA is rarely observed
free within the cytoplasm, indicating that release of DNA from the endosome is
a relatively infrequent process [13,52,53,55]. Because cationic lipoplexes have
been observed to interchange or mix their lipid with anionic liposomes, it is
reasonable to hypothesize that lipoplex interactions with the cellular membrane
are likely. In studies with oligonucleotides, endocytosis is followed by the con-
centration of the oligo within the nucleus, whereas the lipid is localized in punc-
tate cytoplasmic compartments (44). This suggests that lipid and nucleotide disso-
ciate completely before entering the nucleus.

Fusion of the cationic lipid complex does not appear to occur to a large
degree at the cell surface. However, the close proximity of complex and cell
membrane within the enclosed volume of the endosome provides a large surface
area for contact between the cationic lipid and endosomal membrane [24,44].
Fusion of the membranes may be further enhanced by ion pairing and lipid mixing
between the cationic lipid and the anionic lipids within the endosomal membrane
[24,44,57].

The capacity of the lipid complexes to intermix with secondary membranes/
liposomes has been demonstrated using DNA release data [24], fluorescence de-
quenching [57], and fluoresence energy transfer [44]. With some cationic lipids,
the inclusion of DOPE, which tends to form an inverted hexagonal phase (see
Fig. 2), increases in vitro levels of gene transfer compared to the cationic lipid
alone [5,10,11]. Wrobel and Collins [54] observed that DOTAP: DOPE complexes
exchanged lipids more rapidly than DOTAP:DOPC complexes—correlating with
the expression data [1,10,13] Analogs of phosphatidylethanolamine had varied
potency on gene expression; again suggesting that the lipid has an effect down-
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stream of binding [11,12]. The positive correlation between the propensity to ex-
change lipids and efficient gene transfer further supports the notion that cationic
lipids facilitate release of DNA from the endosome.

Cationic lipids which have multiple, protonizable amines such as, for exam-
ple, DOGS and DC-Chol may take advantage of the inherent buffering capacity
of these polyamines. This “proton-sponge” effect which promotes a continual in-
flux of ions and water, causing a disruption of the vesicle [9,58,59]. In the case of
these lipids, the addition of other lysosmotropic agents has little additional benefit.

D. Nuclear Entry

The nuclear envelope is composed of two lipid membrane bilayers (Fig. 3), creat-
ing a formidible barrier between the cytoplasmic and nuclear compartments. The
inner and outer membranes are connected at nuclear pore complexes (NPCs)
interspersed throughout the envelope (Fig. 3). Transport in and out of the nucleus
is controlled by these pore complexes, limiting diffusion to molecules less than
60 kD (less than 9 nm in diameter) and actively transports larger macromolecules
with protein carriers. These “karyopherins” are free in the cytoplasm and bind
to nuclear localization sequences on proteins. Once bound to their cargo, the
karyopherins (usually in the form of a heterodimer) bind to the cytoplasmic face
of the nuclear pore complex. Hydrolysis of adenosine triphosphate (ATP),
through a Ran/GAP ATPase, drives the transport of the cargo protein into the
nucleus [4]. Viral gene delivery vectors often have their own nuclear targeting
proteins associated with the genome. This greatly facilitates the rate of nuclear
uptake of DNA and the efficiency of viral gene transfer [4].

Nuclear entry is a tremendous barrier for DNA in the cytoplasm. The signif-
cance of this barrier for delivery of a DNA plasmid (10 MD in size) has been
elegantly demonstrated in a series of nuclear and cytoplasmic microinjection
studies [52,60,61]. Injection into the cytoplasm yields approximately 1000-fold
less expression than injection into the nucleus. One potential solution to this
problem is to use a cytoplasmic expression system, where a RNA—polymerase
is coadministered with the plasmid [62]. Just getting to the nuclear membrane is a
barrier, since diffusion within the cytoplasm is size limited [63], and cytoplasmic
nucleases can degrade the plasmid into unreadable fragments [64].

Cationic lipids are not believed to have a specific role in the nuclear uptake
of plasmid DNA. In fact, nuclear microinjection of cationic lipid/DNA com-
plexes inhibits transcription [16]. However, there may be a protective role for
cationic lipids and polymers within the cytoplasm, preventing degradation or per-
mitting diffusion of the compacted particle. Cationic polymers, on the other hand,
have been suggested to mediate nuclear transport of DNA. This is based on the
observation that polylysine is reminiscent of the nuclear localization sequence
peptide (NLS sequence, PPKKKRKYV). In addition, polyethyleneimine has been
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Figure 3 Cartoon of the nucleus with nuclear pore complexes. Active transport of pro-
teins into the nucleus is stimulated by the exposure of a nuclear targeting peptide sequence,
such as the SV40 large T-antigen NLS consensus sequence, shown (PPKKKRKYV). A
heterologous dimer of o and B karyopherins bind the NLS and mediate docking to the
nuclear pore complex and to a Ran—GTPase, which mediates translocation of the protein.

reported to have nuclear localization activity that results in nuclear transport of
cytoplasmic microinjected polymer/DNA complexes [65]. Conjugation of a NLS
peptide to DNA has been shown to increase gene transfer, but only to a modest
extent [66,67]. The best enhancement by NLS peptides were seen using a single
NLS rather than multiple conjugates [67].

The most likely route of nuclear entry is the incorporation of plasmid during
reformation of the nucleus after cell division. This is indirectly supported by
evidence that gene transfer occurs most readily in dividing cells [48,52,68] soon
after seeding. Direct evidence was reported by correlating gene expression with
the localization of a fluorescent oligo: plasmid within doublets of cells [69]. Un-
fortunately, this would imply that only a subset of the cell population would
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be transfection competent, and some tissues, such as nervous tissue, would be
particularly refractory to gene transfer. The use of nuclear localization signals
have shown some improvement in gene transfer efficiency, but other strategies
may also be employed. These might include the use of a DNA cis-element which
is recognized by a nuclear protein. Alternatively, a transport protein, such as the
simian virus 40 (SV40) large T antigen, could be delivered with the plasmid [70].
A convergence of both viral and synthetic systems are likely on this issue.

The cationic lipid—mediated mechanisms of lipoplex binding, internaliza-
tion, endosome escape, and nuclear entry are believed to be relevant to both cell
culture transfections and to gene transfer in animals. However, there are addi-
tional complications in animals, such as targeting the appropriate site of action
and interactions with biofluids and serum proteins which modulate the nature of
the lipoplex. The following sections will discuss the pertinent issues of lipoplex
administration intravenously and via the airways (intratracheal administration)
and the hypothesized mechanisms of in vivo lipid-mediated gene transfer.

IV. IN VIVO MECHANISMS OF CATIONIC LIPID GENE
DELIVERY

A. Lung Anatomical and Physiological Considerations

Most investigations of gene delivery to the lung use one of two routes of adminis-
tration: through the airways or through systemic administration. Administration
via the airways eliminates direct exposure of lipoplex to several organ systems
and, in theory, is fairly well contained to the lung. Anatomically, the airways begin
at the nasal cavity and continue down through the oropharynx and trachea. Air
is channeled into the two bronchi, which progressively branch out into the lung
parenchyma, forming the conducting airways of the lungs (Fig. 4). The conducting
airways serve to hydrate, warm, and condition the incoming air and to trap airborne
particulates and pathogens. This function is provided, in part, by the layer of mucus
that coats the upper airways of the lung. Note that in the mouse, there is no signifi-
cant mucous layer present in the trachea and bronchi [71,72].

The surface epithelia of the trachea and bronchi/bronchioles are composed
of ciliated cells, goblet or secretory cells with microvilli, and basal cells (Fig.
5). The underlying submucosal cells, composed of serous and mucus-secreting
cells, provide the highly negatively charged and viscous protective layer that
lines the airways. These submucosal cells are believed to regulate the ClI™ and
Na™ transport that modulates the water content and viscosity of the aqueous solu-
tion layer and mucous. The ciliated cells of the mucosal epithelium beat in syn-
chrony to move continually the mucous layer upward and away from the deep
regions of the lung.

The epithelia of the terminal and respiratory bronchioles (Fig. 6) are less
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Figure 4 Branching airways cast of the lung airways. Trachea (T), bronchus (B), pulmo-
nary artery (PA), and pulmonary vein (PV). Designation of branching through the airways;
Z is the branch generation. (From Ref. 71.)
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Figure 5 Epithelia of the trachea (top) and bronchioles (bottom). Note the cilia of the
columnar cells (C); brush cells (BC), basal cells (B), and lamina propria (LP) of the tra-
chea. Epithelium (E) of the bronchioles is folded; arrows point to the prominent smooth
muscle. Connective tissue (CT), lamina propria (LP), and lung tissue (LT) are shown.
(From Ref. 107.)
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Figure 6 Terminal bronchus (T) splits into respiratory bronchioles (R),which lead into
the alveolar ducts (AD). Alveolar sacs (AS) and individual alveoli (A) can be seen. A
blood vessel (B) running parallel to the bronchioles can also be seen. (From Ref. 108.)

columnar and are nonciliated, although they continue to generate secretions
through both goblet cells and clara cells. Clara cells are cuboidal, nonciliated
cells that are more prevalent through the transition region between conducting
airways and the gas exchange alveoli. The respiratory bronchioles are the first
regions to permit gas exchange with the pulmonary blood vessels, and they fan
out to form the delicate alveolar acini (alveolar sacs and individual alveoli). In
the alveoli, there is intimate contact between the type I/type Il pneumocytes of the
epithelia and the endothelium of the pulmonary capillaries. The distance between
airway and blood vessel lumen can be as close as 200 nm (Fig. 7). Type II pneu-
mocytes are characterized by the their cuboidal morphology and by their large
secretory granules which supply the surfactant for the alveoli gas exchange sur-
face. Type I pneumocytes are flat, squamous cells with protruding nuclei (com-
posing 95% of the alveolar surface but only half the number of alveolar epithelial
cells) and are the cells which facilitate gas exchange.

The surfactant layer is composed mostly of phospholipids (primarily satu-
rated and unsaturated phosphatidylcholine) with a small contribution, 5% by
weight, by surfactant proteins/apoproteins. It covers the large surface area of the
alveolar sacs and reduces surface tension at the air—water interface, so as to re-
duce the effort required for repeated expansion and collapse of the lung. Surfac-
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Figure 7 Electron micrograph of the alveolar septum. A type I pneumocyte (P)) lies
adjacent to the basement membrane (BM) and capillary endothelial cell (E). A red blood
cell is shown in the capillary lumen. (From Ref. 108.)

tant protein and lipids are secreted from clara cells and type II pneumocytes,
some of which form the surfactant layer, hydrophobic tail side out, and the re-
maining form a lattice of tubular myelin. It is reasonable that these lipid compo-
nents have the potential to intermix with cationic lipid/DNA complexes and inter-
fere with their delivery to the underlying epithelial cells.

Systemic administration of lipoplex gains access to the lung through two
distinct circulatory systems: the pulmonary and bronchial systems. The bronchi
of the lung obtain their blood supply from the intercostal arteries off the aorta.
They feed the lung tissue through a network of arteries proceeding around the
bronchi, penetrating the adventitial layers and submucosal layers. Some of the
bronchial capillaries will anastamose with the pulmonary circulatory system,
whereas the majority will return to the heart through the vena azygos. The pulmo-
nary vasculature, on the other hand, makes a small circuit to and from the heart
and is responsible for replenishing the blood’s oxygen supply. The pulmonary
capillaries are separated from the lung epithelium by a thin basement membrane,
and provide a large surface area for gas exchange to occur (~50 mm?/20 g mouse;
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140 m? in humans [71]. This large epithelial-endothelial contact area provides
a large target surface to which the cationic lipoplex can be delivered.

The pulmonary capillaries are approximately 5—6 |g in diameter and are
lined with a thin contiguous endothelium. The endothelial cells form a thin mono-
layer connected by tight junctions and are characterized by their lack of organelles
as well as highly vesiculated membranes. These vesicles provide the function of
endocytosis into the cell interior and transcytosis to the basal membrane. Nonspe-
cific membrane interactions via electrostatics, may result in fluid phase uptake via
pinocytosis, whereas specific adsorption leads to classic endocytosis into clathrin-
coated vesicles. Another attribute of the capillary endothelium is the highly an-
ionic glycocalyx that is composed of substantial amounts of heparan sulfate and
heparin glycosaminoglycans. The purpose of the glycocalyx is selectively to per-
mit binding of proteins, such as basic fibroblast growth factor (BFGF), and of
cells, such as platelets. This also provides an electronegative surface to which
the lipoplex can bind and deliver its contents.

B. In Vivo Distribution: Intravenous Administration

The utility of cationic lipid complexes for gene transfer in animals was first re-
ported by Brigham et al. [2] and was based on the hypothesis that electrostatics
of the positively charged lipid complex would be an important step in cellular
binding. Whereas DNA alone is rapidly cleared by the liver [29], complexes of
lipid and polynucleotides exhibit a transient accumulation in the lung. Eighty-
five percent of the administered lipoplex dose is retained in the lung after the
first 5 mins, followed by a gradual redistribution of both lipid and DNA to the
liver [34,46,73,74-76]. This redistribution is presumed to occur because of serum
protein disruption of surface-bound complexes.

The pharmacokinetics of the preformed complex appear to be sensitive to
the cationic lipid and the formulation used by the investigators. Liu et al. [77]
report that increasing the amount of colipid (Tween 80) or reducing the overall
formulated complex charge (48:1 vs 6:1) decreases the initial retention in the
lung (t;, <15 mins) and can affect the rate of clearance from the lung. Rapid
redistribution of lipoplex from the lung to the liver and spleen was also noted
using two commercial preparations (DOTMA :DOPE and DDAB:DOPE) and a
detergent dialyzed formulation of DOSPA :DOPE [75,76]. In contrast, the inclu-
sion of cholesterol in the formulation gives prolonged retention (40-50% after
1 hr) in the lung and results in higher levels of gene expression [14,34,74,78].

It was initially proposed that embolism or a first-pass effect was the primary
mechanism for retention of cationic complexes in the lung [10,73]. Complexes
are known to form aggregates in the presence of serum [55,79], and certain for-
mulations aggregate more readily than others (i.e. DOTAP:Chol over DOTAP
alone), correlating with distribution pharmacokinetics [26]. In contrast, systemic
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administration of cationic liposomes alone does not appear to aggregate suffi-
ciently to cause a first-pass filtration through the lung. Rather the cationic lipo-
somes are rapidly cleared by the liver [34,73,78]. This would suggest that a posi-
tively charged lipoplex is subject to different distribution mechanisms than a
cationic liposome.

The initial accumulation of cationic lipid/DNA in the lung is responsible
for the high level of gene transfer in this organ, and only the first hour (60-90
mins) of complex retention is required for the high levels of gene expression
[46]. However, other organs such as the lymph nodes (Peyer’s patch in particu-
lar), ovaries, and pituitary endothelium also show high levels of uptake in the
endothelium, suggesting a more specific mechanism of binding/uptake [55]. Sug-
gestions that this mechanism might be associated with the fortuitous binding of
plasma proteins to the lipoplex followed by receptor-mediated uptake of the
coated lipoplex have not proven to be correct for complement proteins [78] or
for albumin [80].

It has been suggested that the binding and uptake of DNA is mediated by
a receptor for DNA in the lung endothelium [77]. If this were the case, then high
concentrations of plasmid DNA in the blood should result in gene transfer, and
a nonrelevant plasmid should compete for DNA binding sites. Instead, Barron
and colleagues found that perfusion of high levels of plasmid without cationic
lipid was ineffective in mediating gene transfer to the lung without cationic lipid
(81). In addition, perfusion of a noncoding plasmid did not compete with the
expression of a previously injected complex [81]. Thus, a complex of both lipid
and DNA are required for binding in the lung vasculature, leading to subsequent
internalization, as observed by confocal fluorescence microscopic studies [55].

As previously indicated, heparan sulfate proteoglycans (HSPGs) are impor-
tant to cationic lipid/DNA complex binding in vitro, and are prevalent in the lung
endothelium [82]. This was similarly demonstrated in vivo through a reduction in
gene expression commensurate with enzymatic degradation (heparinase) of
HSPGs in the lung [43]. The investigators observed that the heparinase preinjec-
tion was accompanied by a reduction in pulmonary lipoplex retention; presum-
ably due to the loss of binding sites for the positively charged complex. We,
however, have found that enzymatic degradation of HSPGs reduces gene expres-
sion with no significant difference in lipoplex binding. Other, nonheparan sulfate
proteoglycans may be binding lipoplex but are not able to internalize the lipoplex
into the appropriate compartment [83]. Thus, heparan sulfate proteoglycans ap-
pear to play a significant role in the binding of cationic lipid/DNA complexes
in vivo, and further studies should elucidate a potential secondary role in internal-
ization of lipoplex.

The presence of free liposomes in addition to lipoplex has been demon-
strated to be important for in vivo gene transfer. The gradient separation of formu-
lated complex from excess lipid results in the loss of activity through the intrave-
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nous route [38,84]. Recent work has demonstrated that by simply preinjecting
cationic liposomes (DOTAP, DOTMA, and DC-Chol), one can attain high levels
of pulmonary gene expression using either naked DNA or low charge—ratio com-
plexes [79,85]. The potentiating effect of the preinjected liposomes persists long
after initial binding has become diminished (from 50% to 4% in the lung). Twelve
hours after initial administration, only 4% of the cationic liposomes are retained
in the lung. Yet, gene expression of a neutral charged complex administered at
this time still results in higher expression than the no preinjection controls
[85,86]. These results are significant in two respects. First, they indicate that a
preformulated complex is not inherently necessary for intravenous administra-
tion. Second, there may be a modulating effect of the excess liposomes, perhaps
in the plasma or with the endothelial biology, that is still undefined. Saturation
of elimination pathways, perhaps in the lung or in the liver, may be partly respon-
sible for the pulmonary expression in the lung. Alternatively, there may be an
activation of a cellular pathway that persists over longer periods (12 hrs) and
permits high efficiency gene transfer. These questions await resolution.

C. In Vivo Distribution: Intratracheal Administration

Administration of cationic lipid complexes via the airways has a different set of
challenges than does intravenous administration. Since the route of administration
is fairly well contained, no specific organ targeting/ligand is required. However,
the anatomy and physiology of the lung have implications for cationic lipid gene
delivery vectors. The positively charged particles may become deposited within
the upper airways, being detained by the highly viscous and negatively charged
mucous layer. The complex may then be eliminated through the upward move-
ment of the mucous, or it may be dissociated into its lipid and DNA, thus allowing
degradation of the plasmid.

There are different techniques used to administer DNA into the lung air-
ways. Nasal instillation of cationic lipid/DNA complexes involves a small vol-
ume (20-50 uL for a mouse) of solution to be dropped in through the nostrils.
Often this stimulates a gag reflex which redirects the dose to the esophagus, and
only a small portion of the administered volume goes into the trachea (Jiang et
al. [68] estimates 30% of the dose may be lost). This technique is relatively
simple, but can result in inadequate and variable dosing. Administration of cat-
ionic lipid / DNA complexes via the nostrils results in reporter gene expression
in the alveolar regions of the lung, but there is little detection of gene transfer
in the epithelia of the upper airways [68,87].

Intratracheal instillation involves an intubation of the trachea followed by
instillation of a small fluid volume (100 uL in mice, one-eighth of the maximum
inspired lung volume). With this technique, it is presumed that the cationic com-
plexes will have distribution to all the lung lobes, although some preference for
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particular lobes may occur [22]. The lung will typically absorb the aqueous vehi-
cle within 5-20 mins. By this method, the gene delivery vector is delivered to
the lower airways and has the potential to reach the deep regions of the lung
parenchyma. Intratracheal instillation usually results in transfection of the alveo-
lar sacs of mostly type II pneumocytes [88,89], but there have been occasional
reports of Clara cells in the bronchioles [32,90] and one report of reporter gene
expression primarily in the tracheal epithelia [91]. It is interesting that type II
cells, which comprise only 5% of the alveolar surface, appear to be the primary
site for gene expression. This may be due to the fact that type II pneumocytes
are involved in the internalization and recycling of surfactant, and perhaps the
lipoplex is internalized by the same pathway utilized by endogenous surfactant.

The mechanism by which cationic lipids enhance gene delivery by these
routes is partly due to the protection of the plasmid from degradation within the
airways. Desphande et al. [33] showed that incubation of DNA with bronchial
lavage fluid causes a time-dependent degradation which can be retarded when
complexed with cationic lipids. Meyer et al. [32] showed that an effective cationic
lipid formulation with cholesterol allows DNA to persist in the lung longer than
a DOPE formulation. This is presumably because the cholesterol, with a higher
crystalline gel phase transition than DOPE, forms a more stable cationic lipid/
DNA particle. Also, Glasspool-Malone and Malone [92] reported that coadminis-
tration of aurintricarboxylic acid (ATA) with naked DNA could increase plasmid
residence time and integrity, and consequently observed a 10- to 65-fold enhance-
ment of gene expression. This again suggests that DNA metabolism in the lung
contributes to its removal.

The destabilization of cationic lipid complexes in the airway is fundamen-
tally different from that which takes place within the vasculature. Although an-
ionic proteins are most likely to interact with positively charged complexes within
the circulation, the anionic glycosaminoglycans of the mucin layer and the lipids
(mostly phosphatidylcholines) of the surfactant layer are likely to be more impor-
tant. It is known that anionic liposomes readily interact with the cationic lipids
of the complex [24,44,57]. However, the extent to which this occurs on the sur-
face of the alveolar sacs can only be inferred.

Increasing lung permeability may be one mechanism to increase gene trans-
fer. This mechanism has not been specifically demonstrated to be associated with
cationic lipids, but evidence supports that this mechanism would be important
in vivo. Sawa and colleages [93] noted that naked DNA in sterile water or precon-
ditioning the lung with aerosolized water gave higher gene expression than naked
DNA in buffered solution. They proposed that administration of water increased
the permeability of the apical membrane for a brief time (~10-20 mins), permit-
ting penetration of the DNA into epithelial cells. Other penetration enhancers
have been shown to be effective in increasing the levels of naked DNA transfer
in the lung (sodium glycocholate [94], organic solvents [95]). Thus, an increase
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in cell permeability by cationic lipids may promote greater amounts of DNA
uptake into the cell and thereby facilitate gene transfer.

Other pharmaceutical solutions to airway delivery are to aerosolize or nebu-
lize the complexes, which permits delivery in the deep lung. Most of the advance-
ments in aerosolized cationic lipid vectors have focused on reducing the shear
degradation of DNA as it flows through the aerosolizing nozzle. Shear degrada-
tion reduces the amount of intact, transcriptionally active DNA and can result in
a severe drop in transfection activity; by as much as 60 and 70% after cycling
10 mins within the device [96]. When incorporated with cationic lipids, the DNA
plasmid is no longer a freely extended polymer but a compacted lipoplex particle
which maintains the plasmid integrity through the nebulization/aerosolization
process [96,97]. This ultimately leads to more transcriptionally active DNA that
is deposited in the lung.

Higher concentrations of DNA can be administered when a polyethylene
glycol conjugated lipid is added to the cationic lipid formulation (98)—up to 0.3
mg/mL. The PEG component, with its steric effects, reduces the aggregation seen
with high concentrations of the complex. However, this would also shield the
positive charge that seems to assist in binding and uptake of the cationic lipid/
DNA complex, and thus would seem to preclude gene transfer. A specific ligand
may be required for PEG complexes to stimulate binding and uptake of lipoplex,
or alternatively this formulation may be useful as a controlled-release system for
DNA.

Thus, cationic lipoplexes are able to elicit gene transfer and gene expression
in vivo. A net positive charge and additional lipoplex stability provided by a
helper lipid, such as cholesterol, appear to be two attributes of lipoplexes which
have activity, in vivo. Subtle differences in administration and in formulation
also appear to impact the overall levels of gene expression obtained. However,
as discussed in the next section, the utilization of cationic lipids in vivo have
associated toxicity.

V. TOXICITY ASSOCIATED WITH CATIONIC LIPID GENE
DELIVERY

The toxicity associated with cationic lipoplex administration has been observed
after both intratracheal and intravenous administrations. This toxicity can be due
to the cationic lipid, to the plasmid DNA, or to the physical attributes of the
lipoplex. Toxicity associated with the DNA component is due to the presence of
unmethylated CpG dinucleotide sequences [99]. Mammalian DNA contains four
to five-fold more methylated CpG dinucleotide sequences than the plasmid grown
in bacteria. The presence of these unmethylated sequences in the plasmid vector
has been demonstrated to induce various immune responses in vivo. Although
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the sequences alone generate a response greater than their methylated counter-
parts, the effect is exacerbated when cationic lipids are used [100—102].

Different investigators have observed elevations in cytokine levels after
either nasal or intravenous administration of complex [100—103]. The increase
in cytokines can be noted as early as 2 hrs after cationic lipid/DNA administration
(interleukin-6, IL-6), but most of the production levels peak around 24—-48 hrs
and usually are diminished within a week (IL-1f3, IL-12, tumor necrosis factor
(TNF-o), interferon-y (IFN-y) [101,103]. Elevations in IL-6 and IL-12 were spe-
cifically associated with the unmethylated CpG sequences, whereas TNF-o was
associated with the cationic lipid. Only when both TNF-a and either IL-6 or IL-
12 levels were high did IFN-y levels increase (100, 101). Enzymatic modification
of the CpG sequences resulted in significant reduction in cytokine production,
and elimination of unnecessary CpG sequences may be one strategy to reduce
these immunoflammatory effects [101,102].

A common observation resulting from airway instillation of cationic com-
plexes are infiltrates of neutrophils and necrosis of the airway epithelium
[103,101,102]. The cellular influx was not observed with plasmid DNA alone
(or with unmethylated CpG sequences), and was specifically associated with the
cationic lipid. This is highlighted by the observation that individual spermine and
colipid components did not cause a similar level of infiltrates [103], suggesting
that the amphiphilic nature of the cation was critical to its toxicity. Neutrophilic
response could be reduced using antibodies (Mac-1A, LFA-1) or by a dexametha-
sone treatment, both of which suppressed cytokine production and, significantly,
increased the level of gene expression [100,102]. We can attribute this positive
result to reduced neutrophilic phagocytosis of the gene delivery complex at early
times after administration and to an overall reduction in immunoflammatory re-
sponse against the heterologous gene-expressing cells. However, these immuno-
inflammatory events may be beneficial in the treatment of metastatic tumors,
where thymocyte activation may assist in the elimination of cancerous cells [89].

Intravenous administration of cationic lipoplex in mice has been associated
with thrombocytopenia and leukopenia and the depression of residual serum com-
plement activity [55,78] (L. Barron and F.C. Szoka, Jr., unpublished observations).
Activation of complement by various cationic lipids and polymers has been dem-
onstrated to be dependent on the concentration and the valence of the cation [104].
Although increasing doses of cationic lipoplex generally leads to higher gene
transfer levels, maximum tolerated doses have been observed at approximately
1500—1800 nmol of cationic lipid (per 20-25 g mouse basis, or approximately
50 mg/kg). The lethal effect of these high doses of cationic lipid is associated
with the redistribution of lipoplex to the liver and visible liver toxicity. Cationic
lipids based upon carnitine have been synthesized in an attempt to design biode-
gradable lipids which might circumvent this toxicity in vivo [8]. Intravenous ad-
ministration of large lipoplex aggregates have the potential to cause embolism

Copyright [1 2003 by Marcel Dekker, Inc. All Rights Reserved.



upon injection. This manifests itself in rapid death of the mouse, usually due to
embolism in the lung and brain and possibly within the liver. These are important
limiting factors in the utilization of lipoplex by the intravenous route. Controlling
the rate of administration by infusion is one tactic to minimize toxicity associated
with cationic lipoplexes (L. Barron and F.C. Szoka, Jr., unpublished observations).

Large lipoplex formulations (>800 nm particles) were also found to be
lethal upon instillation in the lungs of mice [38]. Although the instillation protocol
is invasive to the animal, the intratracheal administration of cationic lipid com-
plexes is less well tolerated than DNA, anionic liposomes, and equivalent doses
of cationic liposomes alone (our unpublished observations). The large cationic
particulates are likely to concentrate in the delicate airway regions of the lung
and possibly contribute to the necrosis and epithelial denudation noted by East-
man and colleagues [97].

At a molecular level, Farhood et al. [105] noted the inhibitory effect of a
series of cationic lipids on protein kinase C (PKC). The inhibition was strongest
with cationic lipids containing a quartenery amine, and the increase in PKC inhi-
bition was associated with lower levels of gene expression. This may be a corre-
late of the effect observed by Reston et al., who showed an increase in gene
transfer by using PKC activators [106]. The reason for this effect was not clear;
however, it does suggest that the PKC activators, tetradecanoyl-phorbol-12,13-
acetate (TPA) and 1,2-dioctanoylglycerol (DiC8) may be useful in increasing the
efficacy of cationic lipid gene transfer systems.

These studies illustrate that cationic lipids exhibit acute and chronic toxic-
ity, and more research is required to evaluate adequately the potential benefits
and risks of cationic lipid—mediated gene transfer. In addition, mechanistic stud-
ies will be required to determine how the gene transfer characteristics of cationic
lipids can be separated from their toxic side effects. In this manner, we can devise
more effective and less toxic lipoplex formulations.

Vl. SUMMARY

A number of gene transfer mechanisms have been attributed to cationic lipid
structure and lipoplex formulations in vitro. These include a quaternary amine
head group, a fusogenic moeity, and a characteristic binding to cell surface hep-
aran sulfate proteoglycans. The extension of these principles to describe in vivo
mechanisms are confounded by the interactions and changes that occur to the
lipoplex prior to its reaching the target site. A substantial body of work from
different groups has confirmed that binding and retention of cationic lipoplexes
occur in the lung after intravenous and intratracheal administration. Although
some of the lipoplex gene transfer mechanisms may be shared among formula-
tions and alternate routes of administration, the subsequent mechanisms of inter-
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nalization and trafficking may account for the variations in efficacy. The applica-
tion of confocal microscopy combined with physiological perturbations and
biochemical studies are just a few strategies one can use to probe the mechanisms
which govern in vivo complex uptake and release, as well as characterize cationic
lipid—associated toxicity.
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. INTRODUCTION

Nonviral vectors for gene delivery are receiving increasing attention for applica-
tion in a broad variety of gene-mediated therapies for humans. Chemical vectors
are attractive to the pharmaceutical industry as alternatives to viral vectors be-
cause of compound stability and easy chemical modification. Furthermore, the
low cost and consistent standard of production (compared to growth of viruses
in bioreactors followed by purification), higher biosafety (less immunogenic as
compared to viruses such as adenoviruses), and high flexibility once a formulation
has been defined make these compounds very attractive [1,2]. The biosafety of
nonviral vectors is higher, as compared to viruses, in not eliciting an acute im-
mune reaction; also, they will not recombine with wild-type viruses and will very
rarely insert into the host genome (unless integration sequences are incorporated
into the delivered plasmid). However, to date, nonviral vectors are generally less
efficient in delivering DNA and expressing proteins as compared to their viral
counterparts particularly when used in vivo. The efficiency of nonviral mediated
gene delivery can be improved when physical methods such as gene gun [3,4],
electroporation [5,6] or hydrodynamic techniques [7,8] are used to enhance
delivery.
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Figure 1 Schematic of the various barriers that polyplexes have to cross in order to
achieve gene expression in vitro and in vivo.

To design the optimal nonviral vector for particle-mediated gene delivery,
it must be able partially to fulfill a number of predefined biological criteria de-
pending on its specific therapeutic aim. First, the vector must be able to transfer
DNA molecules of varying sizes. Second, the vector should be able to transduce
dividing and/or nondividing cells, depending on the target cell type. Third, the
vector should target a specific cell type. Fourth, the vector should have no or
very low toxicity in vivo and avoid stimulating the immune system. Fifth, de-
pending on the therapeutic application, the vector should be able to induce a
sustained expression over a defined period of time (optionally integrating into
the host genome). And, finally, the vector must not transform the target cell.

Even with all of these conditions for a vector, for an effective nonviral
vector which fulfills parts or all of the above criteria, there are numerous barriers
for the vector to overcome (Fig. 1). Once the complex is taken up by the cell
(applies to in vitro and in vivo gene expression), it has to be released into the
cytoplasm, migrate to the nucleus, cross the nuclear membrane, and subsequently
release the DNA for gene expression to be initiated. Furthermore, when particles
are within tissue (e.g., after local application in vivo), they have to diffuse effi-
ciently between nontarget cells, avoiding interactions with extracellular matrix,
and then be taken up by the target cell. Finally, particles that have been applied
systemically in vivo have to be inert and not interact with blood components
and reticular endothelial system (RES). Also, the complexes have to cross the
endothelial cell layer out of the vascular system into the target tissue.

A number of nonviral systems have been described which partially fulfill
the above-defined criteria, such as naked DNA, cationic liposome—DNA com-
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plexes (lipoplexes), polymer—DNA complexes (polyplexes), and combinations
of these [1,2,9—11]. However, no nonviral system (or viral) fulfills all the various
criteria described above to date. In this chapter, cationic polymers are reviewed,
the various polymers currently used, and how they are modified to achieve greater
efficiency and specificity in particle-mediated delivery and gene expression in
vitro and, more challengingly, in vivo are discussed.

Il. DELIVERY IN VITRO TO TARGET CELL

In vitro, gene delivery into a target cell is essentially a balance between the effi-
ciency of the polycation in initiating particle uptake and gene expression versus
the intrinsic toxicity of the compound while disrupting cellular membranes during
the transfection procedure. Once the polycation has been condensed with DNA
(forming the polyplex; see Sec. II.A), there are a number of cellular barriers that
can inhibit particle entry and subsequently reduce transfection efficiency. For
example, adsorption onto the cell surface (see Sec. II.A and C) and uptake of
the polyplex into primary endosomes (see Sec II.A), followed by release of the
polyplex into the cytoplasm and subsequent migration to the nucleus (see Sec.
IL.B), finally the DNA has to be released from the polycation for transcription
to be initiated. This basic sequence of events for gene delivery in vitro is also
required for particle-mediated delivery in vivo (locally or systemically applied
polycation/DNA complexes) once the polyplex has reached the target cell. How-
ever, in vivo, the target cells are usually differentiated and nondividing; further-
more, dividing cells, such as tumor cells in humans, have a longer cell cycle
period in comparison to cells cultured in vitro. These added barriers taken to-
gether with the other cellular barriers make gene expression in vivo more chal-
lenging even when the polyplexes are delivered to the intended site of activity
(see Sec. III).

A. Intrinsic Properties of Polycations (DNA Condensation,
Complex Uptake, and Endosomal Release)

A number of polymeric molecules have been developed that can interact with
the negative phosphate groups of naked DNA condensing DNA into compact
particles (complexes), protecting it from degradation, and enhancing the uptake of
DNA into the cell resulting in efficient transgene expression. Positively charged
cationic polymers, such as polylysine [12,13], polyamidoamine (PAMAM) den-
drimers [14], and polyethylenimines (PEIs) [15] (see Sec. II.A.3 for other poly-
cations) are able to interact electrostatically via their protonated amine groups
with the phosphate groups of DNA, creating a condensed particle or polyplex.
The condensation of the polycation around DNA protects the DNA from nuclease
damage [16]. Furthermore, cells more efficiently take up these compact particles
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via a number of natural processes, such as adsorptive endocytosis, pinocytosis,
and phagocytosis. When forming polyplexes, the extent of condensation between
the polycation and DNA will depend on the charge ratio [9]. In the case of poly-
ethylenimines (where protonation of amine groups depends on the pH), the charge
ratio is defined as the N/P ratio of nitrogens (from the polycation) to phosphates
(from the DNA). When low amounts of polycation are used to complex DNA,
around electroneutrality, often the complexes are large and insoluble forming
aggregates; however, at high N/P charge ratios, polyplexes are often soluble,
small, and positively charged particles [17]. Polyplexes with a positive surface
charge, or zeta ({) potential, will interact directly with the cell surface of many
types of cells because of the presence of negatively charged cell surface proteo-
glycans [18].

A number of physical techniques have been developed to characterize the
condensation of polycation/DNA complexes, including: size or shape (electropho-
retic mobility in agarose gels, electron or atomic force microscopy, laser light
scattering), charge (electrophoretic mobility, zeta ({) potential), conformation and
condensation (circular dichroism, ethidium bromide exclusion, and centrifuga-
tion). These various methods for characterizing the particles are often complex
and require specialized equipment that is not accessible to all laboratories. Re-
cently, the requirement for the characterization of surface charge and size of com-
plexes is becoming obligatory to understand the processes involved in cellular
transfection and particle behavior within different biological fluids and solutions.

1. Polylysine-Based Vectors

One of the first polycations characterized and recognized as a potential nonviral
vector for DNA condensation was poly-(L)-lysine. Polylysine typically comes in
a variety of sizes, and is usually specified as the average number of polylysine
molecules within a defined solution rather than a specifically defined number of
lysine molecules per polylysine molecule. In generating pharmaceutical products,
this heterogeneity represents a disadvantage of this polymer class, as it is difficult
to generate polymers that have the same defined size between batches; however,
this problem is not limited to polylysine but also to polycations in general. Some
researchers have used lysine-rich peptides or oligolysine to circumvent this het-
erogeneity problem [19,20].

At physiological pH, the amino group of lysine is positively charged and
can ionically interact with polyanions, such as DNA, and has been extensively
characterized [21,22]. With all of the polycations, not just polylysine, the proce-
dure for complex formation can influence transfection efficiency (e.g., salt con-
centration or speed of mixing the cation and anion) [13,17,23-25]. Numerous
methods have been developed to generate protocols that consistently and repeat-
edly generate predefined polylysine/DNA complexes of defined stability and size,
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such as flash mixing [26], high-salt conditions followed by dialysis [27,28], or
high salt and vigorous agitation [29-31]. These various methods generate
polylysine/DNA complexes of between 15 and 30 nm, 50 and 150 nm, and parti-
cles that could be filtered through a 0.45-um filter. However, the size of polyly-
sine used for DNA condensation and its purity also can have a large influence
on the sizes of particles generated independent of the mixing [23,32]. Polyplexes
formed with poly-D-lysine showed no additional advantage over the (L)-lysine
form [26,33].

Polylysine as a compound is not biologically inert; for example, polyplexes
have been shown to affect cellular processes during transfection by enhancing
pinocytosis and phagocytosis [34,35] and cell division [36]. Also, the activation
of proteins and phospholipases has been observed [37,38], which affects mem-
brane permeability [39]. Under certain conditions, polylysine can initiate cell
fusion [40] or have a lytic activity on cells [41,42]; however, this fusion activity
has not been observed in all cell types [43].

Condensed polylysine/DNA complexes bind nonspecifically to the cell sur-
face, often due to the negative charge of cells electrostatically interacting with
the positively charged complex, and is subsequently taken up by absorptive endo-
cytosis. However, the efficiency of uptake and gene expression can be enhanced
by the covalent addition of ligands to the polylysine that can specifically target
cells and promote cellular uptake; termed receptor-mediated targeting (see Sec.
I1.C). Although polylysine can initiate DNA uptake into cells, often gene expres-
sion is low owing to a number of factors, such as, ineffective endosomal release,
degradation in the cytoplasm, limited migration to the nucleus, inefficient nuclear
uptake (see Sec. II.B), and finally gene expression (transcription, RNA matura-
tion, translation, and protein processing). All of these factors can decrease trans-
fection efficiency; however, a major disadvantage with polylysine is that it does
not have an intrinsic endosomal release activity. Hence, complexes are often not
released, or escape, from the endosome/lysosome into the cytoplasm. Further-
more, the addition of a ligand can enhance cellular uptake but not influence endo-
somal release [44]. Therefore, different strategies have been developed to in-
crease endosomal release by disrupting the endosomal lipid bilayer.

The enhancement of endosomal release of polylysine/DNA complexes has
been achieved via a number of strategies. The addition of lysosomotropic agents
(e.g., chloroquine) into the cell medium can increase gene expression in a number
of cell lines [45]. Chloroquine accumulates in the vesicles and leads to swelling
of the endosome by raising the pH and destabilizing it. Furthermore, it may help
in the release of the polylysine from the DNA and thus increase gene expression
as a result of the release of partially dissociated DNA into the cytoplasm [46,47].
Similarly, the addition of glycerol results in enhanced gene expression in a num-
ber of cell lines; probably by the weakening of the endosomal lipid bilayer and
allowing polylysine/DNA complex release into the cytoplasm [48].
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However, the addition of lysosomotropic agents or glycerol to increase
endosomal release of polylysine/DNA complexes is limited to in vitro use only.
Another approach developed to enhance endosomal release is the incorporation
of viruses that have an intrinsic endosomal disruption mechanism, thus initiating
endosomal release of the polylysine complexes. Inactivated adenoviruses have
been used where the intrinsic endosomal release of the capsid can be used to
enhance polyplex release into the cytoplasm [49—54]. As the activity is from the
protein capsid, the viruses can be inactivated by treating them with methoxypso-
ralen plus ultraviolet irradiation without affecting the endosomal release activity
[55]. Generally, the viral capsid has to be codelivered with the polylysine/DNA
complex; and has been achieved, for example, by linking polylysine to the virus
[51,53] or a biotin—streptavidin bridge between the virus and polylysine [50].
Other viruses that have been used to achieve endosomal release of polylysine/
DNA complexes are an avian adenovirus (CELO) or human rhinoviruses [56,57].
The inclusion of viruses into polyplexes may enhance endosomal release, but has
the drawback of potentially eliciting an immune response in vivo. Therefore, the
specific parts of viruses that elicit endosomal release have been incorporated into
polylysine/DNA complexes to increase transfection activity [58]. Instead of the
whole virus, viral peptide sequences characterized by endosomal activity in-
cluded the N-terminal of the hemagglutinin 2 subunit [33], rhinovirus VP-1 [57],
or synthetic membrane-destabilizing peptides [19,33,59-62].

2. Starburst Dendrimers and Polyethylenimine-Based Vectors

Several polycations have been developed efficiently complex DNA and have an
intrinsic endosomal release activity, hence removing the need for additional endo-
somolytic agents as required for polylysine. The first polycation described with
this activity was PAMAM cascade polymer (or Starburst dendrimer) [14,63—-66].
These compounds efficiently complex DNA and have endosomal lytic activity
as compared to polylysine; however, transfection activity with the dendrimers
could be further enhanced by the addition of compounds that improve membrane
porosity [67]. The dendrimer’s amines (terminal and internal) have a low pKa
which prevents DNA degradation within the endosomes/lysosomes; however, for
optimum transfection efficiency, high dendrimer: DNA charge ratios (e.g., amine:
phosphate = 6:1) are required, often causing toxicity to cells in vitro [68]. Par-
tially degraded or fractured dendrimers, as compared to intact dendrimers, were
found to be more efficient in transfecting cells; probably because the complexes
are more soluble and do not aggregate [64,65].

A further polycation, PEI, has been described [15] which can efficiently
condense DNA while retaining an improved endosomal activity as compared to
dendrimers. PEI can efficiently condense and deliver large DNA up to 2.3 Mb
in vitro [69]. PEI/DNA complexes are taken up by the cell and the endosome is
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acidified, PEI acts as a proton sponge. It is thought that the interaction of PEI
amines with protons triggers osmotic swelling of the complex, causing the endo-
some to rupture and thus release complexes into the cytoplasm [15]. Efficient
gene expression has been observed with the PEI/DNA complexes; furthermore,
the addition of chloroquine or endosomally active viruses did not improve trans-
fection [15,70,71]. A number of PEI molecules have been described in detail with
varying molecular size or structure (branched or linear) [15,72—75]. A problem
observed with PEI (and polylysine) is that complexes often precipitate at a low
amine: phosphate ratio [17]. This problem has been partially alleviated by the
addition of a block or graft polymer, for example, poly(ethylene) oxide onto the
PEI backbone [76]; however, often transfection efficiency is reduced through this
modification even if solubility is increased.

PEI can easily be modified by the addition of other chemical groups or
ligands (see Sec. II.C), making this group particularly versatile and interesting
for further development of nonviral vectors.

3. Other Cationic Polymers

In general, characterization of polycations for DNA condensation and gene deliv-
ery have concentrated on polylysine and PEI as the main reagents of this class;
however, other synthetic and natural polycations have been described which can
complex DNA and promote gene transfer into cells. These include polyornithine
[77], polyarginine [78,79], histones [80], high-mobility group protein (HMG1)
[81,82], poly(2-(dimethylamino)ethyl)methacrylate (PDMAEMA) [83], polyal-
lylamine derivatives [84], diethylaminoethyl (DEAE)—dextran [85], chitosan
[86], poly(N-alkyl-4-vinylpyridinium) salts [87], and histidylated polylysine [88].
Similarly to polylysine and PEI, these other polycations can be modified by the
addition of ligands, and, when necessary, endosomal release can be enhanced by
the addition of inactivated viruses or peptides.

B. Migration Through the Cytoplasm and Nuclear Entry

Once polyplexes have been taken up by the cell and released from endosomes
into the cytosol, complexes have to undergo two processes: (1) migration to the
nucleus through the cytoplasm, nuclear trafficking; and (2), the DNA has to free
itself from the polycation (disassembly) before it can be transcribed. When these
two processes are inefficient, a dramatic decrease in gene expression can be ob-
served, via degradation of DNA, or remaining complexed and the DNA inaccessi-
ble to the transcription machinery. Some groups of investigators are developing
cytoplasmic expression systems [89,90]; however, the preferred route is still via
nuclear targeting and transcription within the nucleus.

The transport of the complexes through the cytoplasm to the nucleus is
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poorly understood, and has been shown to be inefficient in polycation-condensed
DNA [80]. It has been reported that polylysine and PEI have some intrinsic nu-
clear targeting activity [91-93]. However, this may be due to the polycations
protecting the DNA from cytosol nucleases [94], and that during division the
complexes can randomly “migrate” to the nucleus. Brunner et al. [95] demon-
strated that the cell cycle could have a dramatic influence on transgenic expres-
sion efficiency, where polyplexes (adenovirus-enhanced transferrinfection
[AVET], polylysine, and PEI) used to transfect cells in G1 phase of the cell cycle
has the lowest efficiency. This was not observed with recombinant adenoviruses.
Generally, cells in cell culture are constantly dividing; however, this may not be
the case in vivo and could potentially be one of the serious limiting factors for
efficient gene expression. The attachment of nuclear localization signal sequences
to the polycation or binding sites for transcription factors within the DNA se-
quence to overcome this barrier has been reported by several groups of investiga-
tors [96-99].

The final stage before gene expression is the disassembly of complexes so
that the transcription apparatus can access the DNA efficiently for gene expres-
sion. Efficient uncoating of DNA is an interesting challenge, as it is diametrically
opposite to previous stages of gene delivery, as premature disassembly of com-
plexes would lead to DNA degradation and loss of the gene expression in other
parts of the pathway to gene delivery and expression.

C. Receptor-Mediated Gene Delivery

One of the problems with polycations is that they have a nonspecific positive
charge, which will interact electrostatically with negatively charged cells. This
nonspecific interaction will generally not be a concern in vitro or for locally
applied complexes; however, often in vivo specific targeting of complexes to a
particular cell type is desired, and these nonspecific interactions will inhibit effi-
cient gene expression (see Sec. IV).

Transfection efficiency can be increased by incorporating ligands cova-
lently onto the polycation backbone, enhancing the binding of polyplexes onto
the cell surface, and subsequently uptake; termed receptor-mediated gene trans-
fer. This concept attempts to mimic nature, such as viruses, toxins, and normal
host ligands (hormones, growth factors [e.g., insulin, epidermal growth factor
(EGF), fibroblast growth factor (FGF)], nutrients (e.g., low-density lipoprotein
[LDL], folic acid, transferrin)), which bind to a specific receptor expressed on
the cell surface. After binding of the ligand to the receptor, the molecule is inter-
nalized into clathrin-coated or clathrin—noncoated vesicles via receptor-mediated
endocytosis, phagocytosis, or pinocytosis. Furthermore, many of these receptors
are expressed specifically on certain cell types or at a particular stage of the cell’s
life cycle, making it theoretically possible to target specific cells depending on
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their type and stage of development or division. The use of a ligand can also just
mediate cell attachment (e.g., antibodies specific for a cell surface protein) and
not stimulate cellular uptake, hence giving specificity, and the incorporation of
a second ligand could mediate efficient uptake of complexes into the cell. The
polycations are amenable to this approach, as they have groups such as amines
which can be modified covalently via a number of chemical procedures, allowing
the attachment of peptides, sugars, proteins, antibodies, and other small moieties
(see reviews in Ref. 10).

Wu and coworkers [12,27,100], first described polycation receptor—medi-
ated gene delivery where specific targeting to the asialoglycoprotein receptor,
specifically expressed on hepatocytes, was demonstrated by asialoorosomucoid—
polylysine/DNA complexes in vitro and in vivo. Since this original demonstration
of receptor-mediated gene targeting, other ligands with polylysine or PEI have
been demonstrated. These ligands include transferrin [13,71,101], EGF [102],
basic FGF (bFGF) [103], insulin [104], integrins [105], folate [106,107], lectins
[108,109], surfactant proteins A and B [52,110], and synthetic glycosylated li-
gands [44,111,112]. The attachment of antibodies has also enhanced the uptake
of polyplexes into cells, such as anti-CD3 [71,113,114], anti-CD5 [54], and anti-
EGF [115]. An artificial approach to receptor-mediated gene delivery was re-
cently reported demonstrating the potency of the concept, where biotinylated cells
were efficiently transfected with streptavidin—PEI/DNA complexes [116].

The attachment of ligands to polylysine backbone has been shown to in-
crease the targeting of these complexes clearly in vitro, for example, transferrin—
polylysine/DNA complexes were efficiently taken up by stimulated K562 cells
that express the transferrin receptor at high levels on their surface [101]. Further-
more, the transferrin receptor is upregulated in proliferating cells, such as tumor
cells, and not just a specific cell type [45,117]. Transferrin—polylysine/DNA—
mediated gene delivery was further enhanced by the coupling of inactivated ade-
noviruses, creating AVET. This system has proven to be versatile in transfecting
numerous cell lines [50] and primary human melanoma cell lines in vitro and ex
vivo [118]. A potential problem with adenoviruses for application in vivo is that
all cells express the adenoviral receptor and the complexes could potentially enter
via nonspecific targeting. A number of strategies have been used to block this
activity either by modifying the fiber chemically [53], blocking with antibodies
(119), or using an avian adenovirus called CELO [56]. Furthermore, these modi-
fications do not alter the endosomal activity of the complexes.

Transferrin has been coupled to PEI (800 kD) and resulted in an up to
several hundred-fold increase in transfection efficiency in K562 cells; further-
more, the addition of endosomal active agents was not required to enhance trans-
fection as compared to transferrin—polylysine complexes [71]. In a variety of
primary human melanoma cell lines, transferrin—PEI800/DNA polyplexes were
found to deliver reporter genes (luciferase) equally to AVET complexes [120].
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Antibodies conjugated to polylysine and PEI have also been used to target
specifically to a certain cell type, for example, anti-CD3, which is specifically
expressed on T lymphocytes or T-cell-derived lymphoid cell lines [71,113].
However, anti-CD3—polylysine/DNA complexes often remained in endosomes,
and inactivated adenovirus or membrane-destabilizing peptides have to be incor-
porated to ensure endosomal release [33,50]. The addition of endosomal release
reagents was found not to be required for anti-CD3—PEI800/DNA complexes.

lll. LOCAL APPLICATION IN VIVO

In the previous section, entry of polycation/DNA complexes into cells via cell
attachment and crossing the various barriers was discussed; these events apply
to both in vitro and in vivo gene delivery. However, when applying polycation/
DNA complexes to an organism in vivo (locally or systemically), new barriers
have to be overcome to ensure efficient and specific gene expression. For locally
applied complexes, depending on target site, route of access, or chosen therapy
will determine the strategy for complex application. When the target site is easily
accessible, local administration such as intradermal, intramuscular, intratracheal, or
intratumoral can be used. Similarly, surgery or catheters can deliver the complexes
directly to the target site. Other physical methods can be used to increase polyplex
gene delivery locally, such as biolistic gold microparticles or gene gun [121], local
electroporation [5,6], and continuous application via micropump [122].

Local delivery of genes using nonviral vectors was initially described in
the treatment of melanoma using lipoplexes [123]. Polylysine/DNA complexes
initially did not demonstrate efficient gene transfer. With the addition of endoso-
mal active agents to the polylysine complexes, such as adenoviruses (generating
AVET complexes), efficient gene expression was found in airway epithelium
after intratracheal application [124], in nasal epithelium [125], and in tumors
after intratumoral application [120,126,127]. Other cationic polymers, such as
PEI, have successfully been used for local gene delivery in vivo: mouse brain
[15,72,73], kidney [128], lung [129,130], bilary epithelia [131], preimplantation
embryos [132], carotid artery [133], and subcutaneous tumors [66,120,122,127,
134].

Several groups of investigators have described local administration of PEI/
DNA complexes to subcutaneous tumors. Generally, the low molecular weight
PEIs (22 and 25 kD) have a greater transfection competency and lower toxicity
as compared to high molecular weight PEI (800 kD) [120,127]. Furthermore,
intratumoral delivery of linear PEI (22 kD) into solid or cystic tumor models
could transfect 1% of the cells and persisted for 15 days [122]. The addition of
ligands, such as transferrin, have also been seen to increase the efficiency of cell
transfection with transferrin—PEI (800 kD)/DNA complexes, being 10- to 100-
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fold more efficient than naked DNA; similar results were also observed with
AVET [120,127].

Once applied, complexes have to diffuse through the solid tumor mass and
not remain at the site of injection. The diffusion of complexes will be influenced
by solubility and complex size, which can be influenced by the charge ratio and
salt conditions [25]. Intratumoral application of complexes often results in a lot
of the injected material refluxing through the needle tract and being lost from
the intended site of application. This was partially overcome by administering
complexes with a micropump [122]. The injection of a large volume of liquid
may help in the diffusion of complexes by also weakening the cell-to-cell connec-
tions and dispersing the complexes throughout the tissue via a hydrodynamic
mechanism, as observed in livers after application of high injection volumes in
murine livers [7,135] and muscle [8].

The interaction of transfection complexes with extracellular matrix and ne-
crotic cellular material (e.g., in tumors) can significantly reduce transfection effi-
ciency. Furthermore, some glycosaminoglycans (such as hyaluronic acid and hep-
arin sulfate) can completely inhibit the ability of the complexes to transfect cells,
and can relax and release the DNA from complexes, causing degradation of the
DNA [136]. Therefore, strategies that shield complexes from these nonspecific
interactions have been developed (see Sec. IV). However, compared to li-
poplexes, polyplexes are more resistant to inactivation by pulmonary surfactants
and retain their ability to condense DNA [137].

The activation of the immune system is often a side effect that is unwanted.
Generally, the polycations have a very low level of immunogenicity (e.g., as
compared to adenoviruses [138]). The activation of serum complement by polyly-
sine, PEI, and PAMAM has been observed, with highly positive complexes being
the most active stimulators [139]. The activation of the complement cascade can
be avoided by shielding the positive particles with polyethyleneglycol (PEG; see
Sec. IV). Stimulation of the immune system by complexes can also be a result
of bacterial DNA contamination and lipopolysaccaride (LPS) or CpG islands
within plasmid DNA [140-142]. The avoidance of immune stimulation for cer-
tain applications may be desired; however, when generating a vaccination re-
sponse to an antigen or an antitumoral effect, these nonspecific activities could
potentially be beneficial in eliciting an effective treatment.

IV. SYSTEMIC APPLICATION

The delivery of polyplexes to the target organ, or in the case of cancer, metastatic
nodules (that cannot be reached via local administration), can only be achieved
by applying complexes systemically through the blood circulation system and
targeting the specific site. This route of application presents numerous biological
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and physical obstacles that must be overcome just to reach the intended site and
pass out of the blood system into the targeted tissue. Particle size is critical for
successful delivery, playing a role in (1), transport of complexes through capillar-
ies, (2), passing out of the blood vessels (extravasation), and (3), passing through
the intertissue space as described in Section III. Furthermore, complexes must
remain stable and soluble, while not aggregating in the blood, or unraveling,
revealing the DNA to degrading enzymes within the blood or intertissue space.
Also, complexes should be designed not to interact with components of the blood
system, such as plasma, complement, erythrocytes, cells of the RES (e.g., macro-
phages), extracellular matrix and other nontarget cells.

A. Systemically Delivered Polylysine/DNA Complexes

Wu and colleagues demonstrated that asialoorosomucoid—polylysine complexed
with the chloramphenicol acetyltransferase (CAT) gene could specifically target
rat livers in vivo after application of the complexes systemically [12,27,100].
Targeted gene expression was further increased by partial hepatectomy after com-
plex administration into the rats [30,143], or via disruption of microtubules with
colchicine (144). Subsequently, genes encoding human albumin and LDL protein
were delivered specifically to livers using asialoorosomucoid—polylysine com-
plexes in rat and rabbit models [28,145]. Since this first report other researchers
replaced the asialoorosomucoid on polylysine with galactose [30] or tri-antennary
NAc galactose [111] and demonstrated specific targeting to the liver. The genera-
tion of small polyplexes (15—-30 nm) under specific conditions was considered
to play a primary role in the targeting of these complexes (30). When the fate
of delivered DNA was assessed, the majority of DNA was found in the endosome
and only a small amount was detected in the nucleus [143], suggesting that endo-
somal release is a major problem with polylysine delivered complexes in vivo
(see Sec. II.A.1). The incorporation of endosomal active peptides into the parti-
cles to enhance DNA release from the endosome has been considered. Recently,
hepatocyte-targeted gene delivery was described after systemic application of
polyornithine polyplexes conjugated with galactose and the hemagglutinin fuso-
genic peptide [62]. Furthermore, gene expression could be interfered with when
galactose—bovine serum albumin was used to compete with the liver-targeted
polyplexes. Characterization of radioactive DNA administered revealed that 60%
was detected in the liver, with most DNA being seen in parenchymal cells; how-
ever, often there is a discrepancy between liver accumulation of DNA and gene
expression (see Sec. IV.D). Gene expression of systemically delivered asialooro-
somucoid—polylysine complexes could be greatly enhanced after the inclusion
of endosomal active peptides; furthermore, nuclear uptake was enhanced in com-
plexes containing the peptide [146].

Recently, optimized AVET complexes have been shown specifically to di-
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rect gene expression to tumors (127). Murine neuroblastoma (neuro2a) tumors
grown subcutaneously preferentially expressed the reporter gene luciferase, as
compared to other organs, when AVET complexes were systemically adminis-
tered intravenously via the tail vein. Systemic delivery of anti-pIgR Fc-
polylysine/DNA complexes resulted in gene expression in the airway epithelium
of the lung [31]. However, a humoral immune response against the ligand reduced
the efficiency of gene delivery after multiple applications [138].

B. Systemically Delivered PEI/DNA Complexes

Systemically delivered linear low molecular weight PEI(22)/DNA complexes re-
sulted in a high gene expression in the lung, with lower activity gene expression
being observed in other organs (spleen, heart, liver, and kidneys) [74,129]. These
complexes rapidly crossed the endothelial cells of the lung capillary bed, and
gene expression was mainly found in alveolar cells [75,147,148]. However,
branched PEIs (25 and 800 kD) were less efficient and often toxic at high polyca-
tion nitrogen: DNA phosphate ratios as compared to the linear PEI [74,127]. Sur-
prisingly, systemic delivery of PEI(22)/DNA complexes in mice bearing lung
tumors were found to be less efficient at expressing transgenes as compared to
normal lungs [122]. This type of complex is often not specific or targeted to a
particular cell type even when a ligand is covalently attached [127]. These non-
specific interactions are via the positive surface charge of complexes interacting
with components of the blood. These interactions cause the particles to be taken
out of circulation; for example, by nonspecifically binding to erythrocytes or
being taken up by the RES. The interaction of the polycation with blood proteins,
such as albumin, can cause the complex to disassemble, exposing the DNA to
degrading enzymes via a similar mechanism observed with polylysine [149].
Hence, these colloidal and physical parameters are critical to efficient gene deliv-
ery in vivo [25,150,151]. Among other possible reasons, the toxicity that is asso-
ciated with PEI polyplexes is thought to arise from the positively charged parti-
cles interacting with erythrocytes, causing them to aggregate together and then
lodge in the lungs, causing an embolism [25,151].

C. Shielding of Polycation Complexes

The shielding of the surface positive charge of polyplexes has recently been
shown to reduce aggregation, nonspecific interactions with serum components,
and the lung endothelium. This protection from nonspecific interactions has been
achieved via a number of methods.

1. Polyethylene glycol (PEG) shielding of polyplexes. The chemical link-
age of PEG can shield the positive charge of polycation/DNA com-
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plexes and reduces the positive surface charge ({ potential) to near
neutral charge [151]. Shielded PEI/DNA complexes when applied in
vivo have reduced interaction with erythrocytes and also reduced toxic-
ity; furthermore, they have increased circulation time before being
cleared from the blood stream as compared to unshielded complexes
[127,151]. PEG-polylysine/DNA-shielded complexes were also
found to have decreased { potential and reduced toxicity; furthermore,
they had an increased solubility as compared to unshielded polylysine/
DNA complexes [152,153]. Copolymers of anionic peptides have been
linked to PEG which stabilize cationic complexes by inhibiting aggre-
gation and reducing complement activation [154].

2. Poly-N-(2-hydroxypropyl)methacrylamide (pHPMA) shielding. Poly-
lysine grafted with pHPMA via a peptide linker has increased solubility
with lower toxicity and a negative surface charge; furthermore, the
pHPMA shield reduced the interaction of complexes with blood com-
ponents (155).

3. Poloxamer shielding. PEI/DNA complexes shielded with the polyether
pluronic 123 showed reduced lung gene expression with an increased
liver expression over nonshielded PEI complexes [76]. Local applica-
tion of DNA shielded with poloxamers increased gene expression in
muscle; furthermore, the complexes diffused throughout the tissue
more efficiently [156].

4. Ligand density. Ligands that are covalently attached to the polycation
can be used as shielding agent. Previously, transferrin—PEI(800) com-
plexes were found to have a reduced { potential compared to ligand-
free PEI(800) [127]. When the ligand density was increased within the
complex, the { potential was reduced to near neutral and the nonspe-
cific interactions with cells (such as erythrocytes) (Fig. 2) was inhib-
ited; furthermore, the toxicity of the complexes was reduced when ap-
plied in vivo [157]. These initial reports of shielding, combinations of
the above methods have helped to generate particles that have reduced
nonspecific interactions while gaining circulation time and increased
solubility.

D. Targeted Gene Expression with Shielded Polyplexes

The development of systemically applied shielded polycation/DNA complexes
that can target specific tissue has been achieved with varying success. An example
of systemically applied polycation/DNA complexes is transferrin—PEI shielded
with either PEG [127] or by increased ligand density [157]. Vectors were devel-
oped that systemically targeted a subcutaneous tumor (murine neuroblastoma
[neuro2A]) after application of complexes in the tail vein of syngenic A/J mice.
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Figure 2 Interaction of shielded and nonshielded polyplexes with erythrocytes. Washed
fresh murine erythrocytes were incubated with (A) PEI/DNA complexes; (B) transferrin-
shielded PEI/DNA complexes, and (C) control.
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Application of PEGylated transferrin—PEI/DNA and high ligand density trans-
ferrin—PEI/DNA complexes were found preferentially to target tumors [157,158].
Furthermore, luciferase gene expression was reduced in other organs (liver, lung,
heart, spleen, and kidney) as compared to nonshielded complexes. The targeting
of PEGylated—transferrin—PEI polyplexes was the first demonstration of tumor-
specific targeted gene expression after systemic application. Furthermore, this
targeted expression is particularly interesting, as subcutaneous tumors are not
directly joined to the main blood supply but via the peripheral blood supply. The
expression observed in these tumors is probably via two mechanisms. First, pas-
sive targeting due to the shielding of the complexes from nonspecific interactions
increases the circulation time, allowing the complexes to reach the tumor. Second,
active targeting via receptor-mediated uptake of the transferrin receptor on the
tumor cell interacts with transferrin on the polyplex. However, the targeting ob-
served is only efficient when tumors are well vascularized with a higher perme-
ability as compared to normal vasculature (our unpublished observations). The
size of fenestration within human tumors will be critical for the future develop-
ment of nonviral particles, as this will put certain size constraints on particle
sizes that can be administered.

When gene expression was characterized within tumors, often the pattern
of gene expression was in small foci distributed throughout the tumor with these
foci being close to immature blood vessels [127,157,158]. The distribution of
the stabilized particles was analyzed by Southern blotting for DNA distribution
in the various organs. Particles that were shielded by increasing the density of
transferrin on the polyplex surface were mainly observed in the liver followed
by the tumor. However, particularly in the liver, the majority of DNA was de-
graded, with almost no gene expression being observed in the liver. Histochemi-
cal analysis of the liver revealed that most of the DNA was taken up by the
Kupffer cells within the liver. In contrast, Southern blotting of tumors revealed
that only ~0.1% of the administered DNA was in tumors, but histochemical
analysis demonstrated that the DNA was associated mainly with tumor cells and
not normal host tissue. The potential of the liver to filter out particles will be a
challenge for researchers to overcome; ensuring that the majority of material
administered reaches the targeted organ or tumor and is not removed on the first
pass through the liver.

V. SUMMARY

A therapeutically applicable nonviral vector should be able to incorporate a num-
ber of functions that enables specific delivery, uptake, and expression of a desired
gene. The incorporation of ligands, endosomal release enhancers, nuclear local-
ization signals and shielding agents protecting from nonspecific interactions and
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enhancing gene expression as described in this chapter can also be combined
with transcriptional and translational regulators to ensure that the gene of interest
is only expressed at the desired target site. Some of the parameters that have
been characterized in tumor targeting after systemic application will be important
for other nononcogenic applications in the specific targeting of an organ while
blocking the particles from interacting with blood components or RES.

To date, no nonviral system has been generated which would be effective
in the clinic; however, recent advances in tumor targeting, liver targeting with
polycations, and observations made with other nonviral systems indicate that with
time better and more effective vectors will be developed.
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. INTRODUCTION

Further development of effective gene transfer vector systems is key to the promo-
tion of human gene therapy [1]. Numerous viral and nonviral (synthetic) methods
for gene transfer have been developed [2,3], and generally viral methods are more
efficient than nonviral methods for delivery of genes to cells. However, viral vec-
tors present safety issues because of cointroduction of essential genetic elements
from the parent viruses, leaky expression of viral genes, immunogenicity, and alter-
ations of host genomic structure. In general, nonviral vectors are less toxic and
less immunogenic than viral vectors. However, most nonviral methods are less
efficient for gene transfer, especially in vivo. Thus, both viral and nonviral vectors
have limitations as well as advantages. Therefore, to develop an in vivo gene trans-
fer vector with high efficiency and low toxicity, the limitations of one type of
vector system should be compensated for by introducing the strengths of another.

One example, such as a chimeric viral vector is the pseudotype retroviral
vector. Retroviral envelope proteins are converted to vesicular stomatitis virus
(VSV) G protein by recombination of the retroviral genome [4]. The pseudotype
vector can fuse with a broad range of cells, because the G protein recognizes
phosphatidylserine on the cell surface, and the chimeric envelope is strong
enough to permit concentration of viral particles by high-speed centrifugation.
By mixing the pseudotype retroviral vector with the human immunodeficiency
virus (HIV) vector, a new lentiviral vector has been constructed [5]. Unlike onco-
retroviruses such as Moloney murine leukemia virus, which is a popular retroviral
vector, HIV-1 can cross the nuclear envelope in nondividing cells and integrate
its genome into the genome of the host cells [6]. However, HIV-1 infects only
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Iymphocytes and macrophages owing to the tissue tropism of the receptor mole-
cules. In converting the envelope of the recombinant HIV vector to VSV-G
protein, the novel lentiviral vector has been shown to infect many tissues and
induce long-term gene expression in nondividing neurons [6].

In nonviral gene delivery systems, various modifications have been made
to enhance the efficiency of gene delivery. Liposomes can be used to target and
introduce macromolecules into cells by binding to antibody-recognizing cell sur-
face molecules. Using cross-linking reagents [7], antibodies have been coupled
to liposomes for the introduction of macromolecules into human erythrocytes
[8], human glioma cells [9], and lymphoid cells [10]. Tissue-specific ligands can
be used to target liposomes to specific cells. For example, the poly-L-lysine con-
jugates asialoglycoprotein [11] and transferrin [12] can be used to target hepato-
cytes and cancer cells, respectively.

Another approach is construction of novel hybrid gene transfer vectors
combining viral and nonviral vectors. We constructed a fusigenic viral liposome
with a fusigenic envelope derived from the hemagglutinating virus of Japan
(HVJ; Sendai virus) [13,14]. In this delivery system, DNA-loaded liposomes are
fused with ultraviolet (UV)—inactivated HVJ to form the fusigenic virus—lipo-
some, HVJ-liposome, which is 400-500 nm in diameter. The advantage of
fusion-mediated delivery is protection of the molecules in endosomes and lyso-
somes from degradation.

Similar approaches for conferring viral function to liposomes have been
reported [15]. Influenza virus A has been solubilized with detergent and mixed
with a cationic lipid, dioleoyldimethylamonium chloride (DODAC), at 30% to
form cationic virosomes. Plasmid DNA has been complexed with these cationic
virosomes and successfully transferred to cultured cells by low pH-dependent
membrane fusion. In HIV envelope proteins, gpl20 and gp41 are required for
fusion of the virus with the target cell membrane [16]. Schreier et al. [16] devel-
oped artificial HIV envelopes by inserting gp120 into liposomes containing lipids
similar to HIV envelope components. To insert proteins into liposomes, they con-
structed a fusion gene between gp120 and the glycosylphosphatidylinositol (GPI)
signal of decay-accelerating factor (DAF). The purified chimeric gp120DAF pro-
tein inserted spontaneously into the liposomal membrane via the GPI anchor, and
liposomes converting gp120DAF bound specifically to CD4-expressing Chinese
hamster ovary cells. The receptor-bound liposomes were internalized and recycled
in those cells. Thus, new “virosome” vectors possess both the efficient delivery
of viral molecules and the reduced toxicity of the liposomes.

Il. DEVELOPMENT OF HVJ-LIPOSOMES

We have developed gene delivery system based on liposomes that provides effi-
cient delivery and enhanced gene expression [13,14]. Our basic concept is the
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construction of novel, hybrid-type liposomes with functional molecules inserted
into them. Since fusion proteins are known to provide efficient gene delivery,
insertion of fusion protein was sought. We utilized fusion protein of HVJ. HVJ
(Fig. 1a), also known as Sendai virus, can fuse with cell membranes and also
with liposomes [17]. When UV-inactivated HVJ is incubated with DNA-loaded
liposomes for 10 min on ice, the particles associate with each other; fusion of
the particles occurs, forming a vesicle with a single uniform membrane. The

w100 NM

Figure 1 (a) Electron microscopic view showing HVJ, which is approximately 300—
400 nm in diameter. The featherlike materials on the envelope are fusion glycoproteins.
(b) Ten minutes after incubation of unilammelar DNA-loaded liposomes (right) with HVJ
(left) on ice, HVJ and liposomes interact and begin to fuse. (¢) Thirty minutes after incuba-
tion of HVJ and liposomes at 37°C, fusion of HVJ and liposomes is completed, and a single
uniform membrane is formed. When we view the membrane carefully, fusion proteins can
be seen on the surface. The HVJ-liposomes are approximately 400—500 nm in diameter.
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resulting vesicle, HVJ-liposome, contains fusion proteins on the envelope and
DNA inside. The HVJ-liposome is approximately 400-500 nm in diameter.
These liposomes can encapsulate DNA smaller than 100 kb, and the trapping
efficiency of DNA is approximately 20%. RNA, oligodeoxynucleotides (ODN),
proteins, and drugs can also be enclosed and delivered to cells.

HVIJ-liposomes are useful for in vivo gene transfer. When HVJ-liposomes
containing the LacZ gene were injected directly into one rat liver lobe, approxi-
mately 70% of cells expressed LacZ gene activity, and no pathological hepatic
changes were observed [18].

One advantage of HVJ-liposomes is allowance for repeated injections.
Gene transfer to rat liver cells was not inhibited by repeated injections. After
repeated injections, anti-HVJ antibody generated in the rat was not sufficient to
neutralize HVJ-liposomes. Cytotoxic T cells recognizing HVJ were not detected
in the rat transfected repeatedly with HVJ-liposomes [18].

lll. RECONSTITUTED FUSION LIPOSOMES FOR GENE
TRANSFER IN VITRO AND IN VIVO

We have been constructing HVJ-liposomes using inactivated whole HVJ virion.
Instead of whole virion, isolated fusion proteins can be used for HVJ-liposomes.
HV]J fusion proteins were purified by applying the detergent-lysed HVJ to ion-
exchange column chromatography. The 52-kD (F1) and 72-kD (HN) proteins
were the dominant proteins eluted in the flow-through fractions [19]. The fusion
proteins were mixed with NP-40 solubilized lipid mixture, and the liposomes
were prepared by dialysis [20]. The liposomes contained F1 and HN. However,
we were unable to trap DNA in these liposomes by dialysis. Fusion particles
containing DNA were constructed by incubating empty fusion particles with
DNA-loaded liposomes prepared by a vortexing-sonication method [19]. A
schema of the construction is shown in Figure 2. These reconstituted fusion lipo-
somes were as effective as conventional HVJ-liposomes with whole virion in
terms of delivery of both FITC-ODN and the luciferase gene to cultured cells.
LacZ gene was also transferred directly to mouse skeletal muscle in vivo using
the reconstituted fusion particles.

IV. IMPROVEMENT OF THE CURRENT VECTOR SYSTEM

The HVJ-liposome gene delivery system has several advantages, but improve-
ment is needed before use in humans. To increase the efficiency of gene delivery,
we investigated the lipid components of liposomes [21]. Our conclusion was
threefold: The most efficient gene expression occurred with a phosphatidylcho-
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Fusion proteins Plasmid DNA  Lipid mixture

Lipid mixture

Reconstituted fusion particle Liposome with plasmid DNA
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Figure 2 Preparation of reconstituted fusion liposomes. Fusion proteins (HN and F) of
HVIJ are isolated by detergent lysis of HVJ particles. The proteins are inserted into lipo-
somes by dialysis to form the reconstituted fusion particles. Liposomes containing plasmid
DNA or FITC-ODN are constructed and fused with the reconstituted fusion particles.
The reconstituted fusion liposomes with plasmid DNA or FITC-ODN are then used as

gene transfer vehicles in vitro and in vivo.
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line, phosphatidylethanolamine, and sphingomyelin molar ratio of 1:1:1; anionic
HVIJ-liposomes should be prepared using phospatidylserine (PS) as the anionic
lipid; and the ratio of phospholipids to cholesterol should be 1:1. Accordingly,
we developed new anionic liposomes called HVJ-AVE liposomes; that is, HVJ-
artificial viral envelope liposomes. The lipid components of AVE liposomes are
very similar to the HIV envelope and mimic the red blood cell membrane [22].
HVJ-AVE liposomes have yielded gene expression in liver and muscle 5-10
times higher than that observed with conventional HVJ-liposomes [21]. HVJ—
AVE liposomes were shown to be very effective for gene delivery to isolated
rat heart via the coronary artery. LacZ gene expression was observed in the entire
heart, whereas expression was not observed with empty HVJ-AVE liposomes
[23]. Gene expression efficiency of conventional HVJ-liposomes was approxi-
mately 30%.

Another improvement was construction of cationic-type HVJ-liposomes
using cationic lipids. Of the cationic lipids, positively charged DC-cholesterol
(DC-Chol) [24] has been the most efficient for gene transfer. For luciferase ex-
pression, HVJ—cationic DC liposomes were 100 times more efficient than were
conventional HVJ—anionic liposomes. Although it has been very difficult to trans-
fer genes to bone marrow and spleen cells using conventional HVJ-liposomes,
HVIJ—cationic DC-Chol liposomes have been shown to be effective for gene trans-
fer to both types of cells. However, when introduced into mouse muscle or liver,
total luciferase expression after transfection with HVJ—cationic liposomes was
shown to be 10—150 times lower than that with conventional anionic HVJ-lipo-
somes [21], which were less efficient for in vitro transfection. Furthermore, AVE
liposomes were modified further to create AVE+DC-Chol10 (contains 10% phos-
phatidyl serine and 10% DC-Chol), AVE+DC-Chol20 (containing 10% PS and
20% DC-Chol), and AVE-PS (containing neither PS nor DC-Chol) liposomes.
We examined in vivo gene transfection efficiency with these liposomes after con-
jugation with the HVJ envelope. AVE yielded the highest luciferase expression
in liver. AVE-PS and AVE+DC-Chol10 liposomes, which have a net neutral
charge, showed intermediate luciferase activities. AVE+DC-Chol20 liposomes,
which have an excessive amount of cationic lipid, yielded luciferase activities
similar to those of HVJ-DC-Chol liposomes. However, we recently found HVJ—
cationic liposomes to be more effective in some cases for in vivo gene transfer.
High expression of the LacZ gene was obtained in restricted regions of chick
embryos after injection of HVJ—cationic liposomes [25], whereas HVJ—anionic
liposomes were ineffective. In addition, when HVJ—cationic liposomes containing
the LacZ gene were administered to rat lung with a jet nebulizer, more efficient
gene expression in the epithelium of the trachea and bronchus was observed com-
pared to that found with HVJ—anionic liposomes [26]. HVJ—cationic liposomes
were also very effective for antisense (AS)—ODN transfer to a restricted region
of rat brain (Saji M, Kabayashi S, Ohno K; personal communication), whereas
AS-ODN was broadly distributed in the brain by HVJ—anionic liposomes.
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Cationic HVJ-liposomes Anionic HVJ-liposomes

Figure 3 Schema of gene transfer to organs by HVJ-anionic liposomes (right) or HVJ—
cationic liposomes (left). It is thought that HVJ-anionic liposomes can better penetrate
tissues and distribute to broader areas than cationic liposomes. These HVJ—anionic lipo-
somes gradually fuse with many cells to transfer DNA. However, the level of gene expres-
sion per cell is much lower than that observed with HVJ—cationic liposomes. HVJ—cat-
ionic liposomes cannot penetrate tissues and remain localized at the injection sites.
Therefore, gene expression is detected only at the surface or restricted areas of tissues.
Gene expression per cell is much higher with HVJ-cationic liposomes than that with HVJ—
anionic liposomes.

Therefore, we conclude that anionic HVJ-liposomes should be used for
gene transfer to broad areas of tissues, and that HVJ—cationic liposomes should
be used for gene transfer to restricted regions or surface areas (Fig. 3). HVJ—
anionic liposomes and HVJ—cationic liposomes can complement each other, and
each liposome should be used for proper targeting. Thus, it is difficult to optimize
in vivo transfection strategies with in vitro experiments.

V. IMPROVEMENTS OF GENE EXPRESSION

A. Sustained Gene Expression In Vitro and In Vivo by the
EBV Replicon Vector Coupled with HVJ-Liposomes

In the development of chimeric systems, modification of envelope components
has been the primary focus. However, in a broader sense, the chimeric system
can be applied to the gene-expression apparatus. One major limitation of in vivo
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liposome-based gene delivery is transient gene expression. The reason for the
short-term gene expression is not fully understood. One possibility is degradation
of plasmid DNA in the nucleus [27], and another is silencing of target gene
expression in target cells [28].

There are two different approaches for long-term expression of transgenes
in vivo. One is insertion of the transgene into the host genome, but insertion must
be site specific, and the efficiency is still extremely low. The other is stable reten-
tion of the transgene extrachromosomally. For stable retention, a latent viral in-
fection apparatus system can be utilized.

Epstein—Barr virus (EBV) can induce latent infection in human lymphoid
cells [29]. The latent viral DNA replication origin sequence (oriP) and EBV nu-
clear antigen-1 (EBNA-1) protein are necessary for latent infection by the virus
[30]. These two components induce autonomous replication of the plasmid in
primate cells and episomal retention of the plasmid in the nucleus [31-33]. For
long-term gene expression in vivo, we constructed an EBV replicon—based plas-
mid, pEB, that contains oriP and EBNA-1 [34].

Luciferase gene expression was observed in cultured human HEK293 cells
for at least 10 days, whereas expression was reduced to very low levels after
transfection with a conventional plasmid lacking the EBV sequence. Approxi-
mately 20% of the episomal DNA in HEK293 cells transfected with an EBV
replicon vector replicated autonomously. In rodent BHK-21 cells, approximately
100-150 copies of the EBV replicon vector were retained in the nucleus on day
9, and then decreased between days 9 and 14. Without autonomous replication
in rodent cells, EBV replicon vector can be retained in the nucleus. Nuclear reten-
tion of the EBV genome results from the association of the oriP sequence with
the nuclear matrix [35], and oriP-dependent transcription can be activated by
binding of EBNA-1 with oriP [36]. The disadvantage of the EBV replicon vector
is the unequal delivery of the plasmid to daughter cells after cell division due to
the lack of centromere sequence. Therefore, the EBV replicon vector appears to
be more effective for long-term gene expression in nondividing tissue cells.

The EBV replicon vector was transfected into mouse liver and skeletal
muscle using HVJ-AVE liposomes. With the EBV sequence, luciferase expres-
sion was observed for at least 35 days in liver and 96 days in muscle, whereas
without the EBV sequence significant expression was not observed by day 14 in
liver and by day 28 in muscle [14,34]. With HVI-AVE liposomes carrying the
EBV replicon vector, gene expression lasted more than 9 weeks in rat kidney,
whereas it disappeared by 2 weeks with conventional plasmid (Isaka Y, Imai E,
Tsujie M, unpublished data).

B. Enhancement of Transgene Expression by EBNA-1

It has been suggested that EBNA-1 acts as a transcriptional enhancer at the oriP
site. If oriP-binding capacity for EBNA-1 is not saturated, more EBNA-1 can
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bind and enhance expression of sequences linked to oriP. We simultaneously
introduced an EBNA-1 expression vector and a plasmid harboring the oriP se-
quence into cultured cells and mouse organs using HVJ-liposomes [37]. When
a plasmid, pPCMV-EBNA-1, which gives high expression of EBNA-1, was co-
introduced with an oriP-harboring plasmid, poriP-CMYV-luciferase, luciferase
gene expression was at most 30 times greater than that without EBNA-1. This
enhancement was regulated at the transcriptional level and was dependent upon
both the oriP sequence and the amount of EBNA-1. We then cointroduced poriP—
CMV-human proinsulin (oriP-HIN) gene with pCMV-EBNA-1 into mouse
skeletal muscle or liver with HVJ-liposomes. The mean level of human proinsu-
lin in mouse serum was 5—10 times greater than the level without pPCMV-EBNA-
1 (Fig. 4a). Gene expression was sustained for more than 4 weeks by the
cotransfer into muscle; it disappeared by 2 weeks without EBNA-1. When the
plasmid were cointroduced into mouse liver, human proinsulin was not detected
at 15 days. With secondary transfer of pPCMV-EBNA-1 alone into the liver, the
human proinsulin level was elevated again and detected for 15 additional days,
whereas no reactivation occurred with pcDNA-3 transfer (Fig. 4b). These results
indicate that only the oriP of EBV is sufficient for retention of a plasmid in cells,
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Figure 4 Human proinsulin levels in mouse sera. (a) Approximately 3.8 pg of poriP—
CMV-HIN (oriP-HIN) was cotransfected with 12 ug of p>CMV-EBNA-1 (EBNA-1) (l)
(n = 4) or 8.6 ug of pcDNA3 (@) (n = 4) by HVJ-anionic liposomes into the quadriceps.
At 1, 2, 3, and 4 weeks after transfer, the human proinsulin level (WU/ml) was measured
by ELISA. (b) Approximately 7.6 pg of poriP—-CMV-HIN was transferred directly with
24 ng of pPCMV-EBNA-1 (@) (n = 6) to one lobe of the liver. On day 15 after transfer,
24 ug of pPCMV-EBNA-1 alone (@) (n = 3) or 17.2 ug of pcDNA3 alone (H) (n = 3)
was transferred to one lobe of the liver by HVIJ-anionic liposomes. The mean value and
standard deviation of samples from four mice are indicated to each time point. A concen-
tration of 1 pU/mL corresponds to 40.67 pg of human proinsulin/mL of mouse serum.
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and EBNA-1 enhances transgene expression that is dependent upon oriP. The
data also demonstrate that expression of oriP-harboring plasmid DNA tends to be
shut off in cells, and EBNA-1 can reactivate expression. Finally, oriP-harboring
plasmid bound to EBNA-1 can escape from silencing transgene expression in
cells. These findings will be helpful for analyzing the mechanism of regulation
of transcription at the chromatin level.

SUMMARY

Numerous novel gene therapy vectors can be produced by combining both viral
and non-viral components to solve difficulties encountered in human gene ther-
apy. The possibilities for chimeric systems appear to be unlimited.
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. INTRODUCTION

One of the major hurdles to successful gene therapy of genetic and acquired
disease is the ability to introduce a foreign gene efficiently into the tissue of
interest and, in the case of genetic diseases, achieve long-term transgene expres-
sion. Adenoviruses (Ads) have many attractive features which have made them
a popular vehicle for gene transfer, including [1] well-defined biology, [2] the
capacity to accommodate foreign DNA inserts up to 36 kb, and [3] the ability to
infect a wide variety of cell types, tissues, and species in a cell cycle—independent
fashion. Perhaps the most important quality of Ads is the fact that they are rela-
tively safe, and are not associated with severe disease in immunocompetant indi-
viduals.

This describes recent advances in the clinical application of first-generation
Ads and the development of vectors with further deletions of viral sequences
(next-generation), including the new class of Ad-based vectors termed fully de-
leted (gutted) adenoviral vectors (fdAd). The fdAd vectors are deleted of all Ad
protein coding sequences, which, in part, has circumvented the problem of short-
term transgene expression previously associated with more traditional Ad vectors.
As will be shown, Ad vectors do hold great promise as delivery vehicles for gene
therapies, but the vector design is critical to successful application.
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Il. BIOLOGY OF ADENOVIRUSES

Adenoviruses were first discovered in the early 1950s as novel viral agents associ-
ated with respiratory ailments in human patients [1,2], and their name derives
from the original source of tissue from which the prototype member was isolated.
Since that time over 100 family members have been identified and characterized
from a wide variety of mammalian and avian species. All Ads have the same
general structural characteristics: an icosohedral, nonenveloped capsid (~70—
100 nm in diameter) surrounding a nucleoprotein core containing a linear double-
stranded genome (~30-40 kb). Of the human Ads, serotypes 2 (Ad2) and 5
(Ad5), both of subclass C, are the most extensively characterized (reviewed in
Ref. 3). Their genomes have been sequenced, and are ~95% identical at the
nucleotide level, with a similar arrangement of transcriptional units. AdS5 is ap-
proximately 36 kb, and encodes genes that are divided into early and late viral
functions, depending on whether they are expressed before or after DNA replica-
tion (Fig. 1). In general, the early transcription units (Ela, E1b, E3, and E4)
encode proteins required for transactivating other viral regions or modifying the
host cellular or immunological environment. E2 encodes proteins directly in-
volved in viral DNA replication. The late transcription units, L1-L5, are ex-
pressed from a common major late promoter and are generated from alternative
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Figure 1 Simplified transcription map of human adenovirus serotype 5 (Ad5). The Ad5
genome, shown as 100 map units (~36 kb), is divided into four early transcription units,
E1-E4, that are expressed before DNA replication and five late transcription units, L1-
L5 (not shown), which are expressed after DNA replication and are alternative splice
products of a common late transcript. Four smaller transcipts are also produced: pIX, IVa2,
and VA RNAs I and II. Not shown are the viral inverted terminal repeats, approximately
100 bp at each end of the viral genome, and packaging signal, located from nucleotides
190 to 380 at the left end of the genome (according to the standard Ad map), which are
cis-acting elements involved in Ad DNA replication and packaging, respectively.
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splicing of a single transcript. The late transcripts generally encode virion struc-
tural proteins. Four other small transcripts are also produced: pIX (encoding a
minor structural protein), IVa2 (activator of the major late promoter), and VA
RNA I and II (block activation of the interferon response).

Viral infection initiates with the Ad fiber protein binding to a specific recep-
tor on the cell surface [4], which acts as a common receptor for both Coxsackie
B virus and Ad, followed by a secondary interaction between Ad penton and
o,B; and o5 integrins [5]. The efficiency with which Ad binds to and enters
cells is directly related to the level of the primary and secondary receptors found
on the cell surface [6,7]. Ad is internalized by endocytosis, triggered by the pen-
ton—integrin interaction, and escapes from the early endosome prior to formation
of the lysosome [8,9]. The virion translocates to the nucleus along the microtubu-
lar network [9], during which time there is a sequential disassembly of the Ad
virion and, as a final step, Ad hexon remains at the nuclear membrane while the
DNA is released into the nucleus [10]. Viral DNA replication and assembly of
progeny virions occur within the nucleus of infected cells, and the entire life
cycle takes about 24 hr with an output of approximately 10* virions per cell. In
humans, Ads are not associated with any neoplastic disease, and only cause rela-
tively mild, self-limiting illness in immunocompetent individuals, primarily re-
spiratory illnesses, keratoconjunctivitis, or gastroenteritis (depending on the sero-
type). For a more comprehensive discussion of Ad biology, the reader is referred
to an excellent review by Shenk [3].

lll. FIRST-GENERATION Ad VECTORS

The early versions of Ad vectors had modest mutations: deletion of the E1 and/
or the E3 regions. The E3 sequences, which are dispensable for viral propagation
in vitro, can be removed and replaced with foreign DNA, resulting in a replica-
tion-competent virus capable of producing high levels of the protein encoded by
the foreign sequences. Since Ad is a human pathogen, replication competent virus
would be expected to elicit a strong inflammatory/immune response, which could
greatly limit its value for effective gene transfer, in addition to the risk that repli-
cation-competent virus may produce disease in human hosts. As such, gene thera-
pists have focused their attention on replication-deficient ads (RDAs). RDAs can
be generated by deletion of the El region, which encodes the necessary elements
to initiate viral replication. Removal of E1 allows for the insertion of approxi-
mately 4.7 kb of foreign DNA which can be further increased to approximately
8 kb by deleting the E3 sequences as well [11,12]. Ad vectors lacking E1 must
be propagated on special cell lines that provide the functions of the E1 proteins
in trans. From this point forward, we will refer to viruses with deletions of E1
function as “first-generation” adenoviral vectors. The presence or absence of E3
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will not be considered, because although these proteins may provide some immu-
nosuppressive qualities, the relative importance of this region remains controver-
sial [13—16]. It was initially thought that, in the absence of replication, these
vectors would be safe and weakly immunogenic, providing high-efficiency, long-
term gene expression. However, it has been discovered through preclinical and
clinical studies that replication is only one of several viral features which must
be inactivated to produce a vector for gene transfer in vivo.

A. Construction and Propagation of First-Generation
Viruses

Although the full-length Ad genome can be captured in a plasmid form which
yields infectious virus following transfection into permissive cell lines, the large
size of these plasmids (~40 kb) makes standard cloning procedures difficult [17].
Several methods for viral construction have been developed which benefit from
the natural recombination pathways present in prokaryotic and eukaryotic cells.
One of the earliest systems for creating first-generation Ad employed the recom-
bination pathway in mammalian cells following the transfection of two DNAs:
(1) a plasmid containing the left-hand portion of the virus (including the packag-
ing signal and 5'ITR) with an appropriate expression cassette replacing the E1
sequences and (2) the right-hand portion of the viral genome (either purified viral
DNA digested with Xba I/Clal to remove the packaging signal or a plasmid
containing a circularized genome)[18]. Recombination between homologous Ad
sequences on the two plasmids leads to the formation of recombinant viral ge-
nomes. Unfortunately, this approach was not found to be highly efficient. Re-
cently, this system has been improved 100-fold by using a site-specific recombi-
nase (Cre) to mediate recombination between the two plasmids instead of the
natural homologous recombination pathways in mammalian cells (Fig. 2) [19]
Alternatively, a method has been developed using homologous recombina-
tion in bacteria which is more efficient than the mammalian system [20]. In this
case, bacteria are transformed with two plasmids:(l) a shuttle plasmid similar to
the one used for rescue in mammalian cells and (2) a circularized Ad genome
with a deletion of the entire 5’region, including the 5'ITR, packaging signal and
El region. The advantage of this design is that recombinants are identified by a
conversion of antibiotic resistance from ampicillin (parental circularized Ad) to
kanamycin (recombinant circularized Ad). By screening recombinants in Esche-
richia coli rather than mammalian cells, the length of time required to identify
the appropriate virus is greatly reduced. Once the correct viral genome is identi-
fied, the plasmid can be isolated, linearized (Ad ITRs must be present at the
termini of a linear molecule for efficient DNA replication), and transfected into
an El-complementing cell line, where it will generate recombinant Ad. A recent
enhancement to this approaches utilizes a cosmid-based vector [21]. Rather than
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Figure 2 Schematic outline of the AdMax system. The gene of interest is cloned into
a shuttle plasmid containing the Ad5 packaging signal and both 5" and 3’ ITRs. The shuttle
plasmid is cotransfected with a genomic plasmid which lacks a packaging signal and con-
tains an expression cassette encoding the Cre recombinase. Cre mediates recombination
between loxP sites contained in both the shuttle plasmid and genomic plasmid facilitating
the generation of viral genomes. (Courtesy of F. Graham and modified from Ref. 19.)

depending on homologous recombination, the shuttle plasmid is ligated directly
to the cosmid prior to packaging in A particles. The shuttle plasmid provides both
the left cosmid arm (necessary for packaging into phage particles) and the lacZ o-
peptide allowing identification of appropriate recombinant through classic “blue/
white” selection in bacteria. Again, plasmids containing the appropriate recombi-
nants can be verified through restriction analysis, isolated, linearized and
transfected into El-complementing mammalian cells to produce recombinant
adenovirus.

Regardless of the method used for generating the recombinant first-genera-
tion vector, the absence of El in the viral genome must be complemented to
propagate the virus. Originally, researchers used a cell line called 293 that was
derived from human embryonic kidney cells transformed with the left-hand por-
tion of AdS (including the El region) [22]. Unfortunately, it has been demon-
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strated that, over time first-generation vectors propagated on 293 cells can recom-
bine with the E1 sequences contained within the cell line, thus transferring El
to the vector and yielding replication-competent adenoviruses (RCAs) [23]. As
discussed previously, RCA is undesirable for human applications, and alternative
cell lines have been created for propagating Ads which prevent the formation of
RCA. Cell lines such as PER.C6, GH329, and AE25 have been generated using
heterologous promoter systems minimizing the amount of adenoviral DNA re-
quired to provide the coding sequences of E1 proteins [24—-26]. No RCAs have
been detected when these new cell lines are paired with viruses that have match-
ing deletions (i.e., no overlapping sequences between the viruses and the cell
line).

B. Applications of First-Generation Viruses
1. Genetic Disease

Owing to the natural tropism of Ad for the lung epithelium, initial studies focused
on the use of this virus for lung gene therapy. Delivery of the CFTR gene, mutated
in patients suffering from cystic fibrosis (CF) seemed an obvious candidate. Al-
though animal studies provided some promising results, it became clear that the
recombinant virus could still elicit a strong inflammatory response despite being
replication deficient [27]. In clinical studies, initial trials focused on delivering
the virus directly to the nasal epithelium and measuring gene transfer, viral shed-
ding, and evidence of chloride transport [28,29]. Although gene transfer was
measurable in most patients, the efficiency of gene transfer and correction of
chloride transport was low. Nonetheless, Ad delivery was well tolerated. In stud-
ies where the virus was administered to the bronchial epithelium, adverse effects
were noted in a patient receiving the highest dose of virus (2X10°pfu) [30-32].
This quantity of virus is not particularly high, considering that most murine mod-
els employ between 10% and 10° pfu of virus. Thus, it appeared further modifica-
tions of the virus were necessary to achieve results in humans comparable to the
results in animals. Although the poor outcome of the clinical trials was disap-
pointing with respect to the likelihood of curing CF using first-generation vectors,
these studies provided enormous lessons in the fundamentals of practical gene
therapy.

Another application for Ad in gene-replacement strategies was as a biologi-
cal source of circulating proteins such as factor IX or erythropoeitin. To this end,
two tissue targets were chosen for infection: the liver and the skeletal muscle.
In murine models, Ad vectors transduce the liver with high efficiency, and this
organ represents an excellent source of plasma proteins given its access to the
systemic circulation. As with the lung, gene delivery to the liver using first-gener-
ation vectors resulted in toxicity and immune responses, which limited the dura-
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tion of gene expression [33,34]. The death of a subject in a clinical trial for gene
replacement in patients suffering from ornithine transcarbamylase deficiency has
reiterated our limited understanding of Ad vector biology in humans [35]. How-
ever, it should be noted that this patient received a remarkably high dose of vector
(10" vector particles) administered directly into the liver through the portal vein.
These results should not provoke investigators to abandon Ad gene therapy, but
they do indicate that further refinement of the technology is required, and great
caution should be used when administering vector directly into the liver.

Gene transfer to the muscle successfully yielded transient production of
serum factors such as human erythropoeitin [36]. Interestingly, it was discovered
that if the murine erythropoeitin cDNA was used instead of the human cDNA
in a murine model, the duration of gene expression was greatly extended, whereas
expression of foreign genes such as -galactosidase by first-generation Ad was
transient, which is, similar to the results with the human erythropoeitin, [37,38].
These results established another important fundamental of gene therapy: Gene
expression could be limited by immunity against the transgene in addition to host
responses against the virus. Furthermore, first-generation vectors may be of value
for muscle gene therapies provided the gene they were carrying was fully homolo-
gous with the host.

2. Cancer Gene Therapy

Although the short-term gene expression provided by first-generation vectors
does not seem sufficient for gene-replacement strategies, short-term expression
is ideal for applications which only require a brief exposure to gene product.
Cytokine immunotherapy of cancer has been limited by the extremely toxic side
effects of systemic cytokine exposure. Ad vectors could be used to deliver cyto-
kine genes directly to the tumor site producing high levels of protein within the
tumor microenvironment and limiting exposure to the circulatory system. In pre-
clinical models, Ads expressing interleukin (IL)-2, IL-4, IL-6, IL-7, and IL-12
and interferon(IFN)—o., IFN-B, and IFN-y have demonstrated activity against es-
tablished tumors [39-50]. Clinical trials employing direct intratumoral injection
of Ad-IL-2 demonstrated gene transfer in the majority of tumors despite the
existence of antibodies against Ad [51]. Most importantly, the therapy was well
tolerated. Unfortunately, these studies are at the early stage, so it is difficult to
assess whether the treatments provided a clinical benefit.

Ad vectors have also been used for suicide gene therapy with the herpes
simplex virus—TK/ganciclovir (HSV-TK/GCV) or E. coli cytosine deaminase/
5-fluorocytosine (CdA/5-FC) combinations. In theory, by delivering Ad directly
to the tumor, conversion of the prodrugs to the toxic form should occur only
within the site of the tumor creating a nontoxic form of chemotherapy. The Ad/
suicide gene therapy approach has proven to be effective in murine models of
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established tumors [52]. Tumor regression may be dependent upon an effective
immune response, and the strong immunogenicity of Ad may enhance that effect
[53-56]. However, Ad can disseminate from the tumor into peripheral tissues,
such as the liver, eliciting dose-limiting toxicities [S7—-59]. Intralesional adminis-
tration of AdHSV-TK was well tolerated in patients but, as in previous studies,
a number of individuals displayed adverse effects, including transient hepatotox-
icity [60,61]. Further modifications of the vector to limit gene expression using
tumor-specific promoters or by limiting the tropism of the virus through targeting
(see below) should reduce toxic side effects and improve the specificity of this
approach.

The genetic alterations in tumors lead to the activation of cellular onco-
genes and inactivation of tumor suppressor genes. Tumor-suppressor genes, like
Rb or p53, can mediate a dominant growth inhibitory function and represent
interesting candidates for cancer gene therapy, because expression of these pro-
teins would be expected to attenuate growth of tumor cells but not affect normal
tissues. Although it might be expected that long-term gene expression is essential
for the success of tumor-suppressor therapy, transient expression of wild-type
p53 in a tumor cell will lead to apoptosis, so long-term expression may not be
critical [62]. Several clinical studies have evaluated the utility of Ad—p53 therapy
in non—small cell lung cancer and squamous cell carcinoma of the head and
neck [63-65]. Clinically, the Ad vector was delivered either via bronchoscope
or percutaneously using a computed tomographic (CT) scan as a guide. This
treatment was generally well tolerated, although many patients exhibit transient
fever. Recombinant vector was detectable in sputum and urine; howevever, viral
shedding was not associated with fever or liver damage, so it is likely that this
is merely excess virus from the initial instillation rather than from replication of
vector. Most interestingly, objective responses were observed in a number of
instances suggesting therapeutic effect [63]. Of course, these are early-stage trials
and further evaluation is necessary. Cyclin inhibitors have also been used to sup-
press cell cycle progress in cancer gene therapies employing Ads [66—68]. Alter-
natively, investigators have employed proapoptotic proteins such as bax to pro-
mote cell death in tumors [69,70]. Again, the success of strategies involving the
expression of proteins that may be toxic to nontumor cells will depend upon
limiting gene expression to the tumor.

A novel approach to cancer gene therapy using first-generation Ad is the
development of oncolytic variants [71,72]. The E1 gene products are essential for
binding the cellular tumor-suppresor genes p53 and Rb to permit viral replication.
Deletion of Ela or E1b attenuates viral replication in normal cells with functional
Rb and p53, respectively. However, in cancer cells where p53 and Rb are often
mutated during the course of oncogenesis, these viruses are capable of produc-
tively replicating and ultimately lysing the cell. Thus, investigators are currently
evaluating the benefit of treating cancer with oncolytic, first-generation Ads
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which selectively replicate in tumor cells but not in normal cells. One such virus,
Onyx-015, has progressed to clinical trial [73—75]. Onyx-015 lacks the E1b pro-
teins and, therefore, is unable to replicate in cells that express wild-type p53.
In theory, Onyx-015 is expected to be replication deficient in normal cells and
replication competent in tumor cells with p53 mutations. However, the actual
mechanism of action for this virus may be more complex [76]. Treatment of
patients with head and neck cancer using Onyx-015 was well tolerated but flulike
symptoms were observed in a number of patients [73]. No objective responses
were observed in this early trial, but the investigators were able to demonstrate
viral replication in 4 of 22 biopsy samples and each replication-positive biopsy
also had mutated p53. In preclinical studies, investigators have increased the
potency of Onyx-015 by inserting coding sequences for the HSV-TK gene, creat-
ing a bivalent therapeutic [77,78]. However, there will be greater concern for
tight regulation of HSV-TK expression in this system, because increased viral
dissemination can be expected using a conditionally replicating virus rather than
a fully replication-deficient vector.

3. Other Applications

The experience in cancer gene therapy using antiproliferative strategies has been
extended into another hyperproliferative disease—restenosis. Using balloon-
catheter technology, a methodology has been developed to deliver Ad vectors
concomitant with angioplasty. In this setting, the vascular smooth muscle cells,
which may multiply following angioplasty and reduce blood flow through the
vessel lumen (restenosis), are transduced with either a prodrug-converting en-
zyme (HSV-TK) or a suppressor of cell growth (Rb) resulting in growth inhibition
and diminution of restenosis [79-85]. Ads have also been used for a genetic
approach for the treatment in coronary artery disease. Viruses expressing vascular
endothelial growth factor (VEGF), a potent angiogenic agent, were delivered to
the heart by direct injection into the myocardium as a means of increasing blood
flow [86]. This approach will be particularly useful for individuals with multiple
obstructions who are not candidates for coronary bypass. Clinically, no significant
adverse effects were observed in patients treated by this approach and there was
evidence of clinical efficacy (improved oxygenation and reduced angina)[87,88].

Another exciting opportunity for Ads is preoperative modification of trans-
plant tissue. Using genes encoding immunosuppressive factors, it may be possible
to delay tissue rejection and enhance graft survival. Ads can efficiently transduce
tissues ex vivo under conditions compatible with transplantation in preclinical
models [89-93]. Most work has focused on the fusion molecule CTLA4-Ig,
which prevents T-cell activation by blocking the B7 family of costimulatory mol-
ecules on antigen-presenting cells [94—97]. Other molecules that have also been
used include complement receptor 1, cellular IL-10, viral IL-10, viral IL-10, and
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the p40 subunit of IL-12 [98—104]. Reperfusion injury, which can result from
resuming blood flow within the ischemic transplanted organ, is another factor
limiting graft survival and delivery of the genes encoding the Cu/Zn superoxide
dismutase or heat shock protein 70 (HSP70) via first-generation Ad vectors have
been shown to reduce ischemia—reperfusion damage [105-107].

C. Limitations of First-Generation Vectors

As mentioned previously, first-generation vectors can still induce substantial in-
flammation despite being replication deficient. Inactivated virus has been shown
to be capable of initiating the production of chemokines and proinflammatory
molecules from transduced cells [108—110]. Therefore, inflammation appears to
be a consequence of viral treatment independent of the expression of viral genes,
suggesting that Ad vectors will produce limiting inflammation regardless of ge-
netic manipulation. However, in vivo studies have indicated that by deleting all
vector sequences (as will be discussed below) or by including inhibitors of in-
flammation (IkB), it is possible to reduce the inflammatory response and extend
gene expression [111].

In animal models, inflammation induced by the virus does not appear to
be limiting to the duration of transgene expression, because gene expression can
be extended by several months using T-cell-deficient animals; implicating ac-
quired immunity as the major limiting factor in long-term gene expression
[27,112—-117]. Both viral proteins and therapeutic proteins were found to be tar-
gets for immune attack. Surprisingly, despite lack of El, viral proteins are ex-
pressed on first-generation vectors at levels sufficient to elicit a T-cell response
[34,118—120]. Further manipulation of the viral backbone should succeed in at-
tenuating expression of all viral proteins. Unfortunately, since gene-replacement
strategies rely on introducing a functional gene to replace a defective one, the
therapeutic gene will often be recognized as foreign by the host. A recent report
has suggested that by sequestering gene expression to the tissue of interest (i.e.,
using tissue-specific promoters), the immune response could be bypassed [121].
Thus, although first-generation Ads were less successful than anticipated for
long-term gene expression in vivo, for many applications, particularly in cancer,
first-generation vectors have proven to be quite valuable.

IV. SECOND-GENERATION Ad VECTORS

To improve the utility of Ad vectors for gene therapy applications, researchers
have further modified the virus by introducing additional mutations or deletion
in the E2 or E4 regions [122—132], both of which are required for normal viral
replication, generating second-generation Ad vectors. These vectors, by neces-
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sity, must be propagated in cell lines which complement both E1 and the second
missing function, and they are generated using similar methods as described for
first-generation Ads. Second-generation Ads have produced mixed results rang-
ing from no improved function [123,130] to significantly improved long-term
transgene expression and reduced immunogenicity and toxicity [133—135] com-
pared to El-deleted vectors. One interesting observation arising from analysis of
transgene expression from E4-deleted vectors is the influence that this region can
have on the persistence of expression of transgenes controlled by viral promoters
contained in these vectors (e.g., cytomegalovirus immediate-early promoter).
Vectors deleted of most or all of E4 showed reduced transgene expression over
time, which was not accompanied by a loss of vector DNA [136,137]. Subse-
quently, it was determined that the Ad E4ORF3 was able to prevent viral pro-
moter downregulation, which can occur over time in transduced cells [138], and
this appears to be a generalized phenomenon for viral, but not cellular, promoters
contained in Ad vectors. Inclusion of an E4ORF3 expression cassette in plasmid
constructs also resulted in an improved duration of transgene expression in vivo
[139].

The utility of second-generation Ads is exemplified by the work of Amalfi-
tano and coworkers [140], who showed that administration of an E1/E2B (Ad
DNA polymerase)—deleted vector encoding human acid-o-glucosidase (GAA) to
GAA knockout mice resulted in systemic correction of musclar glycogen storage
disease. In these experiments, a single retro-orbital delivery of the vector resulted
in efficient uptake of the virus by hepatic cells. GAA proenzyme produced from
the hepatic protein factories was secreted into the serum and taken up by skeletal
and cardiac muscle resulting in decreased glycogen accumulation in the muscle.
Although treated mice were only characterized out to 12 days postvector adminis-
tration, and no long-term data have been presented, this approach may have wide
implications for treatment of musclar disease. Studies using a similar vector en-
coding [B-galactosidase (B-gal) showed expression of the protein for at least 2
months in mice [133], suggesting that DNA polymerase—deleted Ad vectors may
provide the duration of expression, even of potentially immunogenic transgenes,
necessary for the correction of many genetic diseases. Although second-genera-
tion Ads are easier to generate than fully deleted Ad vectors (see below), they
have not gained widespread use because of their inconsistent performance and
marginal increase in cloning capacity compared with first-generation Ads.

V. FULLY DELETED Ad VECTORS

Perhaps the ultimate in Ad vector attenuation results from the deletion of all Ad
protein coding sequences, giving rise to fully deleted Ad vectors (fdAd). The
only Ad sequences that need be retained in the fdAd are approximately 500 bp
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of cis-acting DNA elements, including the viral inverted terminal repeats (ITRs)
located at each end of the genome that are necessary for viral DNA replication,
and the viral packaging signal (‘¥), which is the only element necessary for pack-
aging of the DNA into virions. Since vectors of this type are not able to replicate,
the current methods for producing fdAd involve coreplication of the fdAd in the
presence of a second helper virus which provides all replicative functions in trans.
fdAds retain many of the advantages of first-generation Ad vectors, including
high transduction efficiency of mammalian cells, but also have the added advan-
tages of increased cloning capacity (up to ~37 kb) increased safety, and the
potential for reduced immune responses due to the elimination of all viral coding
sequences.

The prospect of using fdAds for gene therapy was first proposed by Mitani
et al. [141], who produced a vector that was deleted of approximately 7.3 kb of
essential Ad coding sequences and encoded a B-gal/neomycin fusion reporter
gene. The vector DNA and wild-type (i.e., E1+) Ad2 helper DNA were cotrans-
fected into 293 cells, and the resulting blue plaques, presumably containing both
the B-gal vector and Ad2 helper virus, were isolated and amplified by serial pas-
sage on 293 cells. The resulting vector preparations contained an excess of helper
virus (~200-fold over vector), but could transduce -gal into recipient COS cells.
Strategies similar to those employed by Mitani et al. were used to generate fully
deleted Ad vectors encoding cDNAs for CFTR [142], dystrophin [143,144], or
the y-subunit of cyclic guanosine monophosphate (GMP) phosphodiesterase for
rescue of photoreceptor degeneration [145], although helper functions were pro-
vided by a first-generation Ad5 vector. The fdAd were partially purified from
the helper virus by centrifugation, and the helper content of the final purified
vector stocks ranged from approximately a 1000-fold excess [142] to 3% [145]
of the vector titer. Interestingly, fdAd vectors that were constructed significantly
below the size of the wild-type Ad genome tended to be unstable and underwent
DNA rearrangement, primarily multimerization, increasing the final size of the
gene transfer vector to approximately that of wild-type Ad [142,143]. Neverthe-
less, all of the fdAds described above were able to transduce cells and express
transgenes.

A. Propagation of fdAds

To reduce the quantity of helper virus present in the final vector preparations,
Kochanek et al. [146] used SVS5, a derivative of a first-generation AdS helper
virus that was deleted for 91 bp of the Ad packaging signal, including three of
the five elements believed to be essential for Ad DNA packaging [147]. This
mutation resulted in a 90-fold reduction in the packaging efficiency of the helper
virus compared to wild-type Ad. Thus, during serial amplification of an fdAd
coinfected with SV5, the f{dAd, which contains a wild-type packaging signal, was
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preferentially packaged, resulting in an improvement in the purity of the fdAd
(~1% helper virus contamination). In this manner, a fdAd was produced that
contained the full-length human dystrophin cDNA, under the regulation of the
murine creatine kinase promoter, and human cytomegalovirus (HCMV)-driven
B-gal expression cassette, designated AdDYSPB-gal. The -gal cassette was in-
cluded to monitor easily vector titer and transduction efficiency. This vector could
express both B-gal and dystrophin in muscle, and resulted in partial, albeit tran-
sient, phenotypic correction of mdx mice, which carry a natural mutation in the
dystrophin gene [148]. Intramuscular administration of AdDYSpB-gal resulted in
inflammation in immunocompetent mice, and histological examination of trans-
duced tissues showed an infiltration by CD4* and CD8" lymphocytes [149].
Transgene expression in wild-type mice was transient (<42 days); however, in
B-gal-tolerized mice (i.e., lacZ transgenic animals), transgene expression was
substantially prolonged (>82 days), suggesting that immune responses to 3-gal
may have been the reason for a loss of transgene expression. AADYSB-gal was
also used in an ex vivo approach to transduce myoblasts which were subsequently
transferred into mdx mice, resulting in expression of dystrophin in the recipient
mouse muscle [150]. However, as observed after direct injection of vector into
naive animals, the myoblasts were eventually eliminated because of the induction
of cellular immune responses to the foreign dystrophin protein. Nevertheless, the
results of Clemens and coworkers [148] clearly indicated that fdAds could be
used in gene therapy applications.

Recombination systems have been employed to prevent packaging of the
helper virus, or to remove large regions of coding sequence from first-generation
vectors [151-153]. Lieber et al. [152] engineered a first-generation vector where
one loxP site, a target for the bacteriophage P1 Cre recombinase, was located
immediately downstream from the transgene cassette in the E1 region and a sec-
ond site was inserted within the E3 region. In the presence of Cre, the loxP sites
are recombined, excising the Ad coding sequences located between the two loxP
sites, and leaving a genome of approximately 9 kb. In this system, the unrecom-
bined vector itself acts as the complementing helper virus and the E4 transcrip-
tional unit is retained in the final vector. Unfortunately, these vectors were unsta-
ble in vivo and provided only limited transgene expression after intravenous
injection. Since the vectors developed by Lieber et al. still retain Ad coding se-
quences and have similar cloning capacity for foreign DNA as first-generation
vectors, this strategy to generate fdAd has not gained widespread use.

A different Cre/loxP—based system for the generation of f{dAd involves the
use of a first-generation helper virus where the packaging signal is flanked by
loxP recognition sites [151,153]. This virus is easily propagated in normal 293
cells; however, upon infection of a 293-derived cell line that stably expresses
the Cre recombinase [154], the packaging signal is excised rendering the helper
virus genome unpackageable (Fig. 3). The helper virus DNA retains the ability
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Figure 3 The Cre/loxP system for generating helper-dependent Ad vectors. The helper
virus is a first-generation vector (i.e., El-deleted) that contains a packaging signal (V)
flanked by loxP recombination target sites. Upon infection of a 293-derived cell line that
stably expresses the bacteriophage P1 Cre recombinase, the packaging signal of the helper
virus is excised, rendering the helper virus DNA unpackagable into virions. The helper
virus can still replicate and provides all of the trans-acting factors required for propagation
of a second vector deleted of most, if not all, Ad protein coding sequences, but containing
the appropriate cis-acting elements, mainly the Ad inverted terminal repeats (ITRs) and
packaging signal. The titer of the helper-dependent vector is increased by serial passage
through helper virus—infected 293Cre cells (Adapted from Ref. 153.)

to replicate and express all of the functions required in trans for propagating a
fdAd. The fdAd vector titer is increased by serial passage in 293Cre cells and,
since the helper virus is not packaged in the Cre cells, a constant amount of new
helper virus must be added at each passage. This system facilitates the generation
of high-titer fdAd preparations with substantially reduced quantities of contami-
nating helper virus, typically ranging from 0.1 to 0.01% of the fdAd titer, and
is the method currently employed to produce most fdAds for gene therapy studies.

B. Size Constraints and the Importance of Stuffer DNA

Using the Cre/loxP fdAd system, it was determined that Ad virions have a lower
limit for efficient DNA packaging of approximately 75% of the wild-type genome
length [155]. Vectors constructed below 75% of the Ad genome length had under-
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gone DNA rearrangements, resulting in a final vector size of greater than ~27
kb, whereas larger vectors were unaltered. The requirement for a minimum fdAd
vector size of 28 kb implies that, in many cases, additional stuffer DNA must
be included to prevent rearrangement. However, the nature of the stuffer DNA
can have important effects on vector performance [156]. For example, a fdAd
which contained 22 kb of bacteriophage lambda DNA expressed poorly in vivo
following intravenous delivery to mice, and elicited the formation of cytotoxic
T lymphocytes (CTLs) to peptides produced from the lambda DNA. In contrast, a
similar fdAd engineered with a fragment from the human hypoxanthine—guanine
phosphoribosyltransferase gene (HPRT) as stuffer showed significantly improved
expression and did not elicit HPRT-specific CTL. These observations suggest
that deletion of all Ad coding sequences, in itself, is not sufficient to permit long-
term gene expression, and indicate that the nature of the stuffer segment must
be carefully considered. The immediate interpretation of these results is that only
eukaryotic DNA should be used as stuffer. It is not clear if there are other DNA
sequence elements or physical characteristics of eukaryotic stuffer DNAs which
contribute to their effectiveness.

C. In Vitro and In Vivo Studies

Schiedner et al. [157] used the Cre/loxP system to prepare an fdAd which en-
coded a genomic copy of the human o -antitrypsin gene (fdAd-AAT), including
the endogenous promoter. In these experiments, AAT was used more as a reporter
gene rather than as a potential therapeutic. This vector showed tissue-specific
gene expression in cell culture and high-level, stable transgene expression in
C57B1/6] mice for greater than 10 months following intravenous administration.
Similar results were observed in C3H/HeJ mice [121], indicating that long-term
gene expression was not a mouse strain—specific phenomenon. Moreover, histo-
pathological examination revealed that the liver morphology of animals treated
with the fdAd was essentially normal even at very high vector doses [158],
whereas treatment with a first-generation Ad vector resulted in significant acute
and chronic liver injury. Long-term expression of AAT (>1 year) was also ob-
served in two of three baboons treated with the fdAd-AAT vector by intravenous
delivery [159]. Blood chemistry for all the baboons was normal over the duration
of the experiment. Interestingly, the baboon that only displayed short-term AAT
expression had developed antibodies to the human AAT protein, suggesting that
immunity to the therapeutic transgene may have contributed to the loss of measur-
able serum AAT. Similar results were observed after intravenous delivery of a
fdAd encoding mouse leptin to obese mice (ob/ob, leptin knockout mice), al-
though, in this model, the effectiveness of the treatment was eventually compro-
mised because of the induction of immune responses to the foreign leptin protein
in the knockout mice [160].

Using a different design of helper virus for fdAd vector propagation [161],
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Balague et al. [162] produced a fdAd vector containing a human factor VIII
(hFVIID) cDNA, the defective gene in hemophilia A, under the regulation of the
human albumin promoter. Expression of hfVIII protein was detected for almost
1 year after a single intravenous administration of the vector to C57BL/6J mice,
and the quantity of protein expressed was within physiological range (100—800
ng/ml of serum). Interestingly, hFVIII expression declined sharply 14 days fol-
lowing inoculation of Balb/c mice and within 3—8 weeks in 13 of 16 hemophilic
mice. There appeared to be an inverse correlation between the duration of hFVIII
expression and formation of anti-hFVIII antibodies in the mice, with the strongest
and earliest response being observed in the Balb/c strain. All mice developed
antibodies to Ad. When assayed 6 days postinjection by tail clipping experiments,
hemophilic mice showed improved blood clotting times of 30 min compared to
continuous bleeding in untreated mice and approxintmely 10 min in nonhemo-
philic control mice. Following intravenous delivery, vector could be detected by
a polymerase chain reaction (PCR)-based assay in spleen, lung, kidney, and
heart, with the majority of vector DNA being in the liver; however, no vector
DNA was detected in gonadal tissue. Histopathological examination of tissues
revealed no significant changes compared to untreated animals, irrespective of
the vector dose, suggesting that, once again, f{dAd vectors are nontoxic.

FdAd have also been investigated for the treatment of acquired disease.
Using an approach similar to the cancer immunotherapies we described previ-
ously a vector encoding murine INFo2 (mIFNo2) under the regulation of the
liver-specific transthyretin promoter was employed to treat mouse hepatitis virus
type 3 and concanavalin-induced hepatitis [163]. Successful results were obtained
at vector doses which did not give rise to elevated serum mIFNa2, thereby elimi-
nating side effects associated normal systemically delivered protein therapy.

It is important to note that the best results observed after gene delivery
using fdAd vectors were in the absence of immune responses to the transgene,
where protein expression persisted for greater than 1 year in some studies. Should
humoral or cellular immune responses form against the foreign transgene product,
protein expression will not persist. This suggests that one very active area of
research in gene therapy in the coming years should be methods to prevent or
circumvent immune responses to foreign proteins.

D. Readministration of fdAds

Although the fdAd DNA can persist within nondividing or slowly cycling cells
for long periods of time, the episomal nature of Ads (and fdAds) may mean that
the vector DNA will inevitably be lost from the cell as a consequence of normal
cell division. Thus, although fdAds provide greater longevity of transgene expres-
sion than observed for first-generation Ads, there may be a requirement for repeat
vector administration in order to boost transgene expression levels. Unfortu-
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nately, in most cases Ad (and fdAd), administration to immunocompetent individ-
uals results in the formation of anti-Ad neutralizing antibodies which present a
significant barrier to vector readministration [164—166]. However, Ads come in
several different serotypes. For example, Ad2 and Ad5 are from different sero-
types, so neutralizing antibodies to one virus, Ad2, will not prevent infection by
the second virus, Ad5. A key feature of the fdAd system is that the vector serotype
is defined by the helper virus, and thus a series of genetically identical fdAds of
different serotypes can be generated simply by changing the helper used for vec-
tor rescue. By alternating the serotype of the helper virus, it was possible to use
a serotype 5 fdAd to deliver a transgene effectively to the liver of mice previously
exposed to a fdAd rescued with a type 2 helper virus [167]. Interestingly, sequen-
tial administration of first-generation Ads of different serotypes has been associ-
ated with a rapid decrease in transgene expression within a few days after admin-
istration of the second vector, presumably as a result of cross-reacting cellular
immune responses elicited after the first injection [168]. This phenomenon was
not observed during serotype switching with fdAds, suggesting that either fdAds,
do not elicit such destructive processes or, alternatively, the infected cells are
poor targets.

Experiments by Maione et al. [169] showed that a fd Ad—murine erythropoi-
etin (mEPO) construct produced 100-fold higher levels of expression compared
to a first-generation Ad containing an identical expression cassette. As a result,
only small quantities of fdAd—mEPO were required for a favorable effect, and
such low quantities of vector did not result in the induction of anti-Ad neutralizing
antibodies in the mice. Thus, readministration of the same vector was achieved
without the need of immunosuppression or serotype switching, and illustrates
that although serotype switching can be accomplished easily using fdAd, it may
not be necessary in some cases.

E. Recent Advances in Vector Design

Recently, efforts have been made to increase the effectiveness of f{dAd amplifica-
tion and expression by optimizing the helper virus and fdAd vector design. In
order to reduce the chances of recombination between homologous elements in
the viral packaging signal of the helper virus and the fdAd, which would result
in a loss of the left-most loxP site flanking the packaging signal and, therefore,
loss of selection in the Cre/loxP system, Sandig et al. [170] reconstructed the
packaging signal of the helper virus, reducing the length of homologous regions
to as little as 22 bp. Second, in addition to identifying new DNA elements which
can effectively act as stuffer in f{dAd, vector propagation could be improved by
including in the fdAd the E4 promoter element located at the right end of the
Ad genome immediately adjacent to the left ITR. This effect was attributed to
enhanced packaging of the E4-modified f{dAd DNA compared to vectors lacking
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the promoter, and suggests that both the left and right ends of Ad are involved
in packaging the viral DNA into virions.

The large cloning capacity of fdAds means that additional features can be
accommodated, such as expression cassettes which can be regulated or integrate
into the genome. Regulated gene expression can be accomplished either by the
use of tissue-specific promoters, such that the transgene is only turned on in a
particular tissue type [157], or by using promoters which are active only after
the addition of an exogenous compound, allowing on/off regulation in all trans-
duced cells. The combination of regulated gene expression and long-term vector
persistence in vivo represents a powerful tool for gene delivery and expression,
as elegantly illustrated by Burcin et al. [171]. A fdAd was generated to express
the chimeric transactivator, GLp65, which consisted of a mutated progesterone
receptor—ligand-binding domain fused to GAL4 DNA-binding domain and part
of the activation domain of the human p65 protein (a component of NF-xB com-
plex) under the regulation of a liver-specific promoter. The fdAd also contained
the cDNA for human growth hormone under the control of a minimal promoter
linked to GAL4-binding sites. When mice were inoculated with this fdAd by tail
vein injection, high levels of serum growth hormone were detected following
treatment with mifepristone, an inducer of the GLp65 transactivator, whereas no
expression was detected in the absence of the inducer. Moreover, the transgene
could be repeatedly induced (i.e., fully off to fully on) over a period of several
weeks. These data illustrate an approach that should have wide applications in
animal studies and gene therapy.

To permit stable insertion into the mammalian genome of an Ad-delivered
expression cassette, Recchia et al. [172] produced an Ad/adeno-associated virus
(AAV) hybrid which efficiently transduced cells and led to integration of a
transgene cassette. AAV is a parvovirus capable of integrating into the host chro-
mosome, and very encouraging results have been obtained using this virus as a
gene delivery vector both in animals and humans [173,174]. Unfortunately, AAV
has only a limited capacity for foreign DNA (~4.7 kb). The Ad/AAV hybrid
system is an attempt to combine the large cloning capacity of fdAds and the
integrative capacity of AAV. The hybrid vector system contained two compo-
nents. The first component was a fdAd that contained the coding sequence for
the AAV REP78 protein, responsible for AAV replication and site-specific inte-
gration, under the regulation of a liver-specific promoter. A second vector con-
tained an AAV-ITR-flanked reporter gene. Coinfection of human liver cells in
culture with the two vectors resulted in the excision and amplification of the
AAV ITR-flanked transgene cassette and, in some cells, integration of the cassette
into the cellular genome. Some of the integration events occurred in a site-specific
manner into the AAVSI1 site located on chromosome 19, the normal site for
integration of wild-type AAV. Once integrated, the expression cassette could be
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passed to all daughter cells during cell division, thus circumventing the normal
episomal nature of Ads.

VI. CELL TARGETING

Altering the tropism of Ad can be advantageous in a number of settings. If the
primary or secondary receptor for Ad is not present on the target cell type, or is
present only at low levels, modifying the virus to contain a ligand which can
bind the target cell should enhance cell transduction. Alternatively, viral infection
can be limited to specific cell types by abrogating elements on the Ad virion
responsible for binding to its cognate receptor and adding a ligand specific to
the target tissue.

One way to retarget the Ad virion is through the use of bispecific antibodies
in which one end binds the Ad fiber and the other recognizes a cell surface recep-
tor. This approach was used successfully to improve Ad transduction of endothe-
lial and smooth muscle cells by using a bispecific antibody which bound o,
integrins, which are prevalent on these tissues [6]. Unfortunately, the methodol-
ogy required to generate Ad/antibody conjugates leads to formulation variability.

A second approach to Ad retargeting is genetic modification of Ad fiber.
Ad knob, the terminal region of fiber, has been crystallized and the structure
determined [175,176], and an extensive mutational analysis of amino acid resi-
dues responsible for the Ad fiber knob/CAR interaction has been performed
[177,178]. Studies have shown that short ligands can be added to Ad fiber either
at the carboxy-terminus of the protein [179] or within the variable HI loop of
knob [180]. In many cases, these additions do not alter Ad binding to CAR.
Genetic modification of Ad fiber has led to improved transduction of a variety
of tissues and cell types, including mature muscle [181], ovarian tumors [182],
and macrophage, endothelial, smooth muscle, and T cells [179]. More impor-
tantly, the thorough analysis of knob/CAR interactions has lead to the identifica-
tion of residues which, when mutated, abrogate CAR binding, leading to true Ad
receptor redirection [177,178]. The combination of Ad cell targeting redirection
and the use of tissue-specific promoters will undoubtedly improve the utility of
Ads in gene therapy.

Vil. SUMMARY

The popularity of first-generation Ad vectors arose from their ease of genetic
manipulation, high transduction efficiency of many different cell types and tis-
sues, and their relative safety compared to other vector systems. Unfortunately,
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these characteristics came at a price, mainly transient transgene expression due to
the induction of strong immune responses in the host and vector toxicity. Whereas
strong immunogenicity can be advantageous for vaccine design and therapeutic
strategies for cancer and infectious diseases, it is detrimental for gene-replace-
ment approaches. Fully deleted Ad vectors have retained the high transduction
efficiency of Ads in addition to gaining other desirable qualities, including large
cloning capacity (~36 kb) and reduced vector-associated toxicity, inflammation,
and cell-mediated immune responses. An unexpected advantage of fdAd vectors
is that, apparently, they can persist as an episome in nondividing cells for long
periods of time, giving rise to sustained transgenic expression for greater than 1
year. This may be an advantage over integrating vectors (e.g., AAV, retrovirus,
and lentivirus), since integration can lead to inadvertent gene inactivation or acti-
vation depending on the site of integration in the host chromosome. Taken to-
gether, these characteristics suggest that fdAd vectors may prove to be quite
useful for applications which are not amenable to first-generation Ads.

As with all fields of science, vectorology is continually evolving. The de-
velopment of fdAds from first-generation vectors was necessitated because of
the shortcomings of those vectors. For now, fdAds appear to be one of the best
choices for gene therapy applications directed toward genetic disease, where the
goal is long-term gene expression, with minimal immunological insult. Almost
certainly, fdAds will continue to be improved upon. Indeed, the ultimate gene
delivery vehicle will likely be a fusion of the best features of the current spectrum
of vectors. Over the next few years, we will witness many innovations in vectorol-
ogy which, as in the past, should continue to make gene therapy an exciting field
of research for both basic and clinical scientists.
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Gene Delivery Technology:
Adeno-Associated Virus

Barrie J. Carter
Targeted Genetics Corporation, Seattle, Washington, U.S.A.

. INTRODUCTION

Adeno-associated viral (AAV) vectors have a number of advantageous properties
as gene delivery vehicles. The parental virus does not cause disease. AAV vectors
are the smallest and most chemically defined particulate gene delivery system,
and they potentially could be classified as well-characterized biologics for thera-
peutic applications. AAV vectors contain no viral genes that could elicit undesir-
able cellular immune responses and appear not to induce inflammatory responses.
The primary host response that might impact the use of AAV vectors is a neu-
tralizing antibody response. The vectors readily transduce dividing or nondivid-
ing cells and can persist essentially for the lifetime of the cell. Thus, AAV vectors
can mediate impressive long-term gene expression when administered in vivo.
Consequently, these vectors may be well suited for application where the vector
need be delivered only infrequently and where any potential host antibody re-
sponse to the AAV capsid protein may be less inhibitory. One limitation for AAV
vectors is the limited payload capacity of about 4.5 kb per particle.

The lack of good producer systems that could generate high-titer vectors
was an early obstacle to development of AAV vectors, but there have been sig-
nificant advances in upstream production of AAV vectors as well as advances
in downstream purification. Clinical development of AAV vectors has progressed
significantly, and studies of AAV vectors in clinical trials in cystic fibrosis pa-
tients have been extended [1,2]. Other AAV vectors have now entered clinical
trials for hemophilia B and limb girdle muscular dystrophy [3,4].
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The basic elements of AAV molecular biology, its life cycle, and some of
the interesting and seminal early studies on AAV were recently reviewed [5].
Other references provide general reviews of AAV [6,7] and extensive summaries
on earlier development of AAV vectors [8—13]. This chapter will summarize
improvements in vector production and additional studies on the persistent gene
expression with AAV vectors as well as studies relating to host cell responses.
It also will describe recent studies on the biology of AAV vectors including
uptake into cells, trafficking to the cell nucleus, and the mechanism of genome
persistence. These studies suggest possible ways to modify the biological tar-
geting of AAV vectors, to enhance transduction efficiency, and to overcome the
packaging limitation.

Most of the early studies on AAV used AAV serotype 2 but genomes of
additional AVV serotypes have been cloned and sequenced [14]. The biological
properties of individual serotypes may include some differences in the interac-
tions with cellular receptors [15]. Other studies are now providing information
on the structure of the AAV capsid and how its interaction with the cell may be
modified. Thus, together with additional studies on cellular trafficking pathways,
it may be possible to modify the targeting of AAV vectors as well as to enhance
their transduction efficiency [16].

Studies on persistence of vector genomes indicate that this involves forma-
tion of polymeric structures or concatemers. Concatemers also can be formed
between two different vector genomes introduced into the same cell. This pro-
vides a way partly to circumvent the packaging limit of AAV by dividing a
gene expression cassette between two AAV vectors (“dual vectors”) and allowing
recombination in the cell to generate the intact expression cassette.

Il. ADENO-ASSOCIATED VIRUS
A. Biology

AAV is a small, DNA-containing defective parvovirus that grows only in cells
in which certain functions are provided by a coinfecting-helper virus, which is
generally an adenovirus or a herpesviruses [6,7]. AAV has not been associated
with the cause of any disease but has been isolated from humans [17]. AAV has
both a broad cell and tissue specificity, but there may be some limitations to this
specificity or some differences in efficiency of transduction of different tissues
and organs. These differences may reflect the receptor used for entry into cells
as well as a second set of parameters that relate to the nature of the helper function
provided by the helper viruses [18].

B. Molecular Biology and Replication

AAV is a nonenveloped particle about 20 nm in diameter comprising a protein
coat, containing the three capsid proteins VP1, VP2, and VP3, which encloses
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a linear single-stranded DNA (ssDNA) genome having a molecular weight of
1.5 X 105 Each particle contains only one single-stranded genome, but strands
of either complementary sense, “plus” or “minus” strands, are packaged into
individual particles. Several serotypes of AAV have been distinguished [17].
AAV1, AAV2, AAV3, and AAV4 have extensive DNA homology and significant
serological overlap, but AAVS is somewhat less related and a recently character-
ized AAV 6 may be a recombinant between AAV1 and AAV?2 (see below).

The AAV DNA genome is 4.7 kb long with one copy of the 145 nucleotide
long inverted terminal repeat (ITR) at each end and a unique sequence region of
4.4 kb. The unique region contains two main open reading frames for the rep
and cap genes in the left and right half of the genome, respectively. The ITR
sequences are required in cis to provide functional origins of replication (ori) as
well as signals for encapsidation, integration into the cell genome, and rescue
from either host cell chromosomes or recombinant plasmids.

In a productive infection of cells in the presence of a helper virus such as
adenovirus [9,19], the infecting parental AAV single-stranded genome is con-
verted to a parental duplex replicating form (RF) by a self-priming mechanism.
This takes advantage of the ability of the (ITR) to form a hairpin structure in a
process that occurs in the absence of a helper virus, but may be enhanced by the
helper virus. The parental RF molecule is then amplified to form a large pool of
progeny RF molecules in a process which requires both the adenoviral helper
functions and the AAV rep gene products, Rep78 and Rep68. AAV RF genomes
are a mixture of head-to-head or tail-to-tail multimers or concatemers and are
precursors to progeny ssSDNA genomes that are packaged into preformed empty
AAYV capsids.

The conversion of the incoming ssDNA genome to a double-stranded mole-
cule is an important event required for efficient function of AAV as a gene deliv-
ery vehicle, because it provides the template for transcription and gene expres-
sion. This process is termed single-stranded conversion or metabolic activation
[20], and the rate at which it occurs depends largely on the physiological state
of the cell, but the process may be accelerated by treatment of the cell with
genotoxic agents or by certain functions of the helper virus. In some cases, this
process may limit the transduction efficiency or alter the rate at which transduc-
tion can occur (see below).

The kinetics of AAV replication and assembly have been investigated
[19,21]. When human HeLa or 293 cells are simultaneously infected with AAV
and adenovirus, there are three phases of the growth cycle. In the first 8—10 hrs,
the cell becomes permissive for AAV replication as a result of expression of a
subset of the adenoviral genes including E1, E2A, E4, and the VA RNA genes.
During this period, the infecting AAV genome is converted to the initial parental
duplex RF DNA by self-priming from the terminal, base-paired 3" hydroxyl group
provided by the ability of the ITR to form a self-paired hairpin structure. This
initial generation of a duplex genome also provides a template for transcription
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and expression of AAV proteins. This is followed by a 10-hr period of Rep and
Cap protein synthesis and accumulation of a RF DNA to a constant level. Finally,
in the following 5—10 hrs, there is an assembly phase in which the bulk of mature
progeny AAYV particles accumulate. These studies showed that the AAV growth
cycle is highly coordinated with respect to expression of rep and cap proteins and
the relationship between replication and assembly [21,22]. Any vector production
process which mimics this must necessarily provide the rep and cap functions
by complementation and may therefore decrease the efficiency of this highly
regulated process.

The cloning of infectious AAV genomes in bacterial plasmids facilitated
a molecular genetic analysis of AAV as well as the development of AAV vectors
[23,24]. These studies showed that the rep and cap genes are required in trans
to provide functions for replication and encapsidation of viral genomes, respec-
tively, and that the ITR is required in cis [6,9,32]. The rep gene is expressed as
family of four proteins, Rep78, Rep68, Rep 52, and Rep40, that comprise a com-
mon internal region sequence but differ in their amino- and carboxyl-terminal
regions. The cap gene encodes the proteins VP1, VP2, and VP3 that share a
common overlapping sequence but VP1 and VP2 contain an additional amino-
terminal sequence. All three proteins are required for capsid production. Genetic
studies, together with additional biochemical studies, show that Rep68 and Rep78
are required for replication, that VP2 and VP3 are required to form the capsid,
and that Rep52 and Rep40 appear to act in concert with VP1 to encapsidate the
DNA and stabilize the particles [9,11].

C. Latency

Infection of cells by AAV in the absence of helper functions may result in persis-
tence of AAV as a latent provirus integrated into the host cell genome. This
provided an important demonstration of a way in which AAV can survive in a
cell if conditions are not permissive for replication. When such cells containing
an AAV provirus cells are superinfected with a helper virus such as adenovirus,
the integrated AAV genome is rescued and replicated to yield a burst of infectious
progeny AAV particles. In cultured cells, AAV exhibits a high preference
for integration at a specific region, the AAVSI site, on human chromosome 19
[25,26].

Analysis of cells carrying latent AAV showed that they contained a rela-
tively low number of AAV genomes that were integrated into the host cell chro-
mosome mostly as tandem, head-to-tail repeats. Early studies of cells stably trans-
duced with AAV vectors also showed that most stable copies in the cell existed
as tandem repeats with a head-to-tail conformation [27]. The tandem repeats
could not have been formed by the normal AAV replication process that generates
head-to-head or tail-to-tail concatemers. This was an important clue to the mecha-
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nism of persistence of AAV that presaged subsequent studies with AAV vectors
(see below).

Analysis of chromosomal flanking sequences showed that for wild-type
AAV a significant proportion of these integration events occurred in a defined
region [25,26]. When wild-type AAYV infects human cell lines in culture, up to
50-70% of these integration events occur at a region know as the AAVS] site
on the q arm of chromosome 19. The efficiency and specificity of this process
is mediated by the AAV rep gene and the cellular DNA sequences at AAVSI,
and therefore rep-deleted AAV vectors do not retain specificity for integration
into the chromosome 19 region [28-31].

D. Permissivity

The precise mechanism of the helper function provided by adenovirus or other
helper viruses has not been clearly defined. These helper functions may be com-
plex but relatively indirect and probably affect cellular physiology rather than
provide viral proteins that specifically interact with the AAV replication system.
Studies with adenovirus [18] have clearly shown that only a limited set of adeno-
viral genes are required and these comprise the early genes EIA, EIB, E2A, and
E4orf6 and VA RNA.

Most of the experimental evidence indicates that the helper viral genes do
not appear to provide enzymatic functions required for AAV DNA replication
and that these functions are provided by AAV rep protein and the cellular DNA
replication apparatus [18]. This is also consistent with the observations that in
certain cells lines, particularly if they are transformed with an oncogene, helper-
independent replication of AAV DNA can occur if the cells are also treated with
genotoxic reagents such as ultraviolet (UV) or x-irradiation or with hydroxyurea
[32-34]. In these circumstances, a small proportion of the cells can be rendered
permissive for AAV replication but the level of replication production of infec-
tious AAV was very low.

lll. AAV VECTORS
A. Design

The general principles of AAV vector construction [9,11,12] are based upon mod-
ifying the molecular clones by substituting the AAV coding sequence with for-
eign DNA to generate a vector plasmid. In the vector, only the cis-acting ITR
sequences must be retained intact. The vector plasmid is introduced into producer
cells which are also rendered permissive by an appropriate helper virus such as
adenovirus. In order to achieve replication and encapsidation of the vector ge-
nome into AAYV particles, the vector plasmid must be complemented for the trans-
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acting AAV rep and cap functions that were deleted in construction of the vector
plasmid. AAV vector particles can be purified and concentrated from lysates of
such producer cells.

The AAV capsid has three important effects for AAV vectors. There is a
limit of about 5 kb of DNA that can be packaged in an AAV vector particle.
This places constraints on expression of very large cDNAs and may also constrain
the ability to include regulatory control sequences in the vector. The capsid also
interacts with the AAV receptor and coreceptors, and thus mediates cell entry.
The capsid may also induce humoral immune responses that could limit delivery
of AAV vectors for some applications.

Except for the limitation on packaging size and the requirements for ITRs,
there are no obvious limitations on the design of gene cassettes in AAV vectors.
The ITR can act as a transcription promoter [35,36] but does not interfere with
other promoters. Tissue-specifc promoters appear to retain specificity [37,38],
and a number of other regulated expression systems have now been used success-
fully in AAV vectors (see below). Introns function in AAV vectors and may
enhance expression, and more than one promoter and gene cassette can be in-
serted in the same vector. Importantly, transcription from AAV does not seem
to be susceptible to in vivo silencing as shown by expression for over a year
after intramuscular delivery in rodents [39-41].

B. Production

It is noteworthy that the production of AAV is highly efficient, and AAV has
one of the largest burst sizes of any virus. Thus, following infection of cells with
AAYV and adenovirus as helper, the burst size of AAV may be well in excess of
100,000 particles per cell [11]. This is important in developing vector production
systems, because it implies that a high yield of AAV vector particles per cell
theoretically is attainable. Attaining high specific productivity is of crucial impor-
tance in developing scaled-up production, because the ability to obtain maximum
yields ideally requires both high specific productivity (yield of particles per cell)
or large biomass (total number of cells). Maximizing the specific productivity
may avoid unnecessary increases in biomass.

The cytostatic properties of the AAV rep protein presented an obstacle
to generation of stable packaging cell lines for producing AAV vectors [42].
Consequently, AAV vector production initially was based on transfection of a
vector plasmid and a second plasmid, to provide complementing rep and cap
functions, into adenovirus-infected cells, usually the transformed human 293 cell
line. The original vector production systems yielded a mixture of AAV vector
particles and adenoviral particles and exhibited relatively low specific productiv-
ity [9,11]. Furthermore, recombination between the vector plasmid and comple-
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menting plasmids generates wild-type AAV (WtAAV), pseudo—wild-type or rep-
lication-competent AAV (rcAAV) or other recombinant AAV species [43,44].

There have now been improvements in upstream production of AAV vec-
tors by DNA transfection-based methods, as well as development of new cell-
based AAV production systems that do not require DNA transfection. Also, trans-
fection systems in which adenoviral infection is replaced by DNA transfection
with the relevant adenoviral genes are now available. Both the transfection and
cell-based approaches can give much higher productivity—in excess of 10* vec-
tor particles per cell. However, the cell-based systems are probably more amena-
ble to scale-up for commercial production than are DNA transfection systems.
Furthermore, significant improvements in downstream of AAAV vectors has
been made by using chromatographic procedures.

1. Complementation Systems

Several approaches have been taken to enhance the upstream production of AAV
vectors. First, various modifications have been made to the complementing rep—
cap cassette in an attempt to enhance specific productivity and to decrease produc-
tion of rcAAV. Although one study indicated that expression of rep and cap
proteins may be limiting [45], other reports [46,47] suggested that production of
cap proteins were limiting owing to downregulation of cap by increased produc-
tion of rep. This is surprising, because in the AAV replication cycle rep protein
increases expression of cap. Perhaps these apparent differences reflect the non-
physiological regulation of rep and cap expression that may occur in complemen-
tation systems as was alluded to above. Nevertheless, a packaging plasmid which
has the Rep78/69 expression downregulated by changing the initiation codon
AUG to ACG was reported to give higher cap expression and higher yields of
vector particles [47].

The only adenoviral genes required for full helper function for AAV are
El, E2A, E4, and VA, and transfection of the latter three genes into cells which
contain the E/ genes, such as human 293 cells, can provide full permissivity for
AAV [5]. Thus, infectious adenovirus (Ad) can be replaced as the helper with a
plasmid containing only the adenoviral E2A, E4, and VA genes which, together
with the E/A genes supplied by 293 cells, provide a complete helper function in
the absence of adenoviral production [48,49]. The three plasmid transfection sys-
tem was simplified further by combining all three adenoviral genes (E/A, E4,
VA) and the rep—cap genes into a single plasmid [50]. In general, all of these
approaches increased vector productivity compared to ealier systems such as
PAAV/Ad [51], and productivities of at least 10* particles per cell have been
reported. Nevertheless, these approaches still require DNA transfection and may
be unwieldy for production scale-up.
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An alternate approach to AAV vector production is to generate cell lines
that contain the rep- and cap- complementing systems, or the vector genome, or
both. In order to avoid DNA transfection, the cells must still be infected by a
helper virus, adenovirus, but this can be removed readily as a result of advances
in downstream purification processes (see below). Rescue of vector from a pro-
ducer line having the vector stably integrated was demonstrated by transfecting
a rep—cap helper plasmid and infecting with adenovius [52]. Also, stable cell
lines containing a rep gene capable of generating functional rep protein were
constructed by Yang et al. [42] by replacing the Ps promoter with a heterologous
transcription promoter.

Clark et al. [53,54] generated cell lines containing the rep and cap gene
cassettes but deleted for AAV ITRs. Infection of these cells with adenovirus
activates rep and cap gene expression. Furthermore, the vector can be stably
incorporated into the packaging cells to yield AAV vector producer cell lines
which need only be infected with adenovirus to generate vector [53]. Producer
cell lines provide a scalable AAV vector production system that does not require
manufacture of DNA.

A modification of the packaging cell line method is to use a similar cell
line containing a rep—cap gene cassette that is infected with an Ad/AAV hybrid
virus. The Ad/AAV hybrid is an EI gene-deleted adenovirus containing the AAV
ITR vector cassette [55,56]. After infection of cells containing the rep—cap genes,
the AAV-ITR cassette is excised from the Ad/AAV and amplified and packaged
into AAV particles. This allows the same packaging cell line to be used for pro-
duction of different AAV vectors simply by changing the Ad/AAV hybrid virus
but requires coinfection with adenovirus to provide the E1 gene function.

Another packaging cell system was described in which the packaging cell
contains both a rep—cap cassette and the AAV ITR vector cassette with both
cassettes attached to an semian virus 40 (SV40) replication origin [57]. The cells
also carry an SV40 T-antigen gene that is under control of the fer-regulated sys-
tem such that addition of doxycycline induces T antigen that in turn results in
amplification of the rep—cap and the vector cassettes. Subsequent infection of
the cells with adenovirus renders them permissive for vector production. Another
modification of the cell-based approach utilizes an HSV/AAV hybrid virus in
which the AAV rep—cap genes are inserted into the HSV genome. This HSV/
AAV rep—cap virus can generate AAV vector when infected into cell lines along
with a transfected AAV vector plasmid or into cell lines carrying an AAV vector
provirus [58,59].

It is worth noting that the hybrid Ad/AAYV viruses can also be used as
delivery vehicles for AAV vectors [60—62], but this might suffer some disadvan-
tages such as induction of innate immune responses characteristic of the adenovi-
ral capsid interaction with cells. Similarly, an HSV/AAV hybrid virus, having
an AAV ITR vector cassette inserted in the herpes simplex virus (HSV) genome
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was infectious for neural cells, and gene expression from the AAV vector was
maintained over 2 weeks even though the HSV genome sequences were lost from
the vector [63].

2. Pseudo-Wild-Type or Replication-Competent AAV

The earliest AAV vectors [69,11] were produced by cotransfection with helper
plasmids that had overlapping homology with the vector and this generated vector
particles contaminated with wild-type AAV due to homologous recombination.
Reduction of the overlapping AAV sequence homology between the vector and
helper plasmids such as in the widely used pAAV/Ad packaging system of Sa-
mulski et al. [43,51,52] reduced, but did not eliminate, generation of wild-type
AAV. Flotte et al. [52] described a combination of vector plasmid and packaging
plasmid in which the AAV region containing the Ps; promoter was not present
in either plasmid. This prevented generation of wtAAV but some pseudo—wild-
type AAV was generated at lower frequency by nonhomologous recombination
[43]. This nonhomologous recombination may be decreased in a packaging sys-
tem (split-gene packaging) carrying rep and cap genes in separate cassettes [43]
that would require three or four recombination events to generate rcAAV. An
alternate approach to decreasing pseudo—wild-type or recombinant AAV is to
insert a large intron within the rep gene in the helper plasmid so that any recombi-
nants would tend to be too large to package in AAV particles [64].

It is likely that all vector production systems may have a propensity to
generate pseudo—wild-type AAV or other recombinants of AAV at some, albeit
low, frequency, because it not possible to eliminate nonhomologous recombina-
tion in DNA. This may be more likely in DNA transfection systems, especially
in view of the very large genome numbers that are normally introduced into
transfected cells. Thus, packaging systems in which transfection is avoided may
help to reduce the frequency of such recombination. To detect such pseudo—wild-
type or recombinant species in AAV vector, an assay that employs two cycles
of amplification by replication and then a sensitive readout such as hybridization
or polymerase chain reaction (PCR) (rather than rep or cap immunoassays) is
likely to be preferred. Further, the availability of cells line providing rep- and cap-
complementing functions allows evaluation of such recombinant species without
having to add wtAAV, and this will facilitate detection of species that are only
very poorly replication competent (see below).

3. Purification

Historically, AAV was purified by proteolytic digestion of cell lysates in the
presence of detergents followed by banding in CsCl gradients to concentrate and
purify the particles and separate adenoviral particles. Significant progress has
been made in the downstream processing of AAV vectors and this has led to
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much higher quality and purity. This is critically importart for preclinical studies
and clinical trials. The reliance upon the original CsCl centrifugation techniques
is being abandoned, because it is a cumbersome procedure that does not provide
high purity, it may inactivate some AAV vector, and it is difficult to envision
its use for commercial production.

Several groups have employed nonionic iodixonal gradients as an initial
bulk-recovery method [65,66]. A variety of chromatogaphic methods including
ion exchange and antibody and heparin affinity resins have been used in both
conventional and high-performance liquid chromatography (HPLC) formats have
been employed [50,67—69]. Chromatographic procedures in general are more
acceptable for the biopharmaceutical manufacturing as therapeutic applications
are developed for AAV vectors.

4. Assay

AAYV vectors are usually characterized in terms of the total number of particles
and the infectivity titer as determined in a replication assay. This in principle
allows determination of the ration of the particle to infectivity titer of a vector
preparation and could allow for universal comparison of vectors. Universal assays
are being discussed by various groups in the field, and eventually some universal
assays may be adopted. This will still not provide a measurement of the particular
biological efficiency or transducing titer of individual vector preparations, be-
cause this will obviously depend on the particular gene that is expressed from
the vector. Further, measurement of transducing titers on cell lines in vitro will
not necessarily be predictive for biological activity in a particular target cell in
vivo.

At the present time, the particle number is usually measured in assays that
determine the number of vector genomes present after DNAse treatment of a
vector preparation. The number of DNA genomes is determined in slot-blot
DNA hybridization assays or more recently by TagMan real-time DNA PCR
[68]. It is assumed that each particle contains one vector genome, and the
number of DNase-resistant particles (DRP) is calculated. The infectivity can
be measured in either an infectious center assay or an endpoint assay in cells
that are also infected with adenovirus and wtAAV [50]. This three-hit assay
is difficult to perform reproducibly and robustly. More recently, the avail-
ability of cells expressing rep and or cap has allowed determination of infectivity
in a two-hit system in such cells by infecting with the vector and the helper
adenovirus [70,71]. These infectivity assays can be configured in a high-
throughput mode which may be particularly useful for process development
applications [72]. More recently, a rapid assay using analytical HPLC has
been used which can give a particle assay readout on a sample in about 20 min
[68].
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IV. GENERAL PROPERTIES OF AAV VECTORS

AAYV vectors have been extensively studied in cells grown in vitro [12,13] and
can transduce many types of cells and cell lines. However, the efficiency of this
transduction depends on whether the cells are stable, transformed cell lines or
primary cultures and also whether the cells are stationary or dividing [73-75].
Two contradictory factors affect transduction in vitro. One is metabolic activation
or single-stranded conversion which tends to occur more quickly in dividing cells
[76,77]. A second factor is the AAV genome persistence. By contrast, in cells
that are rapidly dividing in culture, AAV vectors may give very efficient transient
transduction but may be rapidly diluted out as cell division proceeds.

Transduction in cultures of nondividing cells may depend upon the longer
time required for conversion of single strands to duplexes. This process presum-
ably requires cellular DNA polymerase and can be enhanced by adenoviral infec-
tion or by procedures that stimulate DNA synthesis including DNA-damaging
agents such UV, gamma irradiation, genotoxic agents hydroxyurea, topoisomer-
ase inhibitor drugs such as topoisomerase inhibitor, or the adenovirus E4 Orf6
gene [76—78]. However, these treatments are not required for in vivo applications,
because in nondividing cells, there is time for generation of double-stranded tem-
plates to occur. Further, many in vivo gene therapy targets comprise nondividing
or slowly turning over differentiated cells that are excellent targets for AAV
transduction and long-term expression (see below). As with many other gene
delivery vectors, in vitro assays are useful to study design and confirm biological
activity of AAV vectors but are not predictable for behavior in vivo [41]. After
confirming biological activity in vitro, most studies with AAV vectors are now
focused on direct in vivo delivery.

AAYV vectors have proven to be remarkably efficient for long-term gene
expression in vivo. Most of these in vivo studies have addressed differentiated
target cells that are either slowly proliferating or postmitotic and nondividing,
and these types of cells may be the best targets for AAV gene therapy. AAV vectors
expressed the human cystic fibrosis transmembrane conductance regulator
(CFTR)cDNA in the airway epithelium of rabbits and rhesus macaques for at least
6 months [79,80]. Direct stereotactic injection of AAV vectors expressing reporter
genes or tyrosine hydroxylase into the rodent or nonhuman primate brain can result
in gene expression for at least 3—6 months [81,81]. Prolonged expression of reporter
genes for up to 18 months was achieved in immunocompetent mice by direct intra-
muscular injection of AAV vectors [39,41]. Delivery of AAV vectors expressing a
clotting factor IX cDNA in mice by tail vein or portal vein injection lead to factor
IX expression for up to a year [83,84]. Prolonged persistence of a therapeutic level
of human erythropoietin (huEpo) was achieved by intramuscular injection of an
AAYV huEpo vector [40]. Subcutaneous injection into the eye can mediate robust,
persistent expression in the retinal pigment cells [38].
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V. VECTOR METABOLISM

Some early studies of AAV vector led to the suggestion that the major factor
limiting the efficiency of transduction by AAV vectors was the process of con-
verting the single-stranded genome to a duplex molecule. However, as already
noted above, this does not appear to be the most limiting factor in vivo. More
recent studies are beginning to reveal a complex pathway of events that impact
upon the function of AAV vectors. Thus, delivery of the AAV vector genome
to the cell nucleus may be influenced by the availability of specific receptors and
coreceptors for AAV binding and entry and by cellular trafficking including a
potential diversion of AAV particles into a ubiquitin-mediated proteosome degra-
dation pathway.

After the genome is successfully delivered into the nucleus, a novel succes-
sion of events results in the vector becoming circularized and ligated into larger
concatameric molecules that appear to involve intramolecular and intermolecular
recombination. Most of these concatameric molecules appear to be maintained for
prolonged periods, perhaps for the lifetime of the cell, in the nucleus as episomal
molecules, and very few if any integrate into the host genome.

A. Cellular Binding and Trafficking

AAYV appears to have a broad host range and different AAV serotypes infect in
vitro in many human cells and a variety of simian and rodent cells. This implied
that any cellular receptor for AAV might be relatively common or there might
be several different receptors. Recent experiments have shown that AAV?2 parti-
cles can bind to cells via heparin sulfate proteoglycans (HSPGs) in a manner
such that binding and subsequent infection are competed in a dose-dependent
fashion by soluble heparin and that cell lines lacking HSPG were significantly
impaired for AAV binding and infection [85]. Thus, heparin appears to be a
cellular receptor for AAV2. Additional studies identified two coreceptors that are
required for efficient internalization of AAV2. One coreceptor is o35 integrin
[86] and the other is the human fibroblast growth factor receptor 1 (FGFR1) [87].

The o,fs integrin coreceptor is preferentially located in airway epithelial
cells in the more distal cells of the conducting airway, which maybe significant
for use of an AAV gene therapy for cystic fibrosis, since the distal airway is the
region of the lung most impacted by the disease [88]. FGFR is widely expressed
but is particularly abundant in skeletal muscle, as well as neuroblasts and glio-
blasts in the brain, and these two organs appear to be excellent targets for AAV
transduction.

The identification of multiple coreceptors suggests that AAV?2 has alternate
pathways for cell entry. In support of this concept, AAV2 transduced polarized
airway epithelial cells more efficiently via the basolateral surface than the apical
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surface that correlated with the relative abundance of HSPG [89]. UV irradiation
decreased basolateral transduction associated with decreased basolateral HSPG,
whereas the same treatment increased apical transduction but did not increase
apical HSPG. Rather apical endocytosis of AAV appeared to be enhanced through
an independent mechanism [89].

There are five naturally occurring AAV serotypes, 1-5, and another,
AAVG6, that may be a laboratory recombinant of serotypes 1 and 2 [16]. All have
been cloned and sequenced and are being examined as vectors [23,24,90-94].
AAYV serotypes 1, 2, and 3 all bind heparin sulfate but serotypes 4 and 5 do not
[16,91], so there may be differences in receptor utilization or cellular trafficking.
For instance, in a comparison of AAV2, 4, and 5 vectors in rodent brain, type
5 gave the highest transduction efficiency [95]. But comparison of human clotting
factor IX in immune-deficient mice using types 1, 2, 3, 4, and 5 vectors suggested
that the type 1 vector was most efficient [96]. However, there are significant
uncertainties in such comparisons, because precise assays for physical character-
ization and infectivity of AAV vector particles are not well developed for all
serotypes. Further studies may allow a more optimal matching of vector serotype
to particular target tissues, and other studies suggest the possibility of altering
the cellular binding by modifying the sequence of the capsid by mutagenesis or
insertion of additional targeting ligands [97-102].

After binding to the cellular receptor, AAV 2 is internalized by an endocy-
totic mechanism that for heparin binding appears to be mainly via clathrin-coated
pits [103,104], although some clathrin-independent uptake may also occur
[103,105]. Additional studies using fluorescent Cy3-conjugated AAV2 vector
particles showed that endocytosis can be mediated by an o,; integrin/Racl—
dependent mechanism, and that subsequent trafficking to the nucleus requires
activation of PI3K pathways as well as functional microtubules and microfila-
ments [106]. Additional evidence suggests that the AAV particles may be inhib-
ited for entry into the nucleus by being diverted into a ubiquitin-dependent degra-
dation pathway [107]. Treatment of cells with proteosomal inhibitors or ubiquitin
ligase inhibitors can significantly increase the transduction efficiency; presum-
ably by allowing the particles to escape this degradation and deliver more ge-
nomes to the cell nucleus [105,107].

B. DNA Metabolism

Conversion of AAV vector ssDNA to a duplex genome could be enhanced by a
variety of treatments that damage DNA in some in vitro experiments, but as
discussed above, this has not proven to be necessary for in vivo applications.
Studies in animals show that the conversion of ssDNA to duplex transcription
clearly occurs and that robust and therapeutic levels of gene expression can be
obtained. In some of these studies and particularly in muscle, expression rises
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over the first several weeks and then is maintained at a constant level [39-41].
This reflects both the slow process of conversion to duplex genomes and then to
concatemeric structures. In rhesus macaques, an AAV CFTR vector was present 3
months after instillation in the lung and appeared to be a dimeric concatemer
[108]. In muscle or liver after several weeks, high molecular weight, head-to-
tail concatemers are formed [83,109].

The precise mechanism by which the physiological state of the host cell
effects the metabolism of AAV DNA including from ssDNA to duplex molecules
and then to episomal concatemers or integrated models is not yet well understood.
There is good evidence that the single-stranded genome is converted to either
linear duplexes or circular duplex molecules [110]. The linear duplexes may be
precursors of either the head-to-head and tail-to-tail RF concatemers as seen in
normal AAV replication or the head-to-tail concatemers. Interestingly, the adeno-
viral E4orf6 gene promotes circularization and head-to-tail concatemers, whereas
the adenoviral E2A gene promotes RF concatemers [111].

The initial conversion of the vector genome to a duplex molecule might
occur by replication and self-priming from the ITR using cellular DNA polymer-
ases, but recently an argument to support a mechanism involving annealing of
complementary strands has been advanced [112]. This non-replicative, strand-
association model, if it is true, requires the interesting prediction that AAV vec-
tors should demonstrate two-hit kinetics for transduction. The circularization
appears to occur by a joining mechanism that is not simply blunt-end joining,
because the structure of the monomer circular molecules indicates that they have
a “double-D”, structure containing one ITR sequence bracketed on either side
by a d sequence [110,113]. Blunt-end joining would be expected to abut two
copies of the ITR. Generation of the circular concatemers may involve replica-
tion, perhaps by rolling circle replication, but this has not been directly demon-
strated [112,114]. However, intermolecular recombination has been shown to be
involved directly [112,114]. The episomal circular concatemers appear to be the
predominant persistent form but over time there appears to be a low level of
integration into the host genome.

The evidence that DNA repair and recombination are directly involved in
circularization or concatamerization of AAV vector genomes is also supported
by recent insights into possible biochemical mechanisms of their formation
[115,116]. In fibroblasts from a patient with ataxia-telangiectasia (ATM), there
was greatly enhanced formation of AAV vector circular forms and enhanced
integration of the head-to-tail concatemers as proviral genomes [115]. The ATM
gene is a PI-3 kinase that regulates the p53-dependent cell cycle checkpoint and
apoptotic pathways, and in these ATM cells the DNA repair systems that nor-
mally can be activated by UV irradiation appear to be already activated maxi-
mally. Consequently, AAV vectors in these cells yield a high level of transduction
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and this is not activated further by UV irradiation [115] in contrast to the observa-
tions in normal cells [76-78].

A second study recently compared the molecular fate of an AAV vector
expressing ol-antitrypsin in rodent muscle using a normal or an immune-defi-
cient strain [116]. The immune-deficient mouse had a mutation in the catalytic
subunit (DNA-PKcs) of the DNA-dependent protein kinase (DNA-PK) that plays
a role on repair of double-stranded DNA (dsDNA) breaks and in V(D)J recombi-
nation by nonhomologous endjoining. In both types of mice, the vector expressed
high levels of ol-antitrypsin for over a year. However, in the normal mouse, the
vector persisted as circular episomes, but in the immune-deficient mouse, only
linear episomes were observed. This implicates the DNA-PK in formation of
circular vector genomes.

C. Dual Vectors

The ability of AAV vectors to form concatemers and the evidence that intermo-
lecular recombination is directly involved in their generation has been used to
advantage to extend the capacity of AAV vectors beyond the 4.5 payload limit
in the dual vector system. It is now possible to divide a gene expression cassette
that is up to 10 kb in size between two AAV vectors and following coinfection
with both vectors take advantage of the intermolecular recombination to generate
the intact expression cassette. This process has been demonstrated in in vitro and
in vivo experiments and shows remarkable efficiency [117-120].

Both cis-activation [117] and trans-splicing [118] modes of dual vectors
have been described. In cis-activation, one vector carries the transcription pro-
moter or a high-efficiency enhancer of transcription and the other vector carries
the gene sequence to be expressed. Recombination after infection places the en-
hancer in cis with the expression cassette and increases transcription. In the trans
splicing mode, one vector carries the transcription promoter and the 5’ part of
the gene and the other vector carries the 3’ part of the gene. By judicious arrange-
ment of splice donor and acceptor sites, the appropriate mRNA can be derived
from the readthrough transcript that uses the heteroconcatameric template. Inter-
estingly, the intervening ITR sequence does not appear to inhibit readthrough
transcription or RNA splicing [117,118]. It does appear, however, that in these
dual vector constructs, some transcription may be seen directly from the ITR
either because of its own promoter activity or because of enhancement from the
cis-acting elements provided by the second vector [117,118].

Cis-activation was demonstrated using a vector containing a superenhancer
element comprising parts of the SV40 and transcription promoters together with
a second vector containing the luciferase gene. This dual combination gave robust
expression of luciferase in mouse skeletal muscle at levels that compared well
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with those from administration of a single vector expressing the same gene [117].
In another study, two vectors containing a LacZ reporter cDNA or an enhancer
promoter cassette from human elongation factor EIFq, respectively, were shown
to yield reporter gene expression in livers of mice after dual administration by
portal vein injection.

Trans-splicing was demonstrated using one vector that contained a tran-
scription promoter and the 5" part of the erythropoietin (epo) genome locus and
a second vector that contained the 3’ region of the epo locus [118]. Dual injection
of the two vectors into mouse skeletal muscle provided therapeutic levels of epo
sufficient to protect the mice from adenine-induced anemia. Similarly, another
group used two vector carrying the cytomegalovirus (CMV) promoter with the
5" half of the LacZ gene or the 3” half of the LacZ gene, respectively [120]. These
vectors also gave robust expression of intact LacZ after dual injection into mouse
skeletal muscle.

The dual vector appears to be very efficient and clearly offers a way almost
to double the payload capacity of AAV vectors that should extend the utility of
this vector system to larger genes. It will require careful analysis to determine
what additional safety issues or risks this approach might present for clinical use.
For instance, for some applications, such as FVIII protein, it may be deleterious
to express a partial protein. Nonetheless, as this system is better characterized,
it may well prove to have clinical utility.

D. Host Responses and Toxicity

Host immune responses, including innate immune responses, cellular immunity,
or humoral antibody responses, may hinder the use of some gene therapy vectors.
However, administration of AAV vectors has not been reported to induce innate
immune responses or proinflammatory cytokines. Also, AAV vectors are replica-
tion defective and contain no viral genes, so cellular immune responses against
the viral components should not be evoked readily. In all of the in vivo studies
of AAV vectors in rodents, rabbits, or rhesus macaques, there is no evidence of
cellular immune responses to viral components.

AAYV vectors may be used mainly for clinical applications requiring only
infrequent delivery. But potential humoral immune responses against the viral
capsid either preexisting in the human population or induced by vector adminis-
tration must be considered [5,16]. There is some preliminary information on the
likelihood for generation of humoral neutralizing antibody responses to the AAV
capsid protein, but more extensive studies will be required to assess whether
induction of neutralizing antibody responses will pose any limitations to AAV
vectors.

Reinfection of humans by AAV is not prevented by serum neutralizing
antibodies [5,16]. However, induction of anti-AAV capsid antibody responses
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after vector administration may reduce the efficiency of transduction upon re-
administration [39,121,122]. This depends upon the route of administration [123—
125] and perhaps may depend upon the quality of the vector preparations. In one
study [122] in which two AAV vectors expressing as reporter genes either the
bacterial B-galactosidase or human alkaline phosphatase were successively ad-
ministered to lungs of rabbits, expression from the second administered vector
was impaired, this was ascribed to a neutralizing antibody response [126]. Similar
studies in mice also implied that neutralizing antibodies impaired readministra-
tion of AAV vectors, but that this could be partially or completely overcome
by transient immunosuppression with anti-CD40 ligand antibodies or soluble
CTLA4-immunoglobulin at the time of the initial vector administration [126,
127]. However, interpretation of such studies maybe complicated by the expres-
sion of the foreign reporter proteins that could represent confounding variables.
Furthermore, other studies showed that immune responses were greatly reduced
following airway administration of AAV [123] and that vector transduction can
be seen after at least three repeated administrations to the lung of rabbits [128].
Thus, up to three successive administrations of AAV vectors to rabbit lungs over
a 20-week period did not prevent gene expression from the third delivery of
vector [128].

Whether neutralizing antibody responses to AAV vector capsids will im-
pact applications of AAV vectors remains to be determined. This will most likely
require studies in humans to determine if the various animal models such as
rodents or rabbits are predictive for the immune response to AAV vectors in
humans and whether such immune responses will pose any limitations to their
therapeutic application. For uses involving relatively infrequent administration
of AAV vectors, transient immune blockade [121-122] may not be an attractive
option for therapeutic use of AAV or any other gene delivery vectors. An alternate
possibility might be to use vectors that have capsids of different serotypes for
subsequent administrations.

Immune responses to the transgene expressed by an AAV vector vary and
may depend upon the route of delivery. Both major histocompatibility (MHC)
class II-restricted antibody responses and MHC class I cytotoxic T lymphocytes
(CTLs) have been reported, but this may vary with the route of administration
[125]. In some studies, such as intramuscular delivery in mice, there was no
immune response to an expressed foreign reporter gene such as bacterial B-galac-
tosidase, and it was suggested that AAV may be a poor adjuvant or may not
readily infect professional antigen-presenting cells in muscle [129,130]. How-
ever, an AAV vector expressing the herpes simplex virus type 2 gB protein was
delivered intramuscularly into mice and elicited both MHC class I-restricted
CTL responses against the gB protein and anti-gB antibodies [131]. Also, follow-
ing intramuscular delivery of an AAV human factor IX [132] an antibody re-
sponse, but not a CTL response, was seen. The rules governing a cellular im-
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mune response to foreign transgenes following AAV vector delivery remain to
be elucidated. However, since there are examples of elicitation of cellular and
humoral immune responses mounted against foreign antigens expressed from
AAV vectors, then AAV may have utility as a viral vaccination vector.

There have been few, if any, documented reports or indications of toxicity
mediated by AAV vectors. The toxicity of AAV vectors has been most exten-
sively tested by delivery of AAV CFTR vector particles directly to the lung in
rabbits and nonhuman primates. In rabbits, the vector persisted and expressed
for at least 6 months but no short-term or long-term toxicity was observed, and
there was no indication of T-cell infiltration or inflammatory responses [79]. Sim-
ilarly, in rhesus macaques, AAV CFTR vector particles were delivered directly
to one lobe of a lung and also persisted and expressed for at least 6 months and
no toxicities were detected [80] (see below). Studies in rhesus macaques were
also performed to determine if the AAV—CFTR vector could be shed or rescued
from a treated individual [108]. AAV—CFTR particles were delivered to the lower
right lobe of the lung, and a high dose 