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AAV-mediated gene transfer for hemophilia

Katherine High, MD

The goal of our work has been to establish an experimental basis for gene transfer as a method of treating

hemophilia, an inherited bleeding disorder that results from the absence of functional factor VIII or factor IX. Using

an adeno-associated viral vector derived from AAV serotype 2, we have shown in mice and in hemophilic dogs that

we can achieve long-term expression (>3 years) of clotting factor at levels that would result in an improvement of

clinical symptoms of the disease. A phase | trial of intramuscular injection of AAV-F.IX showed no evidence of local

or systemic toxicity in any of the subjects. Muscle biopsies showed evidence for gene transfer and expression by

polymerase chain reaction, Southern blot, and immunohistochemistry. We have also shown that AAV-F.IX can be

delivered into the portal veins of hemophilic dogs and that this results in high circulating levels of factor IX, on the

order of 5% to 14%, whereas delivery of similar doses to skeletal muscle results in factor levels of only 1% to 2%.

Based on these results, a trial of AAV-mediated liver-directed gene transfer for hemophilia B has been proposed
and is reviewed here. Genet Med 2002:4(6, Supplement):56S-61S.
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Using a variety of gene transfer strategies, investigators are
pursuing a gene transfer approach for the treatment of hemo-
philia. This review addresses the current status of studies using
one particular vector, recombinant adeno-associated virus
(AAV), to deliver the factor IX gene to one of two different
target tissues, either muscle or liver, as a strategy for treating
hemophilia. Two themes will be apparent in this discussion:
The first is the highly collaborative nature of work in clinical
gene transfer, building as it does on developments in fields as
diverse as genetics, immunology, biochemistry, virology, ani-
mal models of disease, and clinical trial design and conduct.
The second related theme is the need for a very tight link be-
tween efforts in the basic laboratory and work going on in the
clinical arena. As will become clear, it is critical in early phase
gene transfer trials to extract as much information as possible
from every subject who enrolls in a trial, and then to use that
information to provide feedback for the continuing design and
conduct of clinical investigation in gene transfer.

There are a number of general therapeutic strategies in
which gene transfer can be used. The one that is most familiar
is the replacement of a missing or defective gene in the setting
of genetic disease. Gene transfer can also be used to augment
the response to a conventional therapy, for example, to im-
prove the response to L-dopa in Parkinson disease by supplying
enzymes that promote conversion of L-dopa to dopamine,’? or
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to enhance natural protective mechanisms, for example, by
transferring genes encoding nitric oxide synthase into endo-
thelial cells to prevent restenosis after stent placement for myo-
cardial ischemia or infarction.? The work discussed in this re-
view is an example of the first type of strategy—the
replacement of a defective gene.

Rationale for gene transfer approach in hemophilia

Hemophilia is a bleeding disorder caused by mutations ei-
ther in the gene for factor VIII, termed hemophilia A, or the
gene for factor IX, termed hemophilia B. Clinically the disease
is characterized by frequent, spontaneous bleeding episodes,
mostly into the joints and soft tissues. Recurrent bleeds into the
joints, primarily the knees, ankles, and elbows, constitute the
major morbidity of the disease, and eventually result in an
arthropathy that limits range of motion in the joints. Bleeding
can also occur into other critical closed spaces, such as the
intracranial space, where it can be rapidly fatal. The disease is
X-linked, so that men are affected and women are carriers. The
prevalence of the disease is evenly distributed worldwide.*>

Currently, hemophilia is treated by the infusion of either
recombinant or plasma-derived clotting factor concentrates,
mostly in response to bleeding episodes. The widespread intro-
duction of this form of therapy in the 1970s resulted in a dra-
matic improvement in life expectancy for people with hemo-
philia. Nevertheless, there are a number of disadvantages of
this form of treatment that have fueled an interest in develop-
ing a gene-based approach to treating hemophilia. First and
foremost, clotting factors have a relatively short half-life in the
circulation; the inherent difficulty of treating a lifelong disease
with frequent intravenous infusions of a medication is fairly
clear. Initial clotting factor concentrates were manufactured
from large pools of human plasma; these unfortunately proved
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highly efficient at transmitting viral blood-borne diseases, in-
cluding hepatitis B, hepatitis C, and human immunodeficiency
virus (HIV).6~!* The majority of patients with severe hemo-
philia treated before 1985 (when effective viral inactivation
techniques were introduced) were infected with hepatitis
and/or HIV. Third, because most people are treated in re-
sponse to bleeds, rather than prophylactically, there is ongoing
tissue damage that occurs to the joints in the interval between
the time a bleed starts and the time a patient can infuse himself.
In addition, clotting factors are very expensive. People with
severe hemophilia may spend $50,000—-$100,000 a year for
concentrate alone, exclusive of their other medical expenses. It
is estimated that more than half of the world’s hemophilia
population has no access to this treatment, and most of these
individuals die during childhood and early adulthood from the
disease. Finally, intravenous infusion is an inconvenient way to
treat any disease, especially one that is lifelong. A successful
gene transfer approach would allow people with hemophilia to
continuously maintain some level of clotting factor in the cir-
culation, so that bleeds could be prevented rather than treated
after they have occurred. It would avoid all the risks of blood-
borne disease transmission, would certainly be more conve-
nient for patients, and would, one hopes, be less expensive and
thus available to a larger percentage of the world’s hemophilia
population.

Among inherited diseases, hemophilia has a number of fea-
tures that make it an excellent model for addressing problems
related to gene transfer. First, although clotting factors are nor-
mally made in the hepatocyte, it turns out that biologically
active coagulation factors can be synthesized in a variety of
tissues.'213 So tissue-specific expression is not required and
that affords latitude in the choice of target tissue. Second, tight
regulation of expression of the transgene is not required in the
setting of hemophilia. People with severe disease have less than
1% circulating levels, but circulating levels of 1% to 5% are
associated with a more moderate phenotype. So, if one can
raise the levels by only a few percent, an improvement of the
symptoms of the disease will result. Even if levels are raised to
100%, they are still within normal limits, presenting a very
wide therapeutic window. There are genetically engineered
mice and naturally occurring dog models of hemophilia.4-20
The murine and canine factor VIII and IX genes are cloned and
available,'22 and this has facilitated an evaluation of gene
transfer strategies before entering the clinic. Finally, because
the genes for factor VIII and factor IX were cloned respectively
15 and 20 years ago, there is extensive experience with recom-
binant protein therapy. Thus the field has been able to define
quite clearly what end points are required for therapeutic effi-
cacy. As stated before, if one raises the levels by even a few
percent, a phenotypic improvement of the disease is the likely
result, and determining those end points is very straightfor-
ward. Two generations of experience in the clinical laboratory
provide evidence that clinical symptoms correlate well with
levels of clotting factor, measured in the circulation in a stan-
dard blood test.
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A variety of gene delivery vehicles are available. Over the last
decade, a number of groups have worked with many of them to
try to establish an experimental basis for gene transfer for he-
mophilia (Table 1). The early vectors all had substantial limi-
tations for treatment of an inherited disease like hemophilia,
where the two major goals are sustained expression of the
transgene and expression at levels high enough to make a dif-
ference in the disease. More recently it has been shown that
recombinant AAV vectors directing expression of factor IX can
result in sustained expression of F.IX in a large animal model of
hemophilia.?? This work was made possible by investigation by
a number of different laboratories that, in the mid-1990s, cul-
minated with the initial reports of long-term expression of a
transgene from a recombinant AAV vector.242> AAV vectors
are engineered in such a way that no viral coding sequences
remain in the recombinant vector. Research at a number of
laboratories has shown that they efficiently transduce certain
nondividing target cells, including cells in the liver,?¢ the cen-
tral nervous system,?” and skeletal muscle.242> We developed
recombinant AAV vectors expressing blood coagulation factor
IX.2! The essential features of this are a strong viral promoter,
the CMV promoter, driving expression of the human factor IX
c¢DNA, which is interrupted by a portion of intron I of the
factor IX gene (included because it increases levels of expres-
sion). In initial experiments this vector was introduced into
skeletal muscle in mice. Following injection of vector into the
hind limbs, the factor IX levels in the circulation rose gradually
into the range of 250 to 350 ng/mL, which corresponds to
about 5% to 7% of normal levels in humans.?! If one could
recapitulate that result in a human, it would raise their clotting
factor, changing their phenotype from severe to mild—an ex-
citing result. Factor IX expression lasted for a year, a long pe-
riod in the life of a mouse, whereupon it began to deteriorate
slowly. However, all mice still showed therapeutic levels of fac-
tor IX at the time of death from natural causes at the end of a
normal life span. Injected muscle was biopsied and stained
with an antibody to human factor IX. These studies showed a

Table 1

AAV for hemophilia B: muscle vs. liver

Muscle
Procedure safe, familiar, relatively noninvasive
Hepatitis B/C would not be a contraindication
Risk of germline transmission defined and low
Potentially reversible

Liver
Administration of vector requires invasive procedure
Effect of hepatitis on vector transduction and vice versa
Not reversible
Risks related to biodistribution (germline transmission)
Normal site of synthesis

Dose advantage
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mosaic-form pattern of staining, with positive fibers directly
adjacent to negative fibers. The explanation for this observa-
tion eventually became clear in work carried out
subsequently.?8

Studies in a large animal model of hemophilia

We next sought to extend these results into a large animal
model of hemophilia. The scale up from a mouse to a dog is
about 400- to 800-fold, depending on the size of the dog. From
adogtoahumanisabout 3- to 10-fold, again depending on the
size of the dog and the human. So if one can take the step from
mouse to dog successfully, it greatly enhances the likelihood
that one can make the subsequent step successfully as well.
There were several questions that we hoped to answer in the
dog model. One was the issue of scale-up of vector production,
a formidable obstacle in the initial work with AAV. Second was
the question of how efficiently factor IX synthesized in skeletal
muscle would transit into the circulation in an organism larger
than a mouse. Third, in terms of immune response to the
transgene product, one may be misled if all the work is done on
inbred strains of laboratory mice. The hemophilia dog model is
an outbred strain, and in that regard is more like the very het-
erogeneous human population. Therefore, we concluded it
was important to study immune response to the transgene
product in an animal that does not normally make factor IX. So
for these experiments, we collaborated with the group at the
University of North Carolina at Chapel Hill who have main-
tained a hemophilia B dog colony for some 40 years. Earlier,
our laboratory had cloned the canine factor IX ¢cDNA'$ and
defined the mutation in these dogs,?® so reagents were available
and the model was well characterized.

The AAV vector prepared for the canine experiments was
similar to the first (vide supra), except that it drives expression
of the canine factor IX gene.?? The hemophilia B dogs in
Chapel Hill have a missense mutation and have normal levels
of factor IX transcript.?® The protein structure is known in
detail®® and suggests that this missense mutation results in a
substitution that almost certainly makes it impossible for the
molecule to fold properly. So these animals have no circulating
protein and have severe hemophilia—Iess than 1% factor IX
activity, and frequent spontaneous bleeding episodes, as is the
case for humans with the disease.

The dogs ranged in size from about 6 to 20 kg. Each was
treated via intramuscular injection of vector at a number of
sites on Day 1 of the protocol. The experiment was conducted
in a dose escalation fashion, beginning with about 10'" vector
genomes (vg) per kilogram, and gradually increasing to about
10" vg/kg. We then followed a series of coagulation parame-
ters in the dogs. First we measured whole blood clotting time, a
simple clotting test in which blood is drawn into a glass tube
and the tube is tilted every 30 seconds. In a normal person (or
anormal dog), the blood should clot in about 5 to 10 minutes,
but in a hemophilic dog, even after 60 minutes the blood has
not clotted. However, after injection of vector in these dogs,
the whole blood clotting time shortens into the range of about
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15 to 20 minutes, a range that has been maintained now for a
period of more than 4 years in the first dogs. Much as we had
seen in the mice, we observed long-term expression. The
longer life spans of dogs allow us to continue to follow them,
which will aid in developing data on duration of expression
and on long-term safety. The circulating F.IX levels in dogs
showed a clear dose response, so that the higher the dose of
vector administered, the higher the circulating levels of factor
IX, although the highest levels we achieved in the hemophilic
dogs were on the order of 1.5%, whereas in mice, levels of 5%
to 7% were achieved.?> Nonetheless, because people with
greater than 1% have a milder clinical course than individuals
with less than 1%, we felt that this was worth pursuing. We did
not observe any evidence of toxicity related to the approach.
One animal developed a transient inhibitory antibody to ca-
nine factor IX. On Western blot, starting about 2 weeks after
vector injection, one could see an antibody to canine factor IX.
It peaks at about 5 to 6 weeks after expression, and then it
recedes. A clinical assay for the strength of an inhibitory anti-
body, the Bethesda titer, appears and exhibits a similar time
course before disappearing. These transient inhibitory anti-
bodies are a known side effect or complication of our current
protein-based method of treating hemophilia,3! so while this is
not a novel observation, it does emphasize that immune re-
sponse to the transgene product remains a potential complica-
tion of the gene transfer approach as well as of the current
protein-based approach.32-33 A number of toxicity studies were
carried out in hemophilic dogs, and they demonstrated no tox-
icities associated with vector injection or transgene expression.
Serial biopsies were performed at the site of vector injection,
and there was never any evidence of muscle inflammation or
deterioration as a result of the injections. Again, on muscle
biopsy one sees a mosaic-form pattern when staining for ca-
nine factor IX at the site of the injection.

One other series of studies was carried out prior to extending
this approach into the clinical arena. Clotting factors are highly
posttranslationally modified glycoproteins.>* They are nor-
mally made in the liver, and it was critical to establish that the
most important posttranslational modifications would take
place accurately and efficiently when factor IX was made in
skeletal muscle cells. There is a signal sequence that has to be
cleaved off, as well as a propeptide sequence that is also re-
moved. The N-terminus of the protein contains a number of
glutamic acid residues. In the mature protein, these have been
modified to y-carboxyglutamic acid (Gla); the enzyme respon-
sible for this modification is y-glutamylcarboxylase. It is abun-
dant in the liver, but less abundant in skeletal muscle.?> There
are also a number of glycosylation sites and a few other post-
translational modifications. We developed a cell culture sys-
tem where we harvested myoblasts from human muscle biop-
sies, grew these in the laboratory, transduced them with our
recombinant AAV vector, then collected the conditioned me-
dium.'2 We then worked out a purification scheme that would
not bias for the collection of the properly posttranslationally
modified material. We carried out biochemical analysis on this
factor IX made in skeletal muscle cells. N-terminal sequence
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analysis of the purified myotube-synthesized factor IX showed
the correct sequence of the mature protein. Thus the signal
sequence and the propeptide had been accurately and effi-
ciently removed. In addition, based on chemical Gla analysis
and on N-terminal sequence analysis, y-carboxylation of glu-
tamic acid residues also appears to take place efficiently. In
other experiments, the specific activity of factor IX made in
myotubes was determined to be comparable with the specific
activity of plasma-derived factor IX.

In other experiments in animal models, we had used the
liver as the target for the vector.2¢3¢ Thus we had to determine
whether the initial attempt at clinical delivery of recombinant
AAV would be into skeletal muscle or into the liver. Several
factors influenced this decision. Intramuscular delivery of a
vector involves a procedure that is safe and familiar, whereas
administration of vector into the liver can be done, but it does
require an invasive procedure in the interventional radiology
suite. Most adults with severe hemophilia have been infected
with hepatitis B and C.37-3° We know this does not present a
problem for vector delivery into the muscle, but it remains
unclear what effect this may have for delivery into the liver. On
the other hand, it must be admitted that there is a dose advan-
tage in favor of going into the liver. Furthermore, as it is the
normal site of synthesis, one can be very confident that all the
posttranslational modifications will take place accurately and
efficiently. Given the very limited experience with AAV vectors
in humans when this work was begun, we decided to start with
muscle as the target (Table 1).

Initial human trials

The initial trial of muscle-directed gene transfer for hemo-
philia B was an open-label dose escalation study with two or
three subjects in each of three dose cohorts. Subjects under-
went intramuscular injection of vector into the thigh. Subse-
quent laboratory studies and periodic muscle biopsies were
used to determine whether gene transfer and expression had
occurred. The primary goal of this work was to determine
whether intramuscular injection of AAV could be done safely.
This was unclear at the outset because it was the first experience
with parenteral administration of recombinant AAV vectors.
Most of us are infected with wild type AAV as children; some of
us have preexisting antibodies to AAV. We wanted to deter-
mine whether this had any effect on gene transfer and expres-
sion. Obviously, a goal of the study is to determine the level and
duration of expression of the transgene in human muscle. As
with all new therapies for hemophilia, it is important to look
for the prevalence of clinically significant inhibitors. Finally,
the risk of germline transmission of the vector appeared to be
undetectable in preclinical studies, but it remains imperative to
understand its likelihood in humans.*°-42 The major safety
issues were outlined in the consent form and were listed as the
possibility of insertional mutagenesis, the risk of inhibitory
antibody formation, and the risk of germline transmission*?

(Table 2).
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Table 2
Goals of Phase I safety study in patients with severe hemophilia B using AAV
vectors to deliver the gene for human Factor IX to skeletal muscle

Safety

Effect of preexisting immunity to AAV on gene transfer and expression
Level and duration of expression in human muscle

Prevalence of clinically significant inhibitors

Potential for germline transmission of vector

After a series of baseline studies are done, the patient is ad-
mitted to the clinical research center and undergoes intramus-
cular injections under ultrasound guidance. Subjects remain in
the hospital for 24 hours and are then seen frequently in the
outpatient department in the weeks after vector injection for a
series of laboratory studies. After this, studies are conducted
once a month during the first year, and yearly thereafter. Peri-
odic muscle biopsies at the injection sites allow direct exami-
nation for evidence of gene transfer and expression.

Results from the treatment of the first three subjects have
been published.** Polymerase chain reaction analysis of body
fluids showed no evidence of vector dissemination into the
semen, but this effect will likely be dose-dependent, so that
continued monitoring during dose escalation will be impor-
tant. There was no evidence among the initial subjects of for-
mation of inhibitory antibodies to factor IX, an important
safety result. Neutralizing anti-AAV antibody titers are also
measured in all subjects, to determine whether these can block
transduction. Early evidence** suggests that they do not block
gene transfer, presumably because the vector is introduced in
large doses into an anatomically limited space. Since the time
required for vector binding and entry is probably brief, inter-
nalization is likely not limited even if titers go up after injec-
tion. It will be important to determine whether the same holds
true in liver-directed gene transfer.

To date, the subjects who have been analyzed have shown
evidence for gene transfer and expression.** The subjects have
also been free of serious adverse events, and administration of
AAV to skeletal muscle has generally appeared quite safe in this
study.*> A full-length report of the results of this trial is cur-
rently in preparation.

For the liver-directed strategy, continued engineering of the
minigene cassette has resulted in ever-increasing levels of fac-
tor IX expression in the hemophilia B dog model.2>26:46 The
most successful construct uses the human ¢, antitrypsin pro-
moter, with the apolipoprotein E enhancer,*” to drive expres-
sion of the factor IX cDNA. In dogs, this has resulted in circu-
lating F.IX levels of ~5% to 10% following portal vein
administration of a dose of ~1 X 10'* vg/kg; for comparison,
the highest levels ever achieved in the muscle-directed ap-
proach in dogs were 1% to 2%. Note that this dose is actually
lower than doses already used in the muscle trial. In animal
studies, if one compares transduced sections of liver to trans-
duced sections of muscle, transduction rates are similar. How-
ever, it is likely that secretion of factor IX into the circulation is
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far more efficient from the liver as opposed to skeletal muscle.
The proposed liver trial is similar in design to the muscle trial,
except that the vector will be infused into the hepatic artery in
a procedure done in the interventional radiology suite.

For AAV-2-based vectors, the general characteristics of
transduction of skeletal muscle appear similar in mice, dogs,
and humans. Parenteral administration of up to 2 X 10'? vg/
kg*¢ has been well tolerated without any evidence of systemic
or local toxicity. On muscle biopsy, we see clear evidence for
gene transfer and expression in all of the subjects tested. The
results of an ongoing liver-directed trial will establish whether
this gene transfer strategy can be successfully translated from
hemophilic dogs to patients with the disease.
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