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Abstract

Adeno-associated viral (AAV) vector is attracting significant interest for use in gene therapy for
genetic diseases, because of its unique and advantageous characteristics, compared to other currently
available viral vectors.  Eight natural serotypes of AAV have been identified, of which AAV serotype 2
is the one best characterized and most widely used in current gene delivery studies.  The application of
AAV serotype 2 in hemophilia B gene therapy is a promising development in gene therapy for genetic
diseases such as hemophilia.  Preliminary studies have demonstrated relation and distinction of host,
genome sequences, replication, tropism, packaging of recombinant virions and cross-reactivity of neu-
tralizing antibodies among different serotypes of AAV.  This review summarizes the progress of studies
in AAV serotypes and pertinent applications in hemophilia B gene therapy.  The latest progress in gene
delivery of coagulant factor IX (for hemophilia B) using AAV serotype vectors is described in detail.
Key Words:  Hemophilia B, gene therapy, adeno-associated virus, serotype.

Hemophilia B Gene Therapy

HEMOPHILIA B is a sex-linked hemorrhagic dis-
ease resulting from deficiency in coagulant fac-
tor IX (FIX) (1). It occurs in one of 30,000 live
male births in all populations (1, 2). The main
clinical manifestation of the disease is unpre-
dictable, recurrent, spontaneous bleeding in soft
tissues and/or major joints. Recurrent bleeding
in large joints usually leads to crippling
arthropathies in a majority of severely affected
patients (3, 4). The clinical severity of hemo-
philia B corresponds to the level of circulating
FIX. Severe hemophilia occurs in less than 1%
of FIX activity. With moderate hemophilia,
1 – 5% of FIX activity, there is infrequent, spon-
taneous bleeding. The presence of at least 5% of
FIX seems to protect those with mild hemo-
philia against spontaneous bleeding (1, 4). Cur-

rently, the standard treatment for hemophilia B
is infusion of FIX concentrates in response to a
bleeding event (4). Prophylactic infusions of
factor concentrates in children significantly re-
duce the frequency of bleeding episodes and
subsequent joint disease, thus improving the
quality of life of these patients (5). However, the
high cost of purified factor products makes life-
long prophylactic infusion impractical. Admin-
istration of recombinant factors would enable
the patients to be free of the potential patho-
genic contamination associated with plasma-de-
rived FIX concentrates (6). However, many pa-
tients in undeveloped countries, and even in de-
veloped countries, lack adequate medical insur-
ance coverage; they are still at risk for infection
from contaminant viral pathogens while receiv-
ing plasma-derived FIX concentrates (1, 3, 4).
In addition, prevailing responsive replacement
treatment cannot prevent the occurrence of pro-
gressive joint damage, which is a result of re-
current bleeding episodes occurring in those pa-
tients with the most severe cases (3, 4). Somatic
gene therapy could provide sustained expression
of functional FIX safely and conveniently via
the introduction of the correct FIX gene into pa-
tients, circumventing the above-mentioned
problems in hemophilia B treatments.
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Hemophilia B has been one of several tar-
gets in an effort to achieve the first definitive
gene correction of a genetic disease (7). Factors
contributing to this effort include: the relatively
small size of the FIX coding sequence (~1.5
kb), which makes it easy to be packaged and de-
livered by most available vectors; the relatively
long half-life of the FIX protein (~20 hours);
the fact that no precise regulation or specific
tissue/organ is required for functional FIX ex-
pression; the well-established in vitro and in
vivo assays necessary to evaluate FIX antigen
and activity; the well-characterized hemophilia
B animal models (FIX knock-out mouse (8) and
naturally occurring hemophilia B canine (9));
and most important, the fact that only a slight
increase of the circulating FIX level (5% of
physiological level) results in significant clini-
cal benefit for patients (4).

Generally, the FIX gene can be delivered
via either non-viral or viral mediation. Cur-
rently, viral vectors are being generated mainly
from murine Moloney leukemia retrovirus, her-
pes simplex virus, adenovirus, adeno-associ-
ated virus (AAV) and lentivirus. They are being
used as a gene therapy modality in hemophilia
B and other genetic diseases (7). In recent
years, dramatic progress has been made using
viral vectors in gene therapy for hemophilia B
(10 – 22). Ex vivo transduction of fibroblasts
with murine Moloney retroviral vectors has ex-
pressed high levels of FIX in vitro but has
failed to produce the similar FIX yield in vivo,
for several reasons (7). Although a clinical trial
has shown that subcutaneous injections of ex-
vivo transduced fibroblasts with murine
Moloney retrovirus-based vectors have ex-
pressed functional FIX and reduced hemor-
rhagic frequency in two hemophilia B children
(19), reproducible outcomes from more patients
are needed to verify the efficacy of this proce-
dure. One group has also demonstrated long-
term expression and partial hemophilia pheno-
type correction in the Chapel Hill strain of he-
mophilia B canines, following intraportal injec-
tions of retroviral vectors and partial hepatec-
tomy (14). Low transduction efficiency to post-
mitotic cells and aggressive procedures (partial
hepatectomy) required to promote cell cycling
restrict the practical application of retroviral
vectors (7). Recombinant adenoviral vectors
express transient high levels of functional FIX,
but the severe vector-related immune response
and toxicity significantly limit the application
of adenovirus vectors (23), especially in pa-
tients with chronic genetic diseases such as he-

mophilia. The advent of gutless adenoviral vec-
tors, with the dramatic reduction of immune re-
sponse and toxicity associated with adenoviral
elements, may extend the application of aden-
oviral vectors in hemophilia gene therapy (24).
The novel lentiviral vector has demonstrated
promising preliminary results in hemophilia B
gene therapy (25, 26). However, compared to
other vectors, the relatively low FIX yield asso-
ciated with the potential incapability of infect-
ing quiescent cells vector-related toxicity re-
main optimized before this vector system
comes to practical application in human pa-
tients (25 – 27). Compared to retrovirus, aden-
ovirus and lentivirus, which are the only non-
pathogenic viral vectors, recombinant adeno-
associated virus (rAAV) is considered one of
the best vectors for FIX gene transfer. This is
based on its unique and advantageous charac-
teristics including vector-related toxicity and
safety, target tissue/organ tropism, and persis-
tence of transgene expression (22, 28 – 30).

Gene Therapy for Hemophilia B Using AAV
Serotype 2 Vectors

In the past decade, AAV has attracted sig-
nificant interest as a promising gene delivery
vector, due to its unique characteristics (22,
28 – 30). AAV is a group of nonpathogenic,
replication-defective small DNA viruses. Out of
the six natural serotypes of AAV, AAV serotype
2 (AAV2) is the best characterized and most
widely used (30). Current understanding of
AAV biology, the expertise in manipulating re-
combinant AAV, and the production and purifi-
cation of rAAV have resulted from studies on
AAV2 (30). A majority of applications of AAV
as gene transfer vectors were also performed on
the basis of AAV2 (28 – 30).

AAV2 is a small (~20 nm of diameter) DNA
virus containing 4675 bp of linear, single-
stranded genome. The nonstructure rep genes
are located within the left part of the genome
and encode four proteins, designated Rep78,
Rep68, Rep52 and Rep40. The structure cap
genes encode the three capsid proteins—VP1,
VP2 and VP3—of which protein VP3 is the
most abundant and accounts for 90% of the
total virion capsid. The only cis components re-
quired to generate AAV2 vectors are the two
145 nucleotide-inverted terminal repeats (30).
These terminal repeats are required for the
replication and packaging of the recombinant
genome into newly formed AAV virions (30).
Advances in the production and purification of
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rAAV type 2 vectors, including the elimination
of helper virus (ad) contamination (31), and pu-
rification by column chromatography (32),
have helped in the advancement of AAV2 use in
gene therapy applications. Like nonpathogenic
wild type AAV type 2 (wtAAV2), rAAV infects
both dividing and nondividing cells and estab-
lishes latency for the life of the cell. Although
the natural route of infection for wtAAV is
upper respiratory, rAAV has demonstrated effi-
cient infection and long-term expression of
transgenes in the brain, liver, muscle, retina,
and vasculature of experimental animals (30).

Hemophilia B gene therapy using rAAV2
has made great progress in recent years (33,
34). Intraportal vein injection of rAAV2 has ex-
pressed sustained therapeutic levels of FIX in
hemophilia B mouse and dog models, and par-
tially corrected the abnormal hemostasis para-
meters of the animals (18, 21, 35, 36). With a
canine FIX (cFIX) expression cassette carrying
a liver-specific promoter, a group reported ex-
pression of supra-physiological levels of func-
tional cFIX (up to 20 µg/mL) and complete he-
mophilia phenotype correction in hemophilia B
mice following intraportal delivery of the
rAAV2/FIX vectors (20). This vector was opti-
mized by adding a post-transcriptional element
(37) and administered to the liver of the Chapel
Hill strain of hemophilia B dogs. A subsequent
report from the same group demonstrated that
this optimized cFIX expression cassette ex-
pressed therapeutic levels of FIX (~240 ng/mL,
~5% of physiological level) and achieved the
complete correction of the abnormal whole
blood clotting time (WBCT) in one of the two
dogs (21). Both dogs received the high dose of
rAAV2 vectors (2.8×1012 and 4.6×1012 rAAV2
particles/kg). This was the first report to
demonstrate expression of therapeutic levels of
FIX (5% of physiologic level) from AAV2 vec-
tors in large animal models, though only one
dog showed this therapeutic level of FIX and
complete correction of WBCT, and a dramatic
reduction in the frequency of spontaneous
bleeding, after receiving a high dose of rAAV2
vectors (21). Another group recently reported
expression of therapeutic levels of FIX in he-
mophilia B dogs after hepatic delivery of
rAAV2 vectors carrying a strong liver promoter
(36). However, due to frequent exposure to
blood products, a high prevalence of hepatitis
virus infections and subsequent liver diseases
was observed in the hemophilia population (1,
3, 4), which may restrict the application of AAV
targeting liver for gene therapy in these pa-

tients. In fact, a patient enrolled in a recent
phase I clinical trial using hepatic delivery of
AAV2 vector for hemophilia B gene therapy at-
tained therapeutic levels but transient expres-
sion of FIX. The peak-and-through plasma lev-
els of FIX coincided with an increase and de-
crease of the patient’s serum transaminase (38).
The real cause(s) responsible for diminished
FIX expression was unclear and may be com-
plicated. However, the potential contribution
from cryptic liver damage could not be com-
pletely excluded.

Skeletal muscle is a good targeting tissue
for somatic gene therapy (39, 40). The large
bulk of this muscle allows for multiple injec-
tions of a large volume of the viral vectors. Di-
rect intramuscular injection is in general well-
established medical practice and is applicable
to vector delivery. Skeletal muscle has shown
the capability of secreting a range of functional
proteins, especially those capable of secreting
FIX and carrying out post-translational modifi-
cation of FIX (γ-carboxylation) (41 – 45). The
pilot study demonstrated that direct intramuscu-
lar injections of rAAV2 vectors are capable of
facilitating long-term (over 1.5 years) transgene
(LacZ) expression without detectable cellular
immune response against AAV vector and the
transgene (46). An rAAV2 vector carrying
human FIX canine DNA (cDNA) was then pro-
duced and administrated via direct intramuscu-
lar injections to the Chapel Hill strain hemo-
philia B dogs. Formation of anti-human FIX in-
hibitory antibodies disturbed assays on circulat-
ing FIX antigen and activity in the dogs, even
though evidence demonstrated expression of
rAAV-derived human FIX in the injected skele-
tal muscle in the dogs (17). To bypass interfer-
ence of anti-human FIX inhibitor, two rAAV2
vectors expressing cFIX were constructed and
high-titer rAAV2 vectors (~1013) were pro-
duced (10). After direct intramuscular injection
of rAAV2/cFIX into two Chapel Hill strain he-
mophilia B canines, expression of about 1% of
normal level of canine FIX was detected by en-
zyme-linked immunosorbent assay (ELISA)
assay (10). The activity of the cFIX resulted in
reduction of WBCT from more than 60 minutes
before injections, down to less than 20 minutes
after AAV2 injections in two canines. The cFIX
level and reduction of WBCT persisted for three
years in one dog and for nine months in the sec-
ond dog, at which time it was sacrificed (10).
The cFIX expressed was not sufficient to com-
pletely correct the bleeding phenotype of the
dogs. Both canines still suffered from sponta-
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neous bleeding, which required intermittent in-
fusion of normal dog plasma (10). Our results
were consistent with a report using a similar
strategy in the same strain of hemophilia B ca-
nines. In that study, where as much as 1×1013

rAAV2/cFIX virion particles per kilogram of the
canine body weight was administered, up to
1.2% of normal level of cFIX was expressed
into the circulation of the Chapel Hill strain he-
mophilia B dogs (13). The dogs showed reduc-
tion of WBCT from over 60 minutes before
AAV injection, down to 15 – 20 minutes after in-
jections, while still suffering from spontaneous
bleeding (13). Further investigation determined
that formation and persistence of neutralizing
antibodies (NAB) against AAV2 in both dogs
was detected after virus injection (10). The NAB
significantly inhibited rAAV2 vectors from
transducing target cells in vitro (10).

Investigation of biodistribution of rAAV2
vectors after intramuscular injections revealed
that a majority of the AAV2 vectors were
trapped around the injection site, which acts as
the resource to express functional FIX. Heparan
sulfate proteoglycan (HSP) acts as receptor for
AAV2 (47). It was also found that AAV2 tropism
is limited to slow-twitch muscle fibers rather
than fast-twitch fibers, associated with an over-
expression of HSP on slow muscle fibers (48).
The limited tropism of AAV2 to certain my-
ofibers may partially account for the relatively
low FIX yield from injected skeletal muscle.

These studies demonstrate the promising
outlook for rAAV2 as a safe and effective ap-
proach for hemophilia B gene therapy. Com-
pared to the aggressive intraportal injection, and
taking into account the high prevalence of he-
patic viral infections in adult hemophilia pa-
tients, the safe and convenient intramuscular in-
jection of AAV has its own advantages in hemo-
philia B gene therapy. However, FIX levels in
hemophilia B canines were subtherapeutic (less
than 2% of normal level, failing to completely
correct hemophilia phenotype) despite high
doses of rAAV2 (up to 1×1013 AAV particles per
kilogram of animal body weight) (10, 13). When
scaling up from a 10 kg dog to a 70 kg adult pa-
tient, it is difficult to produce enough rAAV2
vectors for expressing minimal therapeutic FIX
levels in patients, based on current AAV produc-
tion protocol (31). In fact, a gene therapy clini-
cal trial based on intramuscular delivery of
rAAV2 exhibited undetectable FIX in the circu-
lation of the recipients despite FIX expression
detected at the injection site (15). Alternate
strategies to re-administer AAV2 vectors may be

impeded due to the formation and persistence of
high titer of NAB against AAV2 in the animal
after primary injections of AAV2, which proba-
bly makes re-administration of rAAV2 ineffec-
tive (10, 49 – 52). In addition, high prevalence
of NAB against AAV2 in the general human
population (53 – 55) may also restrict applica-
tion of rAAV2 in human gene therapy. Due to
the frequent exposure to blood products, and
thus more susceptibility to viral infection (3, 4,
56), the hemophilia population may have a
higher prevalence of AAV2 NAB than does the
general population. Strategies are required to
bypass AAV NAB and/or increase rAAV trans-
duction efficiency in target tissue to reach a
therapeutic level of FIX.

AAV Serotypes as Gene Transfer Vectors

Eight natural serotypes of AAV have been
cloned and sequenced (30, 49, 57 – 59). They
were termed serotypes 1 – 8 in accordance with
their unique serological (immunological) char-
acteristics, and the sequences of isolation and
characterization (60 – 65). AAV serotype 1 was
first isolated from the rhesus monkey, based on
seroepidemiological evidence, but frequently
infects human population; however, it has not
yet been isolated from the human species (49,
53, 60, 62, 64, 65). AAV serotype 2, 3 and 5 are
human viruses and each demonstrates a high
prevalence of infection in the general human
population, based on seroepidemiological in-
vestigation results (53, 60, 62, 63, 65, 66). AAV
serotype 4 is of African green monkey origin
and rarely infects humans, based on seroepidem-
iological studies, although it can infect human
cells in vitro (58, 61, 62). Serotypes 1 and 6
share >99% amino acid homology in their cap-
sid proteins, and sequence analysis supports a
recombination event between serotypes 1 and 2,
resulting in the genesis of AAV6 (49).

Comparison of the serotype capsid amino
acid sequences suggests that heterogeneity ex-
ists among AAV serotype capsids (49, 57 – 59,
67), a finding consistent with serological study
results (53, 62, 63, 65, 66). Preliminary studies
on AAV serotypes as gene transfer vectors also
suggest different tropism and transduction effi-
ciency on different cell types (when compared
to AAV2 or with each other) (11, 49, 51, 57,
68 – 70). Xiao and colleagues reported that
AAV1 demonstrated higher transduction effi-
ciency and transgene expression than AAV2 in
skeletal muscle in C57BL/6 mice, while using α
anti-trypsin as the reporter gene; however, it is
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the reverse when targeting the liver of the mice
(49). Although AAV3 shows high homology
with AAV2 in genome sequence, a study demon-
strated capacity of AAV3-based vector to infect
erythroid hematopoietic cells in which AAV2-
based vector failed (70), indicating that differ-
ential tropism exists between the two geneti-
cally close vectors. In addition, AAV3 vector
was reported to be capable of evading anti-
AAV2 NAB and successfully infecting rabbit
airway epithelial cells (51, 52) despite high ho-
mology and cross-reactivity between AAV2 and
AAV3. However, AAV6, which is more constant
from AAV2 than from AAV3, demonstrated a
higher efficiency in evading pre-existing AAV2
NAB and infecting the airway epithelial cells
(51, 52). It was also reported that AAV serotypes
4 and 5 have different host cell tropisms in the
brain when compared to each other and to AAV2
(69). A vector based on AAV serotype 5 but not
on serotype 2 demonstrated the capacity to in-
fect the apical surface of airway epithelium and
facilitate gene transfer (68). AAV serotype 6-de-
rived vectors showed 15 – 74-fold higher trans-
duction efficiency than AAV2 vectors in airway
epithelia (71). A very recent report shows super-
hepatic transduction of the newly identified
AAV serotype 7 and 8 vectors in rodents (72). In
summary, the above reports demonstrated higher
tropism of AAV serotypes vectors, with the ex-
ception of AAV2, indicating the feasibility of in-
creasing AAV-mediated gene transfer efficiency
in different cell types by using non-AAV-
serotype-2 vectors. They also show the feasibil-
ity of evading pre-existing anti-AAV2 NAB by
using other AAV serotype vectors.

We tested the transduction efficiency of
rAAV serotype 1 – 5 vectors in the skeletal mus-
cle of the mouse. Our results demonstrated
super-intramuscular transduction efficiency of
rAAV1 and rAAV5 over rAAV2 vectors (11). A
subsequent investigation of rAAV serotype vec-
tors targeting rat retina and mouse liver found
that rAAV1 vector was superior for efficient
transduction of liver, followed in order by rAAV
serotypes 5, 3, 2, and 4 (73, 74), which is in ac-
cord with that in skeletal muscle (11, 75, 76).
Surprisingly, this order changed when the vector
was introduced into rat retina. Types 5 and 4
were most efficient, followed by type 1 (73).

AAV-Serotype-Mediated Gene Therapy for
Hemophilia B

Direct intramuscular injection of AAV2
vector has proven to be a safe and convenient

procedure to provide sustained expression of
the transgene (FIX, etc.) in gene therapy for he-
mophilia B and other genetic diseases (34).
However, only subtherapeutic expression of
FIX was seen in large animal models and
human patients after intramuscular injection of
even high doses of AAV2 vectors, which is at-
tributed to the limited muscular transduction ef-
ficiency of AAV2. In our attempt to pursue
more efficient intramuscular transduction of
AAV vectors and higher FIX expression, we
found higher skeletal muscle transduction effi-
ciency using serotypes of AAV vectors, espe-
cially AAV1 vector, than of AAV2 (11, 77).

We then tested the five serotype AAV/cFIX
vectors for FIX expression in skeletal muscle. A
dose of 2.5×1011 vector genomes of AAV/cFIX
serotypes 1, 2, 3, 4 and 5 was injected into the
hind limbs of nonobese diabetic/severe com-
bined immune deficient (NOD/SCID) mice
(n=5, for each experimental group). Plasma was
tested at monthly intervals for cFIX using an
established ELISA assay specific for cFIX. We
detected cFIX in all experimental animals. No
cFIX antigen was detected in plasma samples
taken from control animals receiving equivalent
doses of serotyped AAV/GFP. As expected and
consistent with the green fluorescent protein
(GFP) studies, cFIX antigen levels in mice re-
ceiving AAV types 1, 3, 4 and 5 were higher
than those in the AAV2/cFIX mice. The amount
of cFIX in the plasma of mice receiving types 1,
3 and 5 was unexpected. Levels higher than 100
µg/mL and 10 µg/mL of cFIX were detected in
the mice receiving AAV types 1 and 5, respec-
tively. This represents a 103 and 102 increase of
cFIX, respectively, when compared to mice re-
ceiving AAV2/cFIX. Western blot results veri-
fied the ELISA data showing that supraphysio-
logical levels of cFIX were expressed in the
plasma of AAV1/cFIX-injected mice. We deter-
mined the AAV1/cFIX protein to have a molec-
ular weight of approximately 64 Kd. FIX levels
detected in the AAV2-injected mice in our stud-
ies were lower than those in a previous report
using AAV2 to express human FIX (hFIX) in
muscle of Rag1 knock-out mice (~100 ng/mL
vs. 300 ng/mL) (78). Differences in the trans-
gene (cFIX vs. hFIX), transgene cassette (in-
cluding different polyA signal sequence and po-
sition of intron), AAV production and titration,
and mouse strains (NOD/SCID vs. Rag1) be-
tween the two studies may be responsible for
the different FIX expression outcomes.

To extend the results observed in SCID
mice, we tested AAV1 and AAV2 serotype vec-
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tors for FIX expression and hemophilia B phe-
notype correction in FIX knock-out mice (77).
These mice develop spontaneous bleeding con-
sistent with the hemophilic phenotype and have
no detectable FIX mRNA, due to deletion of the
5� untranslated region through exon 3 of the
mouse FIX gene (8). In addition to spontaneous
bleeding, these animals show prolonged in vitro
clotting activity (APTT) and cannot survive
tail-clip-induced trauma, due to sustained
bleeding (8). A dose of 1×1011 AAV1/cFIX vec-
tor genomes was injected into the hind limbs of
FIX knock-out mice (n=10).

Compared to AAV1/GFP controls, high lev-
els of cFIX antigen were measured only in
plasma of rAAV1/cFIX injected animals. Peak
antigen expression was observed 3 – 5 weeks
post-injection, consistent with all previous
studies using AAV2 vectors. Western blot quan-
titation verified the presence of ~64 Kd protein
at levels approximately 2 – 5 times that of nor-
mal plasma. Accordingly, the abnormal APTT
of the mice was completely corrected in the
AAV1/cFIX-treated animals and all the
AAV1/cFIX treated mice survived the tail clip
challenge.

In comparison, cohorts of FIX knock-out
mice injected with 1×1011 AAV2/hFIX vector
genomes generated anti-FIX antibody which was
detected as early as one week after AAV injec-
tion. When we gave cyclophosphamide (CTX) to
the AAV2-injected mice, a peak cFIX level of
100 ng/mL (2% of normal) was measured. APTT
results in these animals were consistently ele-
vated above the normal range, but were not man-
ifested by normal clotting activity. The differ-
ences between serotype specific transduction
were further distinguished by tail clip challenge
resulting in survival of all AAV1-treated mice
compared to 50% of AAV2-treated mice.

Based on our studies, AAV type 1 vectors
appeared to be most efficient in muscle and
liver transduction, followed by types 5, 3, 4,
and finally 2 (11). A previous report comparing
AAV1 and AAV2 vectors in muscle using dif-
ferent reporter genes in mouse strain also de-
scribed increased vector transduction for type
1, albeit at lower levels (49). However, a very
recent report verified our observation of rAAV1
transduction superiority in muscle while deliv-
ering FIX gene (79).

Discussion

The accumulated evidence suggests that
current protocols of gene therapy for hemo-

philia B using rAAV2 targeting skeletal muscle
are unable to provide the therapeutic levels of
FIX necessary to prevent spontaneous hemor-
rhages in large animal models and/or human pa-
tients (10, 13, 15), although they seemed
promising for small rodent models (78). Our
preliminary studies demonstrate that rAAV1
vectors may bring about a dramatic increase in
FIX expression after transducing skeletal mus-
cle in large animal models, thus leading to suc-
cessful gene therapy for hemophilia B; how-
ever, it remains to be proven. Our preliminary
results in the hemophilia B mice show complete
phenotype correction of hemophilia after intra-
muscular injection of rAAV1 vectors. To our
knowledge, this is the first time hemophilia
phenotype correction has been achieved by in-
tramuscular injection of AAV vector. However,
we realized, from our own experience (10) and
the literature (12, 18, 20, 21), that there is a
lower FIX yield in canine models than in rodent
models, when both receive the same dose of
AAV vectors. While our preliminary studies
demonstrate that rAAV1 led to particularly ro-
bust transduction in mouse skeletal muscle, it is
conceivable that human skeletal muscle may
not demonstrate the same improved tropism.
However, experience with rAAV2 infection
across many mammalian species suggests that
this is unlikely (10, 12, 17, 80 – 82).

Our preliminary studies also demonstrated
that a simple change of the rAAV/cFIX capsid
without modifying the cFIX expression cassette
would dramatically increase the cFIX yield
(11). rAAV tropism difference, based on the
unique capsid structure, may account for pro-
motion of cFIX expression. Optimization of the
FIX expression cassette by the use of stronger
(tissue-specific) enhancers/promoters (83), and
post-transcriptional elements will be performed
to increase FIX expression (21, 37).

Because the AAV serotype capsid is the
only difference among our serotype AAV/cFIX
vectors, it is reasonable to hypothesize that
virus binding and entry into the target cells (47,
84, 85), intracellular trafficking (86, 87), and
nuclear transportation, all of which are associ-
ated with the unique capsid of the AAV
serotypes, may be the major machinery ac-
counting for significant differential transgene
(cFIX) expression efficiency of AAV serotype
vectors. This seems true in the case of AAV
serotypes targeting skeletal muscle for cFIX ex-
pression (11), and hence should be universal in
all gene transfer. However, in some cases, the
robust transgene expression from non-AAV-
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serotype 2 may be impeded due to the silence of
the promoter in certain cells and/or the limited
capacity of certain cells to process the trans-
gene (like post-translational modification),
even though the cells were efficiently infected
or the transgene mRNA was transcribed abun-
dantly. We need further testing of targeting
more than skeletal muscle and delivering more
than canine FIX gene in more than mouse ani-
mal models.
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