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Summary
Background—Adeno-associated viral vector (AAV)-mediated and muscle-directed gene therapy
is a safe and noninvasive approach to treat hemophilia B and other genetic diseases. However, low
efficiency of transduction, inhibitor formation and high prevalence of pre-existing immunity to the
AAV capsid in humans remain as main challenges for AAV2-based vectors using this strategy.
Vectors packaged with AAV7, 8, and 9 serotypes have improved gene transfer efficiencies and
may provide potential alternatives to overcome these problems.

Objective—To compare the long-term expression of canine factor IX (cFIX) levels and anti-
cFIX antibody responses following intramuscular injection of vectors packaged with AAV1, 2, 5,
7, 8, and 9 capsid in immunocompetent hemophilia B mice.

Methods and results—Highest expression was detected in mice injected with AAV2/8 vector
(28% of normal), followed by AAV2/9 (15%) and AAV2/7 (10%). cFIX expression by AAV2/1
only ranged from 0–5% of normal levels. High incidences of anti-cFIX inhibitor (IgG) were
detected in mice injected with AAV2 and 2/5 vectors, followed by AAV2/1. None of the mice
treated with AAV2/7, 2/8, and 2/9 developed inhibitors or capsid T cells.

Conclusions—AAV7, 8, and 9 are more efficient and safer vectors for muscle-directed gene
therapy with high levels of transgene expression and absence of inhibitor formation. The absence
of antibody response to transgene by AAV7, 8, and 9 is independent of vector dose but may be
due to the fact that these three serotypes are associated with high level distribution to, and
transduction of, hepatocytes following i.m. injection.
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Introduction
The goal of gene therapy for hemophilia B, an X-linked severe bleeding disorder caused by
a deficiency in blood clotting factor IX (FIX), is to generate long-term therapeutic levels of
clotting factor following vector administration without generating harmful immune
responses. Long-term correction of the bleeding disorder has been demonstrated in the
murine and dog models of hemophilia B using AAV vectors [1–8]. However, such success
has not been realized in human clinical trials using vectors based on AAV serotype 2 [9–12].

Muscle and liver are the two main tissues for targeting AAV-mediated gene therapy for
hemophilia B. Skeletal muscle-directed gene transfer strategies have the advantage that the
vector delivery is relatively noninvasive, and the performance and status of vector delivered
in the muscle is unlikely to be influenced by the high prevalence of hepatitis in the adult
hemophilia population which could be a concern for liver-directed approaches. In addition,
pre-existing neutralizing antibodies have less impact on muscle-directed gene transfer
compared to systemic vector delivery [10, 12]. However, the major concerns with muscle-
directed AAV-FIX gene therapy are anti-FIX inhibitor formation and relatively low
transduction efficiency compared to liver-directed approaches. Long-term therapeutic levels
of hFIX was achieved in immunodeficient mice following intramuscular (i.m.) injection of
high titer AAV2 vectors, but in immunocompetent mice, no circulating hFIX could be
detected due to the development of anti-hFIX antibodies [13, 14]. Hemophilia B dogs with a
null mutation invariably developed anti-cFIX antibodies following i.m. delivery of AAV
vector, unless they received transient immunosuppression [15]. In most hemophilia B dogs
with a missense mutation, anti-cFIX antibodies were absent or transient and therefore did
not prevent sustained systemic expression of FIX, albeit at subtherapeutic levels [16, 17].
The risk of inhibitor development correlated with increasing vector doses and especially
dose per injection site [18]. A phase I clinical trial on AAV mediated, muscle-targeted gene
transfer in severe hemophilia B patients showed evidence of gene transfer in biopsied tissues
but modest changes in clinical end points without measurable level of hFIX in the
circulation [9–11].

Improved transduction efficiencies have been achieved with the second generation of
vectors represented by novel AAV serotypes in many different model systems [19, 20].
AAV1 resulted in robust transduction of skeletal muscle [21, 22], leading to phenotypic
correction of hemophilia B mice after intramuscular injection [5]. However, discrepancies
exist regarding levels of transgene expression levels and the development of inhibitor
following i.m. injection [5, 22–24]. Novel serotypes including AAV7, 8, and 9 appear to be
promising candidates for hemophilia gene therapy, especially by systemic delivery [7, 25–
29]. Muscle-directed applications for hemophilia gene therapy using these novel serotypes
are less well explored [30], although AAV8 has been extensively studied for muscle-
directed gene therapy vector for other diseases, such as Duchenne muscular dystrophy [31].

In this study, we compared the long-term cFIX expression levels and anti-cFIX antibody
responses following i.m. injection of six AAV pseudotypes (AAV2/1, 2, 2/5, 2/7, 2/8, and
2/9) in immunocompetent hemophilia B mice. We demonstrate that AAV7, 8, and 9 are
more efficient and safer vectors for muscle-directed gene therapy with high levels of
transgene expression and absence of inhibitor formation or capsid T cell responses. The
absence of antibody response to transgene by AAV7, 8, and 9 is conferred by the uniqueness
of these serotypes regardless of vector dose.
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Materials and Methods
Vector production

All AAV vectors used in this study were made by the Vector Core of the University of
Pennsylvania as described previously [32]. pAAV-CMV-cFIX-WPRE or pAAV-CMV-
ffLuciferase was co-transfected with a trans plasmid expressing AAV rep and cap and an
adenovirus helper plasmid (pAdΔF6). AAV2 vectors were purified by a single-step gravity-
flow heparin column method as described [33]. AAV vectors with other serotypes were
purified by three rounds of cesium chloride gradient centrifugation. Vector genome titers
were determined by Real-time PCR using linearized plasmid as standard.

Animal procedures
All animal procedures were performed in accordance with protocols approved by the
Institute Animal Care and Use Committees (IACUC) at the University of Pennsylvania and
The Wistar Institute. FIX knock-out mice [34] have been backcrossed to C57BL/6
background for over ten generations, and male mice at 6–8 weeks old were used in this
study. Wild type (WT) C57BL/6, BALB/c, and BALB/c nude mice were purchased from
Charles River Laboratories (Wilmington, MA, USA). To prevent bleeding from the surgery,
5 international units (IU) of purified human FIX (Enzyme Research Laboratories, South
Bend, IN, USA) diluted in PBS were injected intravenously into hemophilic mice 1–2 hour
before the surgery. Small skin incisions were made in the targeted muscle areas after the
mouse was anesthetized, and 25µl of vector was injected into the Biceps Femoris and the
Gastrocnemius of each leg using a Hamilton syringe. Blood was collected from the animals
by retro-orbital plexus bleed into 1/10 volume of 3.2% sodium citrate.

Assays for antigen levels and biological activity of canine FIX
Canine FIX antigen levels in mouse plasma were determined by ELISA as described [32].
Activated partial thromboplastin time (aPTT) was performed as previously reported [34].
Purified canine factor IX protein (Enzyme Research Laboratories) was spiked in and serially
diluted in pooled hemophilia B mouse plasma to serve as references.

Assays for circulating antibody against cFIX
Anti-cFIX IgG1 levels in mouse plasma were determined by ELISA as described [35] but
using purified cFIX (1µg/ml, Enzyme Research Laboratories) to coat the plate. For each
assay, a mouse reference serum (Sigma Chemical, St. Louis, MO, USA) with 150ng/ml or
less mouse IgG1 was included as standards and used to calculate the relative amount of
antibody in microgram per milliliter. Negative controls included PBS and AAV2/8 CMV-
LacZ injected mice. Anti-cFIX IgG2a and IgG2b levels in mouse plasma were assayed
similarly by using the corresponding secondary antibodies. Bethesda assay for cFIX
inhibitors were performed as described [36].

Immunofluorescence staining of canine FIX
Muscles were harvested and immediately frozen in OCT freezing compound in isopentane
cooled in liquid nitrogen. Serial cryostat sections (10 µm) were fixed first with 4%
paraformaldehyde in PBS, washed twice with PBS, then blocked with 1% goat serum, 0.5%
BSA, and 0.2% Triton X-100 in PBS for 30 minutes. Sections were then incubated with
primary antibody (rabbit anti-canine FIX antibody, 1:500, Enzyme Research Laboratories),
then with FITC-conjugated goat anti-rabbit IgG (1:200, Sigma, MO, USA). PBS- injected
muscles were included as controls.
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Whole-body bioluminescence imaging
Luciferase expression levels in muscle and liver were measured by whole-body
bioluminescence imaging using Xenogen IVIS Lumina (Caliper Life Sciences, Hopkinton,
MA). Anesthetized mice were imaged in a light-tight chamber 15 minutes after
intraperitoneal injection of D-luciferin (Caliper Life Sciences, 150 mg/kg). Images were
analyzed using the Caliper software and luciferase expression levels within identical regions
of interest for each organ were presented as photons/sec/cm2/steradian (p/s).

IFN-γ ELISPOT assay
Splenocytes were isolated and pooled from each group of mice (n=3) 7 days after i.m. of
AAV vectors. IFN-γ ELISPOT assays were performed as previously described [37].
Peptide-specific cells were represented as spot forming cells (SFC) per 106 splenocytes.

Statistical analysis
Statistical differences between different serotype groups were determined using analysis of
variance (ANOVA). Values of P < 0.05 were considered statistically significant.

Results
AAV serotype comparison in the muscle of two strains of wild type mice

We first compared the in vivo performance of six AAV vectors (AAV2/1, 2, 2/5, 2/7, 2/8,
and 2/9) carrying CMV-cFIX-WPRE in the muscle of WT mice from two strains: BALB/c
nude and C57BL/6. BALB/c nude is immunodeficient, thus it should eliminate the
complications of inhibitor that may arise from certain serotypes and directly reflect gene
transfer efficiency by different serotypes in mouse muscle. cFIX expression levels in
C57BL/6 could be influenced by inhibitor formation; the final levels of cFIX antigen in
these animals are the function of both transduction efficiency and transgene
immunogenicity. Results at weeks 2 and 4 are shown in Fig. 1 Greater than therapeutic
levels of cFIX were generated by AAV2/1, 2/7, 2/8 and 2/9 vectors in both strain
backgrounds. BALB/c nude mice injected with AAV2 and 2/5 vectors showed low but
detectable levels of cFIX, while only baseline levels were detected in C57BL/6 mice treated
with AAV2 and 2/5 vectors, suggesting AAV2 and 2/5 vectors are less efficient in
transducing muscles and/or may elicit inhibitor formation in immune-competent mice.
Differences between the two strains of mice could also reflect their different genetic
backgrounds or gender (Table 1).

Superior cFIX expression by AAV2/8, 2/9 and 2/7 vectors in the muscle of
immunocompetent hemophilia B mice

To further assess the utility of these six AAV vectors for hemophilia B gene therapy, we
compared them in adult immunocompetent hemophilia B mice (C57BL/6 background) by
monitoring cFIX gene expression and anti-cFIX inhibitor formation. Vectors of different
serotypes were injected into two sites (biceps femoris and gastrocnemius) of each leg of
adult male hemophilic mice at the dose of 1×1011 GC per mouse. Two weeks after injection,
increased plasma levels of cFIX were detected in mice treated with AAV2/7, 2/8, and 2/9
vectors. The increased levels were sustained above therapeutic levels throughout the length
of the experiment (5 months) (Fig. 2A). Highest levels of expression were observed for the
mice treated with AAV2/8 vector, followed by AAV2/9 and AAV2/7 vectors. Statistical
analyses showed that expression in AAV2/8-treated mice were significantly higher than all
other serotypes at all time points except AAV2/9 at 12 weeks. cFIX expression levels in
AAV2 and 2/5 injected mice were close to baseline. To our surprise, cFIX expression by
AAV2/1 vector only ranged from 0–127 ng/ml in different animals at 6 weeks after injection
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(mean: 31 ± 45 ng/ml, n=14), contrasting with the cFIX levels achieved by AAV2/1 in WT
C57BL/6 and BALB/c nude mice.

Activated partial thromboplastin time (aPTT) assay, an in vitro functional assay for FIX,
demonstrated that the cFIX expressed in AAV2/7, 2/8, and 2/9 injected animals was
biologically active. Four weeks after the injection, clotting time was significantly shortened
compared to the values before treatment for all three groups. aPTT was shortened close to
the level of 25% of normal cFIX level in AAV2/8- and 2/9-treated mice, while clotting time
was shortened to that of 3% of normal cFIX level in AAV2/7 treated mice (Fig. 2B).

cFIX immunostaining in mouse muscles transduced by different serotypes of AAV vectors
Transduction efficiency by different AAV serotypes in mouse muscle was also assessed by
cFIX immunostaining five months after injection. High percentage of transgene positive
fibers and strong cFIX staining was observed in muscles transduced with AAV2/1, 2/7, 2/8
and AAV2/9 vectors (Fig. 3). cFIX-positive fibers were also observed in mice injected with
AAV2 and 2/5 vectors, but with lower frequency and intensity. cFIX-staining was seen both
in the muscle fibers and in the interstitial spaces between the fibers. Mosaic pattern of
staining was observed in muscle sections injected with all six different serotypes. There was
no significant difference between the frequency of cFIX-positive fibers in the Biceps
Femoris and Gastrocnemius muscles for all tested serotypes. No cFIX-staining was observed
in the muscles of the PBS control animals.

Absence of immune response to cFIX by AAV2/7, 2/8, and 2/9 vectors
B cell responses to the transgene product were evaluated by anti-cFIX-specific IgG1 levels
in the hemophilic mice treated with different AAV vectors (Fig. 4), since it has been
previously demonstrated that inhibitors developed after AAV2-FIX gene transfer were
primarily IgG1 immunoglobulins representing a Th2-driven humoral immune response [38,
39]. In this study, highest levels and incidence of antibodies were observed in mice injected
with AAV2/5 and AAV2 vectors, followed by AAV2/1 vectors. Anti-cFIX-specific IgG1
levels in AAV2/1 (4 out of 6) and AAV2 (4 out of 5) treated mice peaked 4 weeks after
injection. In the majority of the animals, antibody levels gradually decreased to baseline
while in one mouse from each group, the levels remained high by the end of the experiment
(23 weeks). AAV2/5 treated mice (5 out of 5) had peak antibody levels at 6 weeks after
injection, and 3 out of 5 still had antibody levels beyond 1 µg/ml at the end of the
experiment. Furthermore, inhibitory antibodies were detected in 2 out of 5 AAV2/5-treated
mice (1–2 BU/ml at week 10). In contrast, no anti-cFIX specific IgG1 was observed in mice
injected with AAV2/7, 2/8, and 2/9 vectors (0 out of 5) or PBS control (0 out of 4),
suggesting that these novel AAV serotypes are less immunogenic in eliciting antibody
response to the transgene product. To rule out the possibility that there might be Th1-driven
humoral immune response to cFIX in mice treated with novel AAV serotypes, we also tested
those samples for anti-cFIX specific IgG2a and IgG2b antibodies. None of those samples
showed detectable anti-cFIX specific IgG2a and IgG2b antibodies (data not shown). We did
not test for antibody response to human FIX which was infused at one time before surgery to
prevent bleeding during surgery. It has been shown in the literature that to induce antibody
response to human FIX in mice, human FIX has to be formulated in adjuvant or repeatedly
injected if formulated in PBS [35, 40].

Dose response and its effect on host immune response
The absence of immune response to transgene by the novel AAV serotypes could be due to
the high gene transfer efficiency leading to immune tolerance, or it could be attributed to the
unique immunological properties of these novel serotypes. If it was only due to the
transgene expression levels, lowering the vector dose would decrease the transgene
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expression levels leading to immune responses. Thus, dose response studies using AAV2/8
(4×109 to 5×1011 GC per mouse, 5-fold increase) and AAV2/1 vectors (1×1011 and 5×1011

GC per mouse) were carried out in the C57BL/6 hemophilia B mice. cFIX expression levels
correlated well with the vector dose injected (Fig. 5A). Reducing the dose of AAV2/8 to
4×109 or 2×1010 GC decreased the cFIX expression levels, however, none of the animals
developed cFIX-specific IgG1 response (Fig. 5B). Meanwhile, increasing the dose of
AAV2/8 by 5-fold to 5×1011 GC increased the cFIX expression levels by 2-fold to 55% of
normal levels six weeks after injection, and none of the animals developed anti-cFIX-
specific IgG1. Thus, absence of immune response to transgene by AAV2/8 vector is due to
the unique immunological aspects of the capsid protein, regardless of the vector dose or
transgene expression levels.

For AAV2/1 vector, increasing the vector dose 5-fold to 5×1011 GC improved the cFIX
expression to levels that were similar to that achieved by animals injected with 2×1010 GC
of AAV2/8 vector (Fig. 5A). This indicated that AAV2/8 vector is about 25 fold more
efficient than AAV2/1 vector in immunocompetent hemophilia B mice by intramuscular
delivery. Increased dose of AAV2/1 vector also reduced the incidence and titer of anti-cFIX-
specific IgG1 (Fig. 5C). This suggests that host immune response to cFIX delivered by
AAV2/1 vector could be influenced by vector dose and transgene expression level. For
AAV2/1 vector, the higher the dose, the less likely the antibody response to transgene
product.

Absence of immune response to cFIX by AAV2/8 vector in BALB/c mice
So far, all the observations concerning the absence of immune response to cFIX by novel
AAV serotypes were done in WT or hemophilic mice in C57BL/6 background. To rule out
the possibility that such observation was strain-specific, we also tested AAV2/1, 2, and 2/8
vectors in wild type BALB/c mice (H-2d) which have a different MHC haplotype than
C57BL/6 (H-2b). It has been shown that i.m. injection of AAV2.CMV.hA1AT (1×1011 GC/
mouse) in BALB/c mice generated humoral response to human A1AT but not in C57BL/6
mice [41]. Thus the BALB/c mouse appears to be a more challenging model for muscle-
directed gene transfer. We wanted to use this stringent model to test whether AAV2/8 has
advantages in evading host immune response to transgene, since this is one of the main
concerns for muscle-directed gene transfer for hemophilia B and applications of transgenes
encoding secreted proteins.

BALB/c mice that received 1×1011 GC of AAV2/1, 2, and 2/8 vectors i.m. were followed
for 10 weeks for cFIX antigen levels and cFIX inhibitors (Fig. 6). None of the mice that
received AAV2 vector had detectable cFIX antigen in the circulation for the duration of the
experiment, while 4 of 5 AAV2-injected mice had high and persistent levels of cFIX-
specific IgG1. A Bethesda assay confirmed the presence of inhibitory antibodies (1–3 BU/
ml) in 4 of 5 AAV2-injected BALB/c mice at week 8. The antibody response in BALB/c
mice was stronger than it was in C57BL/6 mice receiving the same dose of AAV2 vector. In
AAV2/1-injected mice, cFIX level slowly reached peak expression at 4% of normal levels 8
to 10 weeks after injection, 2 of 5 mice had intermediate levels of cFIX-specific IgG1 but
these antibodies were not inhibitory based on Bethesda assay (data not shown). In AAV2/8-
injected mice, cFIX antigen levels gradually reached 16% of normal levels eight weeks after
injection without the presence of cFIX-specific IgG1. The kinetics of transgene expression
in BALB/c mice injected with AAV2/8 is slower than it is in C57BL/6 mice, and the peak
level of expression in BALB/c is about 60% of it is in C57BL/6, suggesting the influence of
strain difference on gene transfer efficiency (Table 1). Nevertheless, the overall patterns are
similar that AAV2/8 vector transduces muscle most efficiently without eliciting harmful
inhibitor response to FIX, in contrast to AAV2 vector.
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Vector dissemination in liver after i.m. injection
It has been well established in mouse models that hepatic gene transfer by AAV vectors can
induce transgene product-specific immune tolerance [42]. If there are vectors disseminated
to liver after i.m. injection which would lead to hepatic transgene expression, such
expression may lead to induction of immune tolerance. To investigate this, we replaced
cFIX in the vector by the firefly luciferase (fluc) which allowed us to evaluate regional
distribution of transgene expression (i.e., muscle vs. liver). WT C57BL/6 male mice were
injected i.m. with AAV.CMV.fluc vectors at the same dose and in the same fashion as the
cFIX vectors. Luciferase expression levels in muscle and liver were measured by Xenogen
at days 7 and 28 after injection (Fig. 7). Mice were sacrificed 28 days after injection and
vector genome copies in liver were quantified by real-time PCR (Fig. 7B). AAV2/1, 2/7,
2/8, and 2/9 had higher expression in muscle than AAV2 and 2/5, similar to what have been
observed in BALB/c nude and WT C57BL/6 mice (Fig. 1). Vector dissemination to liver
following i.m. injection was detected, and vector GC and luciferase expression in liver were
highest in AAV2/8-, 2/9, and 2/7-injected mice (Fig. 7B). Luciferase expression in the liver
of AAV2/8-injected mice was 55-fold higher than AAV1-injected mice at day 7. Liver
expression levels in AAV2/7-, 2/8-, and 2/9-injected mice decreased over time likely due to
CMV promoter shutoff in liver, although similar decreases were not observed in AAV2/1-,
2-, and 2/5-injected mice which had acutely low expression levels. In AAV2/8-injected
mice, expression from liver represented 11% and 0.2% of the overall transgene expression
levels at days 7 and 28, respectively, while in AAV1-injected mice, expression from liver
only accounted for 0.06% and 0.03% of the overall transgene expression levels at days 7 and
28, respectively. The initial relatively high expression in liver by AAV2/8, 2/9, and 2/7
vectors may have induced immune tolerance, consistent with the lack of inhibitor response
to cFIX by the novel AAV serotypes.

T cell response to different AAV capsids
Because of the implication of capsid T cell response in the loss of transgene expression in
the AAV2 hemophilia B liver trial and more recently the AAV1-LPL muscle trial [12, 43],
we compared the host T cell response to different AAV serotype capsids following muscle-
directed vector delivery. BALB/c mice were injected i.m. with 1×1012 GC of AAV vectors
packaged with different serotypes, and T cells were isolated from the spleen 7 days later and
stimulated with H-2d-restricted dominant epitopes (AAV2: VPQYGYLTL; other serotypes:
IPQYGYLTL) for IFN-γ ELISPOT assay. As shown in Fig. 8, AAV2 elicited the highest
capsid-specific T cell response, followed by AAV2/1 and AAV2/5. AAV2/7 and 2/8 did not
induce any detectable capsid T cell response, consistent with previous findings [37], while
AAV2/9-injected mice had a very minor T response to the capsid.

Discussion
The isolates of novel AAV serotypes from tissues of nonhuman and human primates quickly
expanded the AAV family from six to over a hundred [19, 44]. Many of the novel serotypes
have demonstrated improved in vivo gene transfer efficiency in various tissues compared to
the existing AAV serotypes, including AAV2 which has been used in phase I/II human
clinical trials of a number of genetic diseases. Neutralizing antibody screening on human
samples has shown significantly lower frequency and titer to many of the novel AAV
serotypes than to AAV2 [45]. Furthermore, studies done in mice and nonhuman primates
showed that AAV7 and 8 were inefficient in inducing host T cell response to capsid [37,
46]. Thus, the novel AAV serotypes have created opportunities to improve the outcomes of
AAV-mediated gene therapy.
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Previously, we compared transduction efficiency in skeletal muscle by AAV1, 2, 5, 7, and 8
using LacZ as a reporter gene and showed AAV1, 7 and 8 are more efficient than AAV2 and
5 [47]. This study compared the efficacy of six AAV serotypes for muscle-directed gene
therapy of hemophilia B in immunocompetent C57BL/6 hemophilia B mice. We
demonstrated that AAV8, 9, and 7 are more efficient and safer vectors for muscle-directed
gene therapy with long-lasting high levels of transgene expression and absence of inhibitor
formation. In hemophilia B mice treated with 1×1011 GC of vectors, AAV2/8 was the most
efficient vector with peak cFIX antigen levels at 1.4 µg/ml (28% of normal levels), 2- to 3-
fold the levels found in animals injected with AAV2/9 and 2/7 vectors; while AAV2 and 2/5
vectors were ineffective in expressing cFIX and AAV2/1 vector only generated very low
levels of cFIX. The aPTT assay confirmed that the expressed cFIX by AAV2/7, 2/8, and 2/9
vectors was biologically active.

Immune response to transgene product is one of the main concerns in gene replacement
therapies. AAV vectors have shown long-term transgene expression in many studies and
have been generally considered as a less immunogenic vector compared to adenoviral or
lentiviral vectors, possibly due to the lack of inflammatory response induced by the AAV
vector backbone and inefficient transduction of antigen presenting cells (APCs) by AAV
vectors [48, 49]. However, many other factors, such as serotype, route of administration,
host strain, target tissue, vector dose, promoter, and the nature of transgene product could
influence the outcome of a gene therapy regimen. For hemophilia B gene therapy, studies
have demonstrated that immune tolerance mediated by regulatory T cells can be induced by
the hepatic gene transfer approach using AAV2 vector containing a liver-specific promoter
[50], and more efficiently, by AAV8 vectors [51, 52]. While AAV2-mediated, muscle-
directed gene transfer in hemophilia B models had high incidence of FIX inhibitor formation
resulting in no detectable antigen in the circulation [13, 23], discrepancies exist in the
literature regarding the efficacy of AAV2/1 vector for muscle-directed gene transfer for
hemophilia B. Chao et al reported 100- to 1000-fold higher levels of cFIX (up to 30 µg/ml)
in mice injected i.m. with AAV1 versus AAV2, and absence of anti-cFIX inhibitor
formation in these mice [5, 22]. Further studies by this group suggested tolerance induction
by AAV1 muscle gene transfer [24, 53]. However, Arruda et al reported only 10–20 fold of
hFIX increase with AAV1 and anti-hFIX inhibitor formation following i.m. injection of
AAV1-FIX in immunocompetent mice [23]. The level of increase by AAV1 vector reported
by the latter paper is more consistent with the original findings by Xiao el al which showed
2- to 10-fold increase of gene expression by AAV1 versus AAV2 vectors [21]. In our hands,
AAV2/1 is about 5-fold more efficient than AAV2 in BALB/c nude mice. In wild type
C57BL/6 mice, AAV2/1 vector was able to generate up to 500 ng/ml of cFIX antigen,
however, in hemophilia B mice, cFIX antigen levels only ranged from 0–127 ng/ml in
different animals at 6 weeks after injection and remained at this low level throughout the
course of the experiment (5 months). The endogenous expression of factor IX is
substantially eliminated in the knockout mice, potentially leading to the formation of B cells
to factor IX epitopes that would not be present in wild type mice. Anti-cFIX-specific IgG1
assays confirmed this. In wild type C57BL/6 mice, none of the 5 mice developed anti-cFIX
IgG1 (data not shown), while in C57BL/6 hemophilia B mice, anti-cFIX IgG1 was detected
in 4 out of 6 animals at 4 weeks after injection of 1×1011 GC of vector. Increasing the dose
to 5×1011 GC decreased the incidence of immune response (only one out of 5 mice
developed antibody) and improved the cFIX expression levels to 500 ng/ml, similar to what
was achieved in mice injected with 2×1010 GC of AAV2/8.

In this study, we show that three novel AAV serotypes, AAV7, 8, and 9, not only have
higher gene transfer efficiency in murine muscle, but also have the ability to evade host
immune response to the transgene product as measured by antibodies. While most of the
mice that received intramuscular injection of AAV2, 2/5, and 2/1-cFIX vectors developed
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anti-cFIX-specific IgG1, none of the animals injected with AAV2/7, 2/8, and 2/9 vectors
developed antibodies to cFIX. Interestingly, these serotypes also were less likely to activate
T cells to capsid epitopes. These vectors could be used as a new generation of safer and
efficient vectors for muscle-directed gene transfer. However, it is important to note that the
propensity of different serotypes to elicit transgene-specific immune responses is transgene-
dependent and/or species-dependent, and could also be promoter-related. These novel
serotypes have also been explored as vectors for vaccines and shown to generate high
frequency of antigen (HIV Gag)-specific CD8+ T cells, although those T cells appeared to
be functionally impaired [54, 55]. It should also be noted that unlike the other serotypes
which were purified by three rounds of cesium chloride gradient centrifugation, AAV2
vectors used in this study were purified by the gravity-flow heparin column method which
generates more pure and potent AAV2 vector [33], however, the column purified AAV2
likely contained more empty capsids. Our previous studies in mouse have shown that AAV2
elicits host T cell response to capsid independent of the vector preparation, purification
method, or the nature of the transgene [37].

Previous studies in hemophilia B dogs treated with AAV2 vectors intramuscularly showed
that the risk of inhibitory antibody formation to FIX was roughly proportional to the dose
administered, and that the closest correlation was to the dose per injection site [18]. Further
study in hemophilia B mice and dogs treated with AAV2/1 vectors indicated that the amount
of transgene product synthesized locally is the major factor promoting the development of a
harmful immune response [23]. In the current study, the absence of antibody response to
transgene by AAV2/7, 2/8, and 2/9 is conferred by the unique properties of the capsids
regardless of the dose of the vector and transgene expression level as shown here with
AAV2/8. In the dose response experiment with AAV2/8 vector, doses per animal ranged
from 4×109 to 5×1011 GC by 5-fold increments. Antigen levels in the circulation correlated
well with the vector doses and ranged from 1% to 57% of normal levels of cFIX.
Importantly, none of the animals in any dose groups developed anti-cFIX IgG1 during the
course of the experiments. It is possible that due to higher gene transfer efficiency, antigen
levels in the medium and high dose groups were able to induce immune tolerance. In the low
dose group, either due to insufficient antigen levels or insufficient “danger signals” caused
by the low vector dose, it was not enough to mount an immune response to transgene.
Whether the immune tolerance would be broken or sustained following immune challenges
in these mice remains to be studied. Further studies using luciferase as a reporter gene
showed dissemination of vector to liver after i.m. injection, especially for AAV7, 8 and 9.
Initial expression from the novel AAV serotypes accounted for over one tenth of the total
expression, but gradually decreased to about 0.2%, likely due to CMV promoter shutoff in
liver [56]. The initial relatively high expression in liver may play an important role in
inducing immune tolerance from these capsids. Whether this can be extended to large
animal models is yet to be determined.

In summary, AAV8, 9, and 7 are superior vectors for muscle-directed gene therapy in
hemophilia B mice, compared to AAV2/1, 2, and 2/5 vectors. These novel vectors are not
only more efficient in transducing muscle fibers, they are also less immunogenic in eliciting
B cell responses to the cFIX transgene product and T cell response to the capsid protein.
These principles should be considered in other applications of AAV gene transfer to express
secreted proteins such as therapeutic antibodies. Examples include gene transfer into the
retina to express angiogenic inhibitors for the treatment of age-related macular degeneration
and intramuscular gene transfer to express systemic levels of antibodies against HIV.
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Fig. 1. cFIX expression levels in WT mice from different AAV pseudotyped vectors after
intramuscular injection
Female BALB/c nude (A) and C57BL/6 (B) mice (n=5) were injected with AAV2/1, 2, 2/5,
2/7, 2/8 and 2/9-CMV-cFIX-WPRE vectors at the dose of 1×1011 GC intramuscularly. The
cFIX expression levels in the mouse plasma 2 and 4 weeks after injection are shown (mean
± SD).

Wang et al. Page 14

J Thromb Haemost. Author manuscript; available in PMC 2012 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Antigen levels and activity of cFIX in immunocopetent hemophilia B mice from different
AAV vectors after intramuscular injection
A. Time course of cFIX expression. Male C57BL/6 hemophilia B mice were injected with
AAV2/1 (n=14), 2 (n=7), 2/5 (n=7), 2/7 (n=9), 2/8 (n=7), and 2/9-CMV-cFIX-WPRE (n=6)
at the dose of 1×1011 GC intramuscularly. Levels of cFIX expression in plasma were
followed for over 23 weeks after injection (mean ± SD). AAV2/8 vector generated
statistically higher cFIX levels than all other serotype vectors at all time points, with one
exception (AAV2/9, week 12). ANOVA, p<0.05. B. aPTT assays were performed on plasma
samples from hemophilia B mice before and 4 weeks after i.m. injection with 1×1011 GC of
AAV2/7, 2/8, and 2/9 vectors. aPTT for hemophilia B mouse plasma spiked in with different
amount of purified cFIX protein (3.1% or 25%) and pooled mouse plasma from wild type
male C57BL/6 mice were included as references (5µg/ml is presumed as 100%). † p<0.005;
* p<0.001, two-tailed t-test.
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Fig. 3. Immunofluorescence staining for cFIX in the muscles of C57BL/6 hemophilia B mice 5
months after intramuscular injection with different AAV pseudotyped vectors
Hemophilia B mice were injected with different AAV pseudotyped vectors at the dose of
1×1011 GC at 4 intramuscular sites. The upper panels show immunofluerence staining of the
biceps femoris muscles and the lower panels show staining of the gastrocnemius muscles.
(X200).
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Fig. 4. Anti-cFIX IgG1 in hemophilia B mice after intramuscular injection of different AAV
pseudotyped vectors
C57BL/6 hemophilia B mice were intramuscularly injected with different AAV pseudotyped
vectors at the dose of 1×1011 GC. In AAV2/1, 2, and 2/5 injected mice, anti-cFIX-specific
IgG1 peaked at 4 to 6 weeks after injection. None of the mice treated with AAV2/7 (n=5),
AAV2/8 (n=5), AAV2/9 (n=6), or PBS (n=4) had detectable anti-cFIX-specific IgG1. Each
line represents an individual mouse.
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Fig. 5. Dose response of AAV2/8 and AAV2/1 on transgene expression levels and anti-cFIX
antibody levels in immunocompetent hemophilia B mice
C57BL/6 hemophilia B mice were intramuscularly injected with AAV2/8 vector at a very
low (4×109 GC/mouse), low (2×1010 GC), medium (1×1011 GC), or high dose (5×1011 GC),
or AAV2/1 vector at a medium (1×1011 GC) or high dose (5×1011 GC; n=5 for each group).
A. cFIX expression levels at 4 and 6 weeks after injection (mean ± SD). B. Anti-cFIX-
specific IgG1 in animals injected with AAV2/8 vector at 4 different doses. None of the
animals developed anti-cFIX-specific IgG1 regardless of the AAV2/8 vector doses. Mice
injected with 1×1011 GC of AAV2/1 or 2/8 vectors were the same as presented in Fig. 4. C.
Anti-cFIX-specific IgG1 in animals injected with AAV2/1 vector at medium and high doses.
Incidence and titer of anti-cFIX-specific IgG1 were reduced in mice received high dose of
AAV2/1 vector. Each line represents an individual mouse. Mice injected with 1×1011 GC of
AAV2/1 vector were the same as presented in Fig. 4. *Denote the death of one animal after
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week 4 and two animals after week 6 in the group of mice treated with 4×109 GC of
AAV2/8 vector.
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Fig. 6. cFIX antigen levels and anti-cFIX antibodies in BALB/c mice after intramuscular
injection with AAV2/1, 2, or 2/8-CMV-cFIX-WPRE vectors at the dose of 1×1011 GC
A. Time course of cFIX expression levels in the plasma of mice following i.m. injection
with different pseudotyped AAV vectors (mean ± SD, n=5). cFIX in AAV2/8-injected mice
were statistically higher than that in AAV2/1 or AAV2-injected mice. * p<0.001, ANOVA,
Dunnett test. B. Anti-cFIX-specific IgG1. Each line represents an individual mouse.
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Fig. 7. Luciferase expression from muscle and liver following i.m. injection of different AAV
serotypes
Luciferase expression visualized by whole-body bioluminescence imaging 7 and 28 days
post-i.m. injection of 1×1011 GC of AAV.CMV.ffLuciferase per mouse (n = 4). AAV vector
was delivered in two 25 µl i.m. injections into both legs (gastrocnemius and biceps femoris
and of each leg). (A) Muscle and (B) liver luciferase expression was quantified separately
for each mouse. Numbers presented above bars indicate GC per diploid genome in liver at
day 28 (n = 2).
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Figure 8. T cell response to the capsid by different AAV serotypes
BALB/c mice were intramuscularly injected with AAV vectors at 1×1012 GC/mouse (n=3
per vector). Seven days after injection, splenocytes were isolated, pooled, and stimulated
with H-2d-restricted dominant epitopes (AAV2: VPQYGYLTL; other serotypes:
IPQYGYLTL) or medium alone for IFN-γ ELISPOT assay. Peptide-specific cells are
presented as spot forming cells (SFC) per 106 splenocytes.
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Table 1

Summary of mean cFIX expression levels in different strains of mice 4 weeks after i.m. injection of 1×1011

GC of different pseudotyped AAV vectors.

cFIX (ng/ml) at week 4 (mean ± S.D.)

Serotype BALB/c nude (F) WT BALB/c (M) WT C57BL/6 (F) Hemophilia B (M)

AAV2/1 551.7 ± 196.4 22.9 ± 11.2 498.9 ± 530.9 54.4 ± 63.1

AAV2 102.3 ± 21.5 4.8 ± 5.7 24.4 ± 40.3 21.7 ± 35.9

AAV2/5 102.9 ± 9.0 n.t. 12.3 ± 8.6 20.6 ± 25.7

AAV2/7 462.2 ± 99.6 n.t. 345.2 ± 76.6 419.7 ± 90.8

AAV2/8 401.6 ± 88.1 139.9 ± 59.5 823.1 ± 375.8 1330.8 ± 356.6

AAV2/9 739.6 ± 266.6 n.t. 458.1 ± 106.4 824.1 ± 237.2

Abbreviations: cFIX, canine factor IX; F, female; M, male
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