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Abstract

Gene therapy for hemophilia B has been shown to result in long-term expression and immune tolerance to factor IX
(F.IX) after in vivo transduction of hepatocytes with adeno-associated viral (AAV-2) vectors in experimental
animals. An optimized protocol was effective in several strains of mice with a factor 9 gene deletion (F9�=�).
However, immune responses against F.IX were repeatedly observed in C3H=HeJ F9�=� mice. We sought to
establish a gene transfer protocol that results in sustained expression without a requirement for additional ma-
nipulation of the immune system. Compared with AAV-2, AAV-8 was more efficient in transgene expression and
induction of tolerance to F.IX in three different strains of wild-type mice. At equal vector doses, AAV-8 induced
transgene product-specific regulatory CD4+CD25+FoxP3+ T cells at significantly higher frequency. Moreover,
sustained correction of hemophilia B in C3H=HeJ F9�=�mice without antibody formation was documented in all
animals treated with�4�1011 vector genomes (VG)=kg and in 80% of mice treated with 8�1010 VG=kg. Therefore,
it is possible to develop a gene transfer protocol that reliably induces tolerance to F.IX largely independent of
genetic factors. A comparison with other studies suggests that additional parameters besides plateau levels of F.IX
expression contributed to the improved success rate of tolerance induction.

Introduction

Adeno-associated viral (AAV) vector-mediated coag-
ulation factor IX (F.IX) gene therapy for treatment of the

X-linked bleeding disorder hemophilia B has resulted in long-
term therapy in animal models. However, concerns about the
potential for immune responses to the vector and to the F.IX
transgene product have slowed translational research (Her-
zog and Dobrzynski, 2004; Mingozzi and High, 2007). Studies
in animals have shown that the risk for inhibitory antibody
(‘‘inhibitor’’) formation to F.IX in gene transfer is influenced
by vector design, dose, and route of administration, and is
elevated in animals that lack endogenous F.IX expression, for
example, as a result of a gene deletion (Herzog and Dobr-
zynski, 2004). High-titer inhibitors have been documented in
muscle-directed gene transfer in animals with F.IX null mu-
tations (Fields et al., 2001). Interestingly, hepatic gene transfer
often induces immune tolerance to F.IX (Herzog, 2005). Portal
vein administration of an AAV serotype 2 vector containing a
strong hepatocyte-specific expression cassette efficiently in-
duces tolerance to F.IX in mice of several genetic backgrounds
(Mingozzi et al., 2003). Injection of 4�1012–1.2�1013 vector
genomes (VG)=kg induced tolerance in 70–100% of F.IX

knockout (F9�=�) mice on the C57BL=6, BALB=c, or CD-1
background (lower doses were sufficient in F9�=� C57BL=6
mice or in hemophilia B dogs) (Mount et al., 2002; Mingozzi
et al., 2003).

Subsequent mechanistic studies provided evidence of
CD4þ T cell tolerance to the transgene product, including
deletion and anergy of conventional transgene product-
specific CD4þ T cells. Furthermore, hepatic gene transfer in-
duced transgene product-specific CD4þCD25þ regulatory T
cells (Tregs), which increased in frequency during the first 2
months after vector delivery (Dobrzynski et al., 2004; Cao et al.,
2007a,b). Induced Tregs were capable of suppressing cyto-
toxic T lymphocyte and antibody responses against F.IX, and
were required for tolerance induction (Dobrzynski et al., 2006;
Cao et al., 2007a). Once tolerance has been established, sup-
plementary gene transfer to other organs or systemic thera-
peutic protein delivery can be safely applied (Hoffman et al.,
2007; Passini et al., 2007; Sun et al., 2007; Luth et al., 2008).
Tolerance induction by liver-restricted transgene expression
has been documented for several different transgene products
and vectors (Herzog, 2005; Brown et al., 2007; Cerullo et al.,
2007). Because of low innate immunity and inefficient trans-
duction of antigen-presenting cells, AAV vectors may be ideal
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for this purpose (Zaiss and Muruve, 2005, 2008). Nonetheless,
further improvements of this approach may be required to
reliably obtain tolerance.

Our new study addresses the question of whether hepatic
gene transfer can be further optimized to obtain tolerance in
multiple strains of mice without a requirement for additional
immune modulation. To achieve this goal, we tested gene
transfer with an alternative AAV serotype (AAV-8) originally
described by Gao, Wilson, and colleagues to direct more ef-
ficient in vivo gene transfer to murine hepatocytes (Gao et al.,
2002).

Materials and Methods

Viral vectors

AAV-ApoE=hAAT-hF.IX carries the hepatocyte-specific
expression cassette for human factor IX (hF.IX) (Manno et al.,
2006). This cassette includes an apolipoprotein E (ApoE)
enhancer=hepatocyte control region, a human a1-antitrypsin
promoter, hF.IX cDNA, a 1.4-kb portion of intron I of the F9
gene, and the bovine growth hormone poly(A) signal. AAV
vector harboring the ovalbumin (OVA) transgene under the
control of the human elongation factor-1a (EF-1a) promoter
was as described (Dobrzynski et al., 2004). Expression cas-
settes are flanked by AAV-2 inverted terminal repeats. AAV
vectors (serotype 2 and 8) were produced by triple transfec-
tion of HEK-293 cells, purified by CsCl gradient centrifuga-
tion, filter sterilized, and quantified by slot-blot hybridization
as described (Liu et al., 2003).

Animal studies

C3H=HeJ and BALB=c mice were from Jackson Labora-
tories (Bar Harbor, ME), CD-1 mice were from Charles River
Laboratories (Wilmington, MA), and DO11-10-transgenic
Rag-2 knockout (DO11.10-tg Rag-2�=�) mice were purchased
from Taconic (Hudson, NY). F9�=� mice lack the promoter
and exons 1–3 of F9 as a result of targeted deletion (Lin et al.,
1997), and have been bred on a C3H=HeJ background for>10
generations. AAV vector (200 ml per injection) was delivered
into the portal vein or the tail vein as published (Mingozzi
et al., 2003). Immunizations were done by subcutaneous in-
jection into the back at four sites, using 5 mg of hF.IX protein
formulated in complete Freund’s adjuvant (cFA; Sigma,
St. Louis, MO). Blood samples from wild-type mice were col-
lected via the retro-orbital plexus, using heparinized capillary
tubes, whereas blood samples from hemophilia B mice were
obtained by tail vein bleed into sodium citrate buffer (final
concentration, 0.4%) (Fields et al., 2001). All mice were male
and 4–6 weeks old at the time of gene transfer (8–10 weeks for
hemophilia B mice).

Analyses of mouse plasma samples

Levels of hF.IX in plasma samples were determined by
enzyme-linked immunosorbent assay (ELISA), and antibody
concentrations to hF.IX were measured by immunoglobulin
subclass-specific immunocapture assay (Fields et al., 2000).
Activated partial thromboplastin times (aPTTs) of plasma
samples were determined with a fibrometer (BBL Fibro-
system; BD Diagnostic Systems, Cockeysville, MD). Inhibitory
antibodies were measured by Bethesda assay. Briefly, samples

were serially diluted in imidazole buffer and mixed with an
equal volume of normal human plasma (MDA Verify 1;
Trinity Biotech, Bray, Ireland) and incubated at 378C for 2 hr.
One Bethesda unit (BU) is equivalent to 50% residual coagu-
lation activity (as determined by aPTT of serially diluted
MDA Verify 1).

Adoptive T cell transfer

CD4þ T cells were purified from pooled C3H=HeJ spleno-
cytes (naive or 2 months after hepatic gene transfer with AAV
vector) by magnetic cell sorting using positive selection
(Miltenyi Biotec, Auburn, CA) according to the manufactur-
er’s instructions. The purity of CD4þ cells (90–95%) was ver-
ified by flow cytometry. CD4þ cells (1�107 per recipient
mouse) were adoptively transferred to naive wild-type
C3H=HeJ mice by tail vein injection (Mingozzi et al., 2003; Cao
et al., 2007a). Recipient mice were immunized with 5mg of
hF.IX in cFA 24 hr after adoptive transfer. Anti-hF.IX IgG ti-
ters were measured 3 weeks after immunization.

Immunostaining

Of each AAV-2- or AAV-8-transduced cohort of C3H=HeJ
mice, two liver lobes were collected from at least two different
animals and frozen in O.C.T. compound (Sakura Finetek
USA, Torrance, CA), using a dry ice–methylbutane bath.
Cryosections (at least four per lobe) were analyzed for the
presence of hF.IX by immunofluorescence staining, using a
goat anti-hF.IX and a tetramethylrhodamine isothiocyanate
(TRITC)-labeled secondary antibody (Herzog et al., 1997).
Images were captured with a CoolSNAP-Pro camera (Micro-
Optics, Davie, FL) and analyzed with Image-Pro Plus soft-
ware (MediaCybernetics, Silver Spring, MD).

Flow cytometry

Spleens were harvested into 2-MLC medium (Dulbecco’s
modified Eagle’s medium with 2% heat-inactivated fetal calf
serum, 1 mM sodium pyruvate, 10 mM HEPES, 0.1 mM non-
essential amino acids, 10�6 M 2-mercaptoethanol, and anti-
biotics) at room temperature, homogenized, and filtered
through a 70-mm cell strainer. Cells were centrifuged for
10 min at 300�g at room temperature. Cells were incubated
with BD PharmLyse buffer (BD Biosciences, San Jose, CA) for
5 min and washed twice with 2-MLC medium. Viable sple-
nocytes were counted with a hemacytometer and trypan blue.
Nuclear stain for transcription factor FoxP3 was performed
with an eBiosciences (San Diego, CA) kit, which uses anti-
murine=rat FoxP3 conjugated to fluorescein isothiocyanate
(FITC) (Cao et al., 2007a). Antibodies to murine CD4 (conju-
gated to allophycocyanin) and CD25 (conjugated to phyco-
erythrin) were from BD Biosciences. Controls for all stains
included isotype controls and unstained cells. Flow cytometry
was performed with the LSR II system (BD Biosciences), and
data were analyzed with CellQuest software.

Statistics

Statistical comparisons between experimental groups were
performed by two-tailed Student t test. Values were consid-
ered to be statistically significant for p< 0.05.
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Results

Superior hF.IX expression and tolerance induction
in C3H=HeJ mice with AAV-8 vector

Previously, we had demonstrated efficient induction of
immune tolerance to F.IX by AAV-2-mediated hepatic gene
transfer in several strains of F9�=�mice (Mingozzi et al., 2003).
However, C3H=HeJ F9�=� mice formed inhibitors even with
our optimized protocol (Mingozzi et al., 2003; Cao et al., 2006).
Therefore, we decided to evaluate a vector with enhanced
gene transfer to murine liver (Gao et al., 2002). Initially, AAV-2
and AAV-8 vectors were compared in wild-type C3H=HeJ
mice. Vectors were administered via the portal vein at 1�1010

or 1�1011 VG=mouse, or via the tail vein at 1010 VG=mouse.
Consistent with previous findings, portal vein injection of
AAV-2 yielded approximately 5-fold higher hF.IX levels
compared with tail vein injection (Fig. 1A, B, and G) (Min-
gozzi et al., 2002). Low-dose AAV-2 injection gave no detect-
able hF.IX (<3 ng=ml; Fig. 1C). In contrast, AAV-8 was

equally efficient by both routes and directed�100-fold higher
levels of expression. In fact, hF.IX levels were equivalent to
100% (at the high dose) and to 8% of normal hF.IX levels at the
lower dose (Fig. 1A–F and H).

After challenge with hF.IX in cFA, all AAV-2- and AAV-8-
transduced animals that had detectable hF.IX levels continued
to express (Fig. 1A–C). However, AAV-2-transduced mice
formed IgG1 against hF.IX (Fig. 2A–C; some animals also
formed comparatively low-titer IgG2a [data not shown]).
Antibody titers against hF.IX inversely correlated with hF.IX
expression levels. Higher expressing AAV-2-transduced mice
had lower antibody titers, reaching statistically significant
suppression of antibody formation in the high-dose portal
vein group when compared with immunization of naive
controls (Fig. 2D and E). In contrast, none of the AAV-8-
transduced mice formed antibodies to hF.IX (Fig. 2A–C).

Staining of hF.IX 4 months after hepatic gene transfer
showed that high-dose AAV-2 gene transfer resulted in
transgene expression in 3–5% of hepatocytes (as expected)

FIG. 1. Comparison of systemic human factor IX (hF.IX) levels in C3H=HeJ mice as a function of time after administration of
AAV vector (serotype 2 or 8). The mice were injected via the portal vein (pv; A and C) or the tail vein (tv; B) at vector doses of
1�1011 VG=mouse (A, B) or 1�1010 VG=mouse (C). Data represent average hF.IX plasma levels� SD for n¼ 4 mice per
serotype (AAV-2, diamonds; AAV-8, squares). Vertical arrows indicate the time point of challenge by subcutaneous ad-
ministration of hF.IX in complete Freund’s adjuvant (cFA). (D–F) Comparison of hF.IX plateau levels for each cohort of AAV-
2- and AAV-8-injected mice. Fold difference between AAV-2- and AAV-8-derived expression and percentage of normal hF.IX
levels (in humans) are indicated. (G and H) Comparison between hF.IX plateau levels for AAV-2 (G) and AAV-8 (H) for the
two routes of administration (pv and tv).
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after portal vein injection, whereas few hepatocytes had been
transduced after tail vein injection (<1%; Fig. 3A and B). On
the other hand, AAV-8 gene transfer yielded expression in 40–
60 to>90% of hepatocytes, depending on vector dose (Fig. 3C
and D). Interestingly, we found that AAV-2-transduced he-
patocytes were typically clustered adjacent to areas of liver
tissue that had no detectable hF.IX expression (Fig. 3B and E),
whereas AAV-8-transduced hepatocytes were uniformly
distributed across all liver sections (Fig. 3C and D; and data
not shown). This is consistent with findings by Nakai, Kay,
and colleagues, who reported unrestricted transduction of
murine hepatocytes with AAV-8 (Nakai et al., 2005).

Superior tolerance induction in other strains of mice,
using AAV-8 vector

AAV-2 vector was administered by tail vein injection
into BALB=c and outbred CD-1 mice at a dose of 1�1010

VG=mouse, which we expected to be insufficient for tolerance
induction with this vector. Subtherapeutic hF.IX expression
(20–30 ng=ml) was measured in BALB=c mice, whereas CD-1
mice had no detectable hF.IX levels (Fig. 4A and B). On
challenge with hF.IX in cFA 8 weeks after gene transfer, both
groups of mice formed antibodies to hF.IX (IgG1 and lower
titers of IgG2a; Fig. 4C and D, and data not shown). Antibody
formation correlated with a loss of systemic hF.IX levels in

BALB=c mice (Fig. 4B and D). In contrast, AAV-8 directed
persistent high levels of hF.IX expression in both strains (300–
600 ng=ml), and no antibodies to hF.IX were found after
challenge (Fig. 4A–D and data not shown).

Induction of regulatory CD4þ T cells

Our previous studies with AAV-2 vectors have shown that
hepatic transgene expression induces Tregs that suppress
antibody and cellular immune responses, and that these cells
are crucial for tolerance to the transgene product (Cao et al.,
2007a). To test whether AAV-8-induced immune tolerance is
also associated with active T cell-mediated suppression of
immune responses to hF.IX, we adoptively transferred CD4þ

splenocytes from those C3H=HeJ mice that had detectable
hF.IX expression (i.e., high-dose AAV-2 and all AAV-8-
transduced groups shown in Fig. 1A–C) to naive mice of
the same strain. Recipient mice were subsequently immu-
nized with hF.IX–cFA. Compared with control mice, all
recipients of cells from AAV-transduced mice showed sup-
pression of antibody formation (Fig. 5). However, CD4þ cells
from AAV-2 tail vein-injected mice suppressed antibody for-
mation against hF.IX to a lesser degree compared with the
other groups, which is consistent with less efficient tolerance
induction by this combination of route and serotype (see Fig.
2B and E).

FIG. 2. Comparison of IgG1 antibody formation to hF.IX in C3H=HeJ mice as a function of time after administration of AAV
vector (serotype 2 or 8). The mice were injected via the portal vein (pv; A and C) or the tail vein (tv; B) at vector doses of
1�1011 VG=mouse (A and B) or 1�1010 VG=mouse (C). Data represent average IgG1 anti-hF.IX titers� SD for n¼ 4 mice per
serotype (AAV-2, diamonds; AAV-8, squares). Vertical arrows indicate the time point of challenge by subcutaneous ad-
ministration of hF.IX in cFA. (D and E) Comparison of hF.IX antigen (D) and antibody (E) plateau levels for AAV-2-injected
cohorts. Antibody titers after immunization of naive control mice are also shown in (E), and statistically significant sup-
pression of antibodies compared with these controls is indicated (*p< 0.05).
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FIG. 3. Expression of hF.IX in liver tissue of C3H=HeJ mice 4 months after AAV-2 (A, B, and E) or AAV-8 (C and D) vector
administration via tail vein (A and D) or portal vein (B, C, and E) at 1�1011 VG (A, B, D, and E) or 1�1010 VG (C).
Immunostaining of hF.IX (red) indicates expression in hepatocytes. Original magnification was�100 [�40 in (E)]. Range of
observed percentages of hF.IX-expressing cells of total hepatocytes is indicated for each combination of serotype, route, and
dose. Circles in (E) depict areas negative for hF.IX expression.

FIG. 4. Comparison of systemic hF.IX antigen (A and B) and IgG1 anti-hF.IX (C and D) levels in CD-1 (A and C) and
BALB=c (B and D) mice as a function of time after vector administration via the tail vein (AAV-2, diamonds; AAV-8, squares;
1�1010 VG per serotype). Data represent averages� SD for n¼ 4 mice per serotype. Vertical arrows indicate the time point of
challenge by subcutaneous administration of hF.IX in cFA.
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Next, we sought to measure induction of transgene
product-specific Tregs in a more precise and quantitative
fashion, using DO11.10-tg Rag-2�=� BALB=c mice (Cao et al.,
2007a). These mice express a transgenic ovalbumin-specific T
cell receptor on the surface of conventional CD4þ T cells, but
are deficient in endogenous, rearranged T cell receptors and in
Tregs. AAV-2 or AAV-8 vector expressing ovalbumin was
injected into portal veins of these mice at 5�1011 VG=mouse,
resulting in approximately 10-fold higher circulating OVA
expression for AAV-8 compared with AAV-2 gene transfer
(Fig. 6A). Consistent with our previous studies, AAV-2 gene
transfer induced a splenic Treg population that was detectable
by flow cytometry (Fig. 6B) (Cao et al., 2007a). The frequency
of Tregs was on average 4-fold above background stain in
untreated (naive) mice (Fig. 6C). AAV-8-transduced mice
showed more robust induction of CD4þCD25þFoxP3þ T cells
(Fig. 6B and C), with a 3.5-fold higher average frequency
compared with AAV-2 (15-fold above background; Fig. 6C).
Tregs were undetectable in mice transduced with AAV-8
vector expressing hF.IX (Fig. 6B and C), indicating that OVA
transgene expression rather than the vector itself induced
Tregs.

Sustained correction of murine hemophilia B
in C3H=HeJ mice

After having shown that AAV-8 vectors were more efficient
in tolerance induction to hF.IX in wild-type mice and in in-
duction of transgene product-specific Tregs, we performed
hF.IX gene transfer experiments in C3H=HeJ F9�=� mice. As
noted previously, we had repeatedly found an inhibitor re-

sponse to F.IX after high-dose hepatic AAV-2 gene transfer in
�80% of these mice, using the same hepatocyte-specific ex-
pression cassette (published and unpublished data) (Min-
gozzi et al., 2003; Cao et al., 2006). Here, three of three mice
transduced with high-dose AAV-8 (1�1011 VG=mouse, tail
vein injection) showed sustained and complete correction of
hemophilia B for the duration of the experiment (7 months;
Fig. 7A and B). At a 10-fold lower dose (1�1010 VG=mouse),
sustained partial correction (7 months) was observed in four
of four mice, with levels of expression well in the therapeutic
range (400–600 ng=ml or 8–12% of normal human levels; Fig.
7A and B). At the lowest dose tested (2�109 VG=mouse), ex-
pression was 30–80 ng=ml in two of three mice (i.e., approxi-
mately 1% of normal human levels, the minimal therapeutic
target for prophylactic treatment of hemophilia; Fig. 7A).
These two animals continued to express hF.IX for at least 6
months without antibody formation even after hF.IX–cFA
challenge at 5 months (Fig. 7A–C). The same observation was
made in three mid-dose mice (1�1010 VG=mouse) that were
challenged in identical fashion 7 months after gene transfer
and analyzed again at 8 months (Fig. 7A–C).

None of the AAV-8-transduced C3H=HeJ F9�=� mice dis-
cussed so far had detectable antibodies to hF.IX by Bethesda
or immunocapture assay (Fig. 7C; and data not shown).
However, one mouse of the lowest dose cohort failed to ex-
press hF.IX (<3 ng=ml) at all time points measured (1–5
months), and had the longest coagulation times of all treated
mice (Fig. 7A and B; mouse depicted with square symbols and
dotted line). This mouse had formed an inhibitor (3 BU at 1
month, increasing to 18 BU at 3 months, 2–4 mg of anti-hF.IX
IgG1=ml; Fig. 7C). However, when three additional C3H=HeJ
F9�=� mice were treated with the lowest vector dose of
2�109 VG=mouse, these expressed hF.IX at levels of 30–
50 ng=ml for at least 2 months, had partially corrected aPTTs
(*50 sec at 2 months), and failed to form antibodies against
hF.IX (Fig. 7A–C).

Discussion

An optimal gene transfer protocol for hemophilia B should
provide therapeutic levels of expression while at the same
time maintaining tolerance to F.IX. Ideally, the effectiveness of
such a protocol should be independent of the underlying F.IX
mutation and of other genetic effects. Our previously pub-
lished data showed that optimized AAV-2 gene transfer to the
liver met most but not all of these criteria. Tolerance induction
was successful in several strains of mice with an F.IX gene
deletion, but induced inhibitors in C3H=HeJ F9�=� mice
(Mingozzi et al., 2003). This strain exhibits stronger B and T
cell responses to F.IX than other strains, and higher vector
doses are required to achieve therapeutic hepatocyte-derived
expression (Mingozzi et al., 2003; Zhang et al., 2004; Wang
et al., 2005; Xu et al., 2007). Others have shown that besides the
underlying F.IX mutation, several additional genetic factors
influence the risk of immune responses on gene transfer.
Genomic sequences implicated in modulating the immune
response to transgene products include polymorphisms in or
near the MHC locus and at loci containing cytokine-encoding
genes such as interleukin (IL)-10, IL-22, and interferon (IFN)-g
(which affect the function of several T cell subsets, including
Th1, Th2, Th17, and CD8þ T cells), chemokine receptors, and
others (Lozier, 2009).

FIG. 5. Evidence of induction of regulatory CD4þ T cells.
CD4þ splenocytes from C3H=HeJ mice injected with AAV-2
(hatched columns) or AAV-8 (solid columns) via the portal
vein (pv) or tail vein (tv) (indicated vector dose, 1�1010

or 1�1011 VG), or from naive control C3H=HeJ mice, had
been adoptively transferred to naive C3H=HeJ mice. Re-
cipient mice were immunized with hF.IX in cFA 24 hr later.
Shown are IgG1 anti-hF.IX titers 3 weeks after immunization.
Data represent averages� SD for n¼ 6 mice per cohort of
recipient mice. *Statistically significant difference compared
with controls ( p< 0.05).
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Optimal hepatic gene transfer reduces impact
of genetic factors on immune responses

The data presented here provide proof-of-principle that it is
possible to develop a hepatic gene transfer protocol that
confers immune tolerance to F.IX largely independent of ge-
netic effects. Sustained expression and correction of hemo-
philia B was achieved in animals with an F.IX gene deletion in
the context of a genetically unfavorable strain background.
These findings underscore the ability of robust hepatocyte-
derived expression to induce tolerance to the transgene
product. The substantial superiority in transduction of murine
hepatocytes of the AAV-8 serotype has not always scaled up
to large animals such as canines and nonhuman primates,
where expression levels of coagulation factor transgenes were
comparable to AAV-2 (Sarkar et al., 2006; Nathwani et al.,
2007). Therefore, it is unclear that AAV-8 would be superior
for immune tolerance induction in humans. Nonetheless,
improvements in expression on gene transfer to livers of rhesus
and cynomolgus macaques and neonatal dogs and to canine
skeletal muscle have been reported for different transgenes
(Gao et al., 2006; Koeberl et al., 2008; Ohshima et al., 2009).

Regardless, AAV-8 gene transfer in mice should be an ideal
model with which to study mechanisms of immune tolerance
induction and to define parameters for successful protocols

that are less influenced by genetic effects. For example,
increased transgene expression from the AAV-8 vector cor-
related with a higher frequency of induced transgene product-
specific Tregs, supporting the hypothesis that tolerance
induction is facilitated by optimal induction of Tregs. While
our published data indicated a requirement for Tregs in tol-
erance induction by hepatic gene transfer, others have shown
that these cells may not only be required but sufficient to
prevent certain types of immune responses (Cao et al., 2007a;
Hoffman and Herzog, 2008; Luth et al., 2008).

AAV-8 improves efficacy and tolerance induction

Our previous studies have shown that a certain minimal
level of F.IX expression is required for immune tolerance (we
estimated 30–50 ng=ml) (Mingozzi et al., 2003). At lower levels
of expression, antibodies against F.IX may be formed. The
lowest AAV-8 dose administered to hemophilia B mice here
yielded levels of expression right at this threshold, which may
explain why one animal developed an inhibitor. However,
previous studies with AAV-2 vectors in the C3H=HeJ F9�=�

strain mostly failed to induce tolerance, although adminis-
tered vector doses were adequate to reach expression levels
above the AAV-8 low dose in this current study (Mingozzi
et al., 2003; Cao et al., 2006). On the basis of the data collected

FIG. 6. Induction of transgene product-specific CD4þCD25þFoxP3þ Tregs. DO11.10-tg Rag-2�=� mice were injected with
AAV-2 and AAV-8 vectors expressing OVA (5�1011 VG=mouse via the portal vein), and systemic OVA levels were measured
at week 8 (A). Subsequently, the percentage of CD25þFoxP3þ splenic CD4þ cells was determined by flow cytometry (B and
C). (B) Representative examples of CD25þFoxP3þ cell frequencies (gated on CD4þ cells) for an AAV-2 or AAV-8-OVA-
transduced mouse, a naive control mouse, and an AAV-8-hF.IX-transduced control mouse. Insert for AAV-8-OVA-
transduced mouse represents isotype control staining. (C) Average frequencies (�SD) of CD25þFoxP3þ cells among CD4þ

cells from naive, AAV-2-transduced or AAV-8-transduced naive mice (n¼ 5 per group), or AAV-hF.IX-transduced mice
(n¼ 4). Fold increases compared with naive mice are indicated. Note that the difference between AAV-2 and �8 is statistically
significant ( p< 0.05).

AAV-8-MEDIATED TOLERANCE INDUCTION TO F.IX 773



thus far on AAV-2 and AAV-8 F.IX gene transfer to hemo-
philia B mice of different strain backgrounds, we conclude
that (1) the overall level of hepatocyte-restricted F.IX expres-
sion is the most important factor for tolerance induction; and
(2) AAV-8 vectors offer additional advantages that help tip
the balance toward tolerance. Hence, tolerance induction was
successful over a wide range of vector doses and expression
levels in 80–100% of C3H=HeJ F9�=� mice.

Several parameters may be responsible
for improved tolerance induction by AAV-8

It is conceivable that expression levels relative to the num-
ber of injected vector particles are important, as hepatocyte-
derived transgene expression is tolerogenic whereas viral
particles elicit innate and adaptive responses. Interestingly,
hepatic innate responses to AAV-2 vector particles are weak,
and neither serotype is efficient in transduction of antigen-
presenting cells in vivo (Zaiss and Muruve, 2005; Vanden-
driessche et al., 2007). We found that both serotypes caused
equivalent IgG2a formation to vector particles, suggesting
similarly strong B cell responses to the vector (data not
shown). However, Wilson and colleagues showed that T cell
responses to AAV-8 are substantially lower compared with T
cell responses to AAV-2 in mice and nonhuman primates

(Vandenberghe et al., 2006; Wang et al., 2007). There are also
distinct differences between these serotypes in kinetics and
distribution of hF.IX expression. AAV-8 vectors uncoat faster
and express high levels early after gene transfer, whereas
AAV-2-derived expression increases gradually during the
first month after vector administration (Thomas et al., 2004). In
addition, our data show an even distribution of transgene-
expressing hepatocytes with AAV-8, whereas AAV-2-
transduced hepatocytes are more clustered with large areas
devoid of expression. It is conceivable that rapid onset of ex-
pression or optimal distribution of F.IX antigen in the liver
facilitates antigen presentation in a tolerogenic hepatic mi-
croenvironment.

In summary, efficient gene transfer to hepatocytes can be
exploited to design an optimal protocol for the treatment of
hemophilia B, resulting in induction of immune tolerance
largely independent of genetic factors. Future studies will
determine more precisely the parameters required for toler-
ance in such an optimal protocol.
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