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While therapeutic expression of coagulation factors from adeno-associated virus (AAV) vectors has been
successfully achieved in patients with hemophilia, neutralizing antibodies to the vector and inhibitory
antibodies to the transgene severely limit efficacy. Indeed, approximately 40% of mice transduced with
human factor VIII using the AAV8 serotype developed inhibitory antibodies to factor VIII (FVIII inhibi-
tor), as well as extremely high titers (‡1:500) of neutralizing antibodies to AAV8. To correct hemophilia in
these mice, AAV9, a serotype with low in vitro cross-reactivity (£1:5) to anti-AAV8, was used to deliver
mouse-activated factor VII (mFVIIa). It was found that within 6 weeks of systemic administration of
2 · 1013 particles/kg of AAV9/mFVIIa, hemophiliac mice with FVIII inhibitors and neutralizing antibodies
(NAb) to AAV8 achieved hemostasis comparable to that in wild-type mice, as measured by rotational
thromboelastometry. A level of 737 ng/mL mFVIIa was achieved after AAV9/mFVIIa adminstration
compared to around 150 ng/mL without vector treatment, and concomitantly prothrombin time was short-
ened. Tissues collected after intra-articular hemorrhage from FVIII-deficient mice and mice with FVIII
inhibitors were scored 4.7 and 5.5, respectively, on a scale of 0–10, indicating significant pathological
damage. However, transduction with AAV9/mFVIIa decreased pathology scores to 3.6 and eliminated
hemosiderin iron deposition in the synovium in most mice. Collectively, these results suggest that ap-
plication of alternative serotypes of AAV vector to deliver bypassing reagents has the potential to cor-
rect hemophilia and prevent hemoarthrosis, even in the presence of FVIII inhibitor and neutralizing
antibodies to AAV.
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INTRODUCTION

HEMOPHILIA A AND B ARE CAUSED by deficiencies in
factor VIII (FVIII) and factor IX (FIX), respec-
tively. These are the most prevalent inherited
bleeding disorders, accounting for about 95% of all
congenital coagulopathies, with a prevalence about
1/5,000 males for hemophilia A and 1/25,000–
30,000 males for hemophilia B. Current treatments
by protein-replacement therapy are limited by
the short half-life of infused clotting factors, thus
requiring repeated infusions at relatively large

doses, despite improvements in product stability.
In this light, gene therapy may ultimately obviate
the need for repeated infusions. Among gene ther-
apy vectors, adeno-associated virus (AAV) vectors
have been successfully investigated in numerous
preclinical applications. The virus is nonpatho-
genic, has broad tissue tropism, and infects both
dividing and nondividing cells. More importantly,
AAV vectors have enabled long-term expression of
therapeutic transgenes in preclinical and clinical
trials, including coagulation factors used to treat
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hemophilia.1 Originally, muscles were used as a
platform to express FIX from an AAV transgene.
Although this approach corrected FIX deficiency in
animal models,2 clinical trials in humans did not
induce detectable FIX expression in the circulation,
despite expression in the muscle for >10 years.3

Consequently, the liver has been explored as an
alternative target, since it naturally produces
FVIII and FIX. Indeed, preclinical studies demon-
strated more abundant transgene expression in the
liver than in the muscle. Of the 12 AAV serotypes
that have been used to deliver genes, AAV8 and
AAV9 were found to be the most effective in tar-
geting the mouse liver. After extensive preclinical
studies in animals, Phase I/II clinical trials have
been carried out with great success to treat hemo-
philia by AAV-based gene therapy.1,4,5

Unfortunately, broad application of AAV vectors
to deliver FVIII or FIX is limited by the develop-
ment of inhibitory autoantibodies to the missing
protein and of neutralizing antibodies to AAV. The
development of inhibitory autoantibodies, which
render subsequent infusions with FVIII and FIX
ineffective,6,7 is a critical issue that affects up to
30% of patients. In recent prospective, randomized,
and controlled trials to investigate the risk of
forming inhibitory autoantibodies, the cumulative
incidence ranged from 26.8% for plasma-derived
FVIII/von Willebrand Factor, to 44.5% for recom-
binant FVIII.6 On the other hand, >95% of humans
are naturally exposed to AAV, of whom about half
produce neutralizing antibodies that prevent gene
delivery via AAV.

To overcome inhibitory autoantibodies, large do-
ses of clotting factors are typically administered to
elicit immune tolerance. However, this approach is
generally ineffective in patients with high antibody
titers. In such patients, treatments with alternative
products, including activated prothrombin complex
and recombinant factor VIIa (FVIIa), have been
attempted. Hemostasis is generally achieved in this
manner but at lower efficiencies than with replace-
ment of deficient clotting factors. Other less prom-
ising approaches include antibody depletion using a
combination of immunoabsorption, cyclophospha-
mide, intravenous immunoglobins, large doses of
FVIII, and antibodies against CD20.

To escape AAV neutralizing antibody-mediated
clearance of AAV vector, numerous strategies have
been investigated. AAV capsids have been en-
gineered in attempts to evade recognition by neu-
tralizing antibodies. For example, AAV vectors
have been coated with polymers such as polyeth-
ylene glycol,8–10 directionally evolved in vitro and
in vivo in the presence of neutralizing antibodies to

obtain novel AAV capsid variants,11–13 or ratio-
nally mutated to eliminate antibody recognition
sites.14 Other AAV serotypes that exhibit little
to no cross-reactivity with pre-existing neutraliz-
ing antibodies15–19 have also been explored. Alter-
natively, several clinical approaches have been
used to deplete neutralizing antibodies, including
plasmapheresis, infusion with anti-CD20 (Ritux-
imab),20 and simultaneous delivery of an excess of
empty AAV capsids as decoy.21

This study found that about 40% of hemophiliac
mice transduced with AAV8 to express human
FVIII eventually developed FVIII inhibitor and
neutralizing antibodies to AAV8. An attempt was
then made to correct hemophilia by delivering
mouse FVIIa via AAV9, which was found in vitro to
cross-react poorly with neutralizing antibodies to
AAV8. Remarkably, transduction with FVIIa im-
proved hemostasis and mitigated joint damage.

MATERIAL AND METHODS
Animal care

FVIII knockout mice (FVIIIKO), from which
exon 16 of FVIII had been deleted, were provided
by H. H. Kazazian Jr. (University of Pennsylvania,
Philadelphia, PA)22 and were then bred in-house.
Plasma samples were collected from the retro-
orbital plexus into 3.2% sodium citrate, and stored
at -80�C until analysis. Animal protocols were
approved by the Institutional Animal Care and Use
Committee of the University of North Carolina at
Chapel Hill.

Construction of AAV vectors
A cassette to express human FVIII23 was kindly

provided by St. Jude Children’s Research Hospital
and packaged into an AAV8 capsid. Mouse FVIIa
was synthesized at Genscript, with the furin
cleavage site as linker between the heavy and light
chains. Both constructs are driven by the liver-
specific transthyretin (TTR) promoter, as described
previously.24 Mouse FVIIa was packaged into an
AAV9 capsid. All vectors were produced using a
triple transfection protocol and titered at the Virus
Vector Core Facility at University of North Car-
olina at Chapel Hill as described previously.25

Quantification of FVIII activity and anti-FVIII
Human FVIII activity in mouse plasma was

quantified with one-stage FVIII activity assay
(FVIII-specific aPTT) using recombinant human
factor VIII (Advate�; Baxter, Westlake Village,
CA) to prepare the standard curve. Titer of anti-
human FVIII inhibitory antibody is measured by
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the Bethesda assay, as previously described,26 us-
ing a STart� 4 coagulation analyzer (Diagnostica
Stago, Asnières, France).

Quantification of mFVIIa expression
and prothrombin time

The prothrombin time (PT) assay was performed
by adding 50 lL of citrated mouse plasma diluted in
Owren-Koller buffer (Diagnostica Stago) at a 1:50
dillution to 50 lL of hFVII-deficient plasma (George
King Bio-Medical, Inc., Overland Park, KS), and
the time to clot formation was recorded on the STart
4 coagulation analyzer after adding 100 lL of Neo-
plastine CL Plus reagent (Diagnostica Stago).

For the quantification of mFVIIa expression in
mouse plasma, a second enzyme-linked immunosor-
bent assay was used with minimal cross-reactivity to
mFVII zymogen, as described,27 with a slight modi-
fication that included a rat anti-mFVII antibody
(Abcam, Cambridge, MA) used to coat the plate. The
recombiant mouse FVIIa for the preparation of
standard curve was kindly provided as a gift by Dr.
Dougald M. Monroe at the Department of Medicine,
University of North Carolina at Chapel Hill.

Induction of FVIII inhibitor and AAV8 capsid
neutralizing antibodies

To elicit both FVIII inhibitor and neutralizing
antibodies against AAV8, a human FVIII expres-
sion cassette packaged into AAV8 was adminis-
tered intravenously at a dose of 4 · 1012 particles/
kg body weight into FVIII-deficient mice. This dose
has previously been shown to induce peak FVIII
activity at 200–300% of normal activity and FVIII
inhibitor development in 40% of treated mice (un-
published).

In vitro analysis of neutralizing antibodies
Inhibition of AAV transduction by neutralizing

antibodies was assessed in vitro according to pub-
lished methods.28 Briefly, Huh7 cells were seeded
in a 48-well plate at 1 · 105 cells/well, and cultured
with 1 · 108 particles of AAV8 or AAV9/luciferase
that had been preincubated for 2 h at 4�C with a
serial dilution of sera from mice with neutralizing
antibodies to AAV8. Cells were lysed 48 h later,
and luciferase activity was measured with a Wal-
lac1420 Victor 2 automated plate reader. Neutra-
lizing antibody titers were defined to be the highest
dilution of mouse serum that reduced luciferase
activity by 50% in comparison to that in cells
transduced with AAV9/luciferase vectors that
had been preincubated with phosphate-buffered
saline (PBS).

In vivo analysis of neutralizing antibodies
AAV8 or AAV9/luciferase particles (3 · 109) were

incubated for 2 h at 4�C in PBS or in 6 lL of undi-
luted pooled serum from mice with neutralizing
antibodies to AAV8. The vectors were then injected
directly into the hind-leg muscle of 6- to 8-week-old
C57BL/6 mice. Transgene expression was assessed
by imaging 2 weeks thereafter.

Rotational thromboelastometry
Clotting was assessed by rotational thromboe-

lastometry (ROTEM), as described previously.29

Briefly, whole blood was collected from the inferior
vena cava at sacrifice, mixed at a ratio of 9:1 with
3.2%sodiumcitrate, and then300 lL of the resulting
mixture was coagulated with 20lL of 0.2 M CaCl2 in
a pre-warmed rotational thromboelastometer.

Tail transection
Bleeding was assessed in vivo, as described,30

with a slight modification by transecting 3 mm in-
stead of 4 mm of the distal tail and placing the
proximal tail into a pre-warmed pre-weighed tube.
Blood loss per gram of body weight was determined
40 min after the tail was clipped, or at the time of
death.

Joint pathology
Intra-articular bleeding was assessed, as de-

scribed,31 by creating a *0.5 mm incision in the
skin overlying the patella and then inserting a
Hamilton syringe with a 30.5 gauge needle into the
knee joint. Knee joints were collected 2 weeks
thereafter by sectioning the femur and tibia/fibula
1 cm from the joint. Specimens were fixed and dec-
alcified using routine histology. Sagittal sections
were prepared and stained with hematoxylin and
eosin to score hemophilic synovitis on a scale of 0–
10, as previously described.32 Additional sections
were stained with Prussian Blue to assess iron
deposits, as described previously.33,34

Statistical analysis
Data are presented as mean – standard error of

the mean and were analyzed by one-way analysis of
variance in GraphPad Prism for Windows v7 (La
Jolla, CA). An adjusted p-value of <0.05 was con-
sidered statistically significant.

RESULTS
Characterization of mouse FVIIa
in vitro and in vivo

In this study, hemostasis corection was first
measured by ROTEM to see if this assay could
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serve as an alternative option to measure the he-
mostasis correction in the absence of a reliable
commercial mFVIIa detection kit. Different doses
of recombinant human FVIII protein were infused
into FVIII knockout mice intravenously via the tail
vein. As shown in Fig. 1, even the lowest tested
dose (2 IU/kg) significantly improved coagulation
parameters measured on ROTEM. At doses ‡5 IU/
kg, coagulation was comparable to that in wild-
type mice. Collectively, the data indicate that RO-
TEM is a sensitive assay suitable for detecting <5
IU/kg of circulating recombinant FVIII or its
equivalent.

To express mouse FVIIa transgenically, an AAV9
cassette was constructed with the furin cleav-
age site, RKRRKR, as a linker between the heavy
and light chains (Fig. 2A). The well-defined liver-
specific promoter TTR was used to drive expres-
sion,24 noting that AAV9, like AAV8, exhibits liver
tropism in mice.35 Doses of AAV9/mFVIIa from
8 · 1011 to 2 · 1013 particles/kg were then intrave-
nously administered to FVIII knockout mice via

the tail vein. Dose-dependent improvements in he-
mostasis were observed 4 weeks thereafter (Fig. 2B).
In particular, a-angle and maximum clot firm-
ness increased, while clotting time and clot for-
mation time decreased. These parameters were
similar at doses between 4 · 1012 and 2 · 1013 par-
ticles (Fig. 2B) but were strikingly comparable to
those of wild-type mice at 2 · 1013 particles/kg body
weight. Due to the dynamic range limitation of
ROTEM analysis (detection of hemostasis cor-
rection is saturated at equivalent to >5 IU/kg re-
combinant hFVIII) and to evaluate further the
hemostastic correction, blood-loss analysis was
also carried out by transecting the tail in these
mice. At 8 · 1011 particles/kg, blood loss due to tail
clipping was similar to that in untreated FVIII
knockout mice. Blood loss gradually decreased
with the dose of AAV9/mFVIIa but remained above
that in wild-type mice, even at 2 · 1013 particles/kg
(Fig. 3a). Interestingly, all mice transduced with
AAV9/mFVIIa survived tail clipping, regardless of
dose (Fig 3b), while 2/10 untreated FVIII knockout

Figure 1. Rotational thromboelastometry (ROTEM) after infusion of recombinant human factor VIII (FVIII). Escalating doses of recombinant human FVIII from 2
to 100 IU/kg were administrated intravenously into FVIII knockout mice, with untreated FVIII knockout mice (FVIIIKO) and wild type (WT) mice as the controls.
Citrated whole blood was collected 15 min later from the inferior vena cava, and analyzed by ROTEM to measure (a) a angle in degree, (b) clotting time in
seconds, (c) clot formation time in seconds, and (d) maximum clot firmness. **p < 0.01.
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Figure 2. ROTEM after escalating doses of AAV9/mouse FVIIa. (A) The diagram for the mouse FVIIa construct, flanked by AAV2 ITRs, with the TTR promoter,
FVIII light chain, furin cleavage linker, FVIII heavy chain, and Poly A tail indicated. (B) Doses of AAV9/mFVIIa from 8 · 1011 to 2 · 1013 particles/kg were
administered into FVIII knockout mice via the tail vein. Whole blood was collected 6 weeks later from the inferior vena cava, and analyzed by ROTEM to
measure: rotational thromboelastometry analysis of (a) a angle in degree, (b) clotting time, (c) clot formation time, and (d) maximum clot firmness. *p < 0.05
and **p < 0.01.

Figure 3. Blood loss due to tail transection after AAV9/mFVIIa administration. Doses of AAV9/mFVIIa from 8 · 1011 to 2 · 1013 particles/kg were administered
into FVIII knockout mice (FVIIIKO) via the tail vein. FVIII knockout (FVIIIKO) and wild-type mice (WT) injected with normal saline were used as control. Tails
were transected at week 4, and (a) blood loss in milligrams per gram body weight was recorded, along with (b) survival 40 min after tail clip. **p < 0.01.
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mice died. Collectively, these results indicate that
mouse FVIIa is functional in vivo, although a high
dose is required to improve hemostasis.

FVIII activity and inhibitors in mice treated
with AAV8/hFVIII

To elicit both FVIII inhibitor and AAV8 capsid
neutralizing antibodies, AAV8/hFVIII was admin-
istered intravenously once at a dose of 4 · 1012

particles/kg body weight into FVIII-deficient mice
(Fig. 4). Administration of this dose induced peak
FVIII activity at 200–300% of normal activity, and
FVIII inhibitor developed in a subset of injected
mice. Citrated plasma was then harvested at 2, 4,
and 8 weeks post transduction, and assayed for
FVIII activity, titer of FVIII inhibitor, and anti-
AAV8 neutralizing antibodies. Notably, 20/34 mice
presented stable FVIII activity at 2–8 weeks
without developing inhibitor antibodies (Fig. 5a).
However, FVIII inhibitors were detected at titers
0.75–42 BU/mL in the other 14 mice (*40%;

Fig. 5b), in which FVIII activity peaked at week 2
before gradually decreasing and dropping below
detectable levels at week 8 (Fig. 5a). Subsequently,
mice with inhibitory antibodies were randomly
assigned to receive further intravenous normal
saline or intravenous AAV9/mFVIIa. It was noted
that titers of FVIII inhibitory antibodies were
comparable between these groups (n = 7 vs. n = 6;
Fig. 5b).

Cross-reactivity of AAV8 neutralizing
antibodies to AAV9

The activity of neutralizing antibodies to AAV8
was characterized in vitro to investigate the po-
tential of AAV9 as a vector to deliver mFVIIa in
attempts to correct hemophilia A in mice with
FVIII inhibitor. Approximately 13/14 mice that
developed FVIII inhibitor also developed neutral-
izing antibodies to AAV8 (Figs. 5 and 6). AAV-
neutralizing antibodies in animals and humans
have been shown to have little or no cross-reactivity

Figure 4. Design of in vivo studies. A human FVIII expression cassette packaged into AAV8 was administered intravenously at 4 · 1012 particles/kg body
weight into FVIII knockout mice. Citrated blood was collected 2, 4, and 8 weeks thereafter. Samples at 8 weeks were assayed for inhibitory antibodies to FVIII,
and mice with such antibodies were randomly assigned to receive AAV9/mFVIIa or normal saline (NS) subsequently. Four weeks after the second treatment
with AAV9/mFVIIa or normal saline, a needle was inserted into the left knee joint capsular to induce intra-articular hemorrhage. After another 2 weeks, whole
blood was harvested from the inferior vena cava and analyzed for hemostasis correction by ROTEM, quantification of mFVIIa expression, and prothrombin time
(PT). Knee joint tissues were evaluated for pathology changes by histology.

Figure 5. In vivo remodeling of inhibitory antibodies to FVIII. AAV8/hFVIII was administered intravenously at 4 · 1012/kg body weight in mice with hemophilia A
to generate inhibitory antibodies to FVIII. Plasma was collected 2, 4, and 8 weeks later, and assayed for (a) FVIII activity and (b) anti-FVIII inhibitor. After FVIII
inhbitor titer was determined at week 8, mice with anti-FVIII were then randomly assigned to receive intravenous normal saline (AAV8.hFVIII + NS) or
intravenous AAV9/mFVIIa (AAV8.hFVIII + AAV9.mFVIIa) subsequently, as described in Fig. 4. NS, normal saline.
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among AAV serotypes.14,36 As shown in Fig. 6a,
very high titers of neutralizing antibodies (from
500- to 5,000-fold dilution) against AAV8 were ob-
served in mice transduced with AAV8/hFVIII but
with low cross-activity to AAV9 (up to fivefold di-
lution). Since FVIIa is not as potent as FVIII in
correcting hemophilia A, it was anticipated that
high doses would be needed to achieve therapeutic
effects. At a test dose of 2 · 1013 particles/kg, the
concentration of AAV9 in the plasma would be
approximately 2 · 1010 particles/lL, given that the
average AAV8-treated mouse weighed about 25 g,
of which 4% (*1 mL) would be plasma. To keep the
same ratio of vector to plasma, 3 · 109 particles of
AAV8 OR AAV9/luciferase were incubated in
6.0 lL of PBS or in 6.0 lL of pooled sera from mice
transduced with AAV8/hFVIII for 2 h at 4�C. The
samples were then injected in each leg in the same
mouse, and mice were imaged after 2 weeks to
measure the inhibitory activity of pooled sera
against AAV9 transduction (Fig. 6b and c). It was
found that the sera almost completely blocked
transduction of AAV8 but not AAV9, suggesting

that therapeutic transgene expression may be
achieved, even in the presence of low titers of cross-
reactive neutralizing antibodies by systemic ad-
ministration of at least 2 · 1013 particles/kg.

Hemostasis correction in the presence
of FVIII inhibitor and anti-AAV8

Based on the previous result, 2 · 1013 particles/
kg of AAV9/mFVIIa were administered into mice
with both FVIII inhibitor and anti-AAV8. As shown
in Fig. 4, whole blood was harvested from the in-
ferior vena cava at sacrifice and analyzed by RO-
TEM. mFVIIa protein expression and prothrombin
time (PT) were also detected from plasma at the
sacrifice. As shown in Fig. 7, in the presence of both
anti-FVIII inhibitor and anti-AAV8 NAbs, AAV9-
mediated gene transfer of mFVIIa corrected all
coagulation parameters, most of which improved
relative to those of FVIII knockout mice (with or
without inhibitory antibodies to FVIII). Indeed,
coagulation was comparable in the three groups of
mice with FVIII inhibitor treated with AAV9/
mFVIIa (AAV8.hFVIII + AAV9.mFVIIa), and in

Figure 6. In vitro and in vivo analysis of AAV neutralizing antibodies. Animals treated with AAV8/hFVIII, as described in Fig. 4, were examined for neutralizing
antibodies against AAV8 or AAV9 by (a) an in vitro assay, or (b) an in vivo analyses with the representative imaging. (c) The average data from three or four
mice with AAV8 and AAV9/Luc versus phosphate-buffered saline (PBS) treatment.
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mice treated only with AAV9/mFVIIa (AAV9.mF-
VIIa) and wild-type control mice. At the end time
point of 6 weeks since AAV9/mFVIIa administra-
tion, the mFVIIa level achieved a range of 500–
900 ng/mL (737 – 167 ng/mL), while the mFVIIa
level in the rest of the animals without AAV9/
mFVIIa treatment was around 150 ng/mL (Fig. 8a).
Concomitantly, the PT was shortened to around
15 s after AAV9/mFVIIa treatment compared to
around 22 s with AAV9/mFVIIa treatment gene
therapy (Fig. 8b).

Improved hemoarthrosis after transduction
of AAV9/mFVIIa into mice with FVIII antibodies
and neutralizing antibodies to AAV8

To investigate whether systemic administration
of AAV9/mFVIIa could prevent joint damage from
hemoarthrosis, a major complication in severe
hemophilia patients, intra-articular hemorrhage
was induced by inserting a needle into the left knee
joint capsule 4 weeks after AAV9.mFVIIa treat-
ment. Mice were sacrificed 2 weeks thereafter to
assess joint damage by histology (representative
images shown in Fig. 9a). As expected, joint
bleeding resulted in pathological damage in FVIII-
deficient mice with anti-FVIII inhibitor (Fig. 9b;
score 5.5/10) or without anti-FVIII inhibitor (score
4.7/10). AAV9-mediated gene therapy with FVIIa
mitigated but did not completely reverse the dam-
age (score 3.6/10) compared to wild-type mice
(score 0.51/10). In addition, hemosiderin ferritin in
the synovium, a hallmark of erythrocyte lysis due
to hemoarthrosis and a trigger of joint inflamma-
tion, was observed in only one mouse transduced
with AAV9/mFVIIa, but was present in most FVIII

knockout mice with or without FVIII antibodies
(Fig. 9c). These results indicate that AAV9 deliv-
ery of FVIIa not only improves hemostasis in
mice with antibodies to FVIII and AAV8, but also
mitigates hemoarthrosis after joint injury. How-
ever, optimization of the FVIIa expression cassette
could further improve efficacy and should be in-
vestigated.

DISCUSSION

Hemophiliac mice transduced with AAV8/hFVIII
eventually developed high titers of neutralizing
antibodies against the virus and inhibitory anti-
bodies to FVIII. As inhibitory antibodies would
essentially reverse the therapeutic effects of trans-
genic FVIII, the potential benefits of delivering
FVIIa using an alternative AAV serotype-AAV9, a
serotype that evades neutralizing antibodies to
AAV8, was investigated.37 Although neutralizing
antibodies to AAV8 showed low cross-reactivity to
AAV9 in vitro, these antibodies did not block AAV9
transduction in vivo when a high dose of AAV9
was used. Importantly, systemic administration
of 2 · 1013 particles/kg of AAV9/mFVIIa improved
hemostasis, even in mice with FVIII inhibitor and
neutralizing antibodies to AAV8, and prevented
hemoarthrosis after joint injury.

After extensive studies in preclinical animal
models, gene therapy based on AAV vectors has
shown promise in clinical trials as treatment for
hemophilia A and B, as has been reviewed.38,39

After administraion of AAV vectors encoding hu-
man FIX or FVIII to the human liver via systemic
administration, therapeutic level of coagulation fac-
tors has been achieved.40 Unfortunately, patients

Figure 8. Efficacy of AAV9/mouse FVIIa gene therapy in hemophiliac mice with antibodies to FVIII and AAV8. Plasma from AAV9/mFVIIa gene therapy treated
animals, as described in Fig. 7, were measured for (a) mFVIIa expression by second enzyme-linked immunsorbent assay with minimal cross-reactivity to mFVII
zymogen, and (b) by PT. **p < 0.01.
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with neutralizing antibodies to the AAV serotype
used are routinely excluded from clinical trials.
Generally, approximately 30–50% of humans and
20–50% of hemophilia patients have pre-existing
neutralizing antibodies to AAV.39 In any case, neu-
tralizing antibodies are less common in younger
patients,36 who should thus be eligible to receive
AAV gene therapy.

To achieve the goal in patients with AAV
neutralizing antibodies, either AAV capsids have
to be engineered to eliminate antibody binding
sites,41 or antibody titers must be depleted from
the circulation.20 Among these strategies, alterna-
tive AAV serotypes that neutralizing antibodies do
not recognize can be used. For example, in utero
gene transfer of scAAV5-LP1-hFVII-coop elicited
production of anti-AAV5 in monkeys, but AAV8-
mediated gene therapy 1 year later also induced

expression of therapeutic levels of human FVII.42

In the same way, this study attempted to apply
AAV9 for delivering therapeutic transgene into
mice with neutralizing antibodies to AAV8. Even
though some cross-reactivity was observed against
AAV9, a high dose of AAV9 was sufficient to cor-
rect a hemophilic phenotype and prevent patho-
logical sequelae in an injured knee joint. Based
on the results from neutralizing antibody anal-
ysis and achievement of therapeutic effect af-
ter administration of high dose of AAV9 vectors
in mice with neutralizing antibody to AAV8, it
is emphasized that in vivo neutralizing anti-
body assays are necessary to determine whether
a patient with neutralizing antibodies can po-
tentially benefit from this approach, especially
when neutralizing antibody is positive based on
an in vitro assay.

Figure 9. AAV9/mouse FVIIa gene therapy mitigates joint damage from hemoarthrosis in hemophiliac mice with antibodies to FVIII and AAV8. Knee joints
were collected from mice described in Fig. 7, and assessed based on a murine synovitis scoring system. (a) Representative images of joint histology at
40 · (top) and 200 · (bottom). Wild-type tissues presented normal synovial/subsynovial histology after hemoarthrosis, with three to four layers of synovial cells
below subsynovial fatty tissue with rare subsynovial blood vessels. In contrast, untreated FVIII knockout mice (FVIIIKO + NS) presented dense inflammatory
infiltrate, proliferative synoviocytes, neoangiogenesis (red arrow), and hemosiderin deposition (blue arrow). The same pathologies were observed in mice with
inhibitory antibody to FVIII (AAV8.hFVIII + NS). (b) Iron deposition, as visualized with a stain that reacts with Fe3+ to produce an insoluble blue compound. In
this technique, intact red blood cells are not stained, since iron in hemoglobin is Fe2+. Fe3+ accumulated in most FVIII knockout mice, in most mice with
inhibitory and neutralizing antibodies, and in one mouse transduced with AAV9/mFVIIa, but not in wild type mice. (c) Synovitis scores on a scale from 1 to 10.
*p < 0.05 and **p < 0.01.
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Although hemophilia management has signifi-
cantly evolved in the past several years, with long-
lived coagulation factors for infusion coming to
market and with clinical trials of gene therapy
ongoing,5,43 FVIII inhibitor development after co-
agulation factor infusion is still a big challenge for
clinical practice, especially in patients with hemo-
philia A. Development of inhibitory antibodies el-
evates the risk of serious bleeding, accelerates joint
degradation, decreases quality of life, increases
mortality, and severely complicates disease man-
agement.44,45 Prophylactic or on-demand agents
that bypass inhibitory antibodies, including re-
combinant activated FVII and plasma-derived ac-
tivated prothrombin complex concentrate (FVIII
inhibitor bypass activity), are the few options
available.46 Recombinant FVIIa has been used
safely for two decades to treat bleeding episodes
and prevent bleeding during surgery and other
invasive procedures in patients with congenital
hemophilia A or B (with or without inhibitory an-
tibodies). The safety profile of recombinant FVIIa
is generally attributed to the confinement of its
activities within local injured sites, to which it is
specifically recruited by exposed tissue factor.47

Nonetheless, it has been reported that persistent
over-expression of mFVIIa (>2,000 ng/mL) was as-
sociated with premature mortality in transgenic
mice,27 and further investigation into the compli-
cations of long-term FVIIa expression after AAV
vector mediated delivery is necessary. In addition,
FVIIa can directly activate FX to FXa without
binding to tissue factor48 and cycles between the
circulation and the extravascular space.49 Accord-
ing to clinical results from application of rFVIIa,
gene therapy using an AAV vector to deliver FVIIa
has been tested in animal models with hemophilia,
and phenotypic correction has been achieved.27,42,50

Consistent with previous studies, improved hemo-
stasis was observed when AAV9 encoding mouse
FVIIa was administered into hemophiliac mice with
FVIII inhibitor. Collectively, these results suggest
that delivery of FVIIa utilizing alternative AAV
serotypes without cross-reactivity is a novel ap-
proach to treat hemophilia in patients with pre-
existing neutralizing antibodies to AAV and inhib-
itory antibodies to the deficient coagulation factor.

In comparison to replacing deficient factors, a
major concern of bypass coagulation agents is the
low efficiency to ameliorate hemostasis. Hence, a
high dose is generally required to achieve thera-
peutic effects, as demonstrated in this study. How-
ever, administration of AAV vectors may elicit a

dose-dependent capsid-specific cytotoxic T-cell re-
sponse that may, in turn, eliminate transduced
cells.4,5 To help address this potential issue, a lower
dose of AAV could be used if the half-life of exoge-
nous FVIIa could be extended, for example by ex-
pressing FVIIa as a fusion with albumin and Ig-Fc
fragment, which would compensate for reduced ex-
pression. Other approaches should also be exploited
in the future, including use of strong promoters and
optimization of the transgene cassette.

In summary, administration of AAV8/hFVIII
induced antibodies to the transgene in some mice
and to AAV8 in all mice. However, systemic ad-
ministration of AAV9/mFVIIa corrected the he-
mophilia phenotype in mice with such antibodies,
although a high dose was required. Importantly,
this approach also mitigated hemoarthropathy
after joint injury. These results highlight the po-
tential of alternative AAV serotypes that evade
pre-existing neutralizing antibodies to deliver co-
agulation factors and treat hemophilia in patients
with inhibitory antibodies to the infused coagula-
tion proteins.
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