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Abstract

Adeno-associated virus (AAV) vectors delivered through the systemic circulation successfully

transduce various target tissues in animal models. However, similar attempts in humans have been

hampered by the high prevalence of neutralizing antibodies to AAV, which completely block

vector transduction. We show in both mouse and nonhuman primate models that addition of empty

capsid to the final vector formulation can, in a dose-dependent manner, adsorb these antibodies,

even at high titers, thus overcoming their inhibitory effect. To further enhance the safety of the

approach, we mutated the receptor binding site of AAV2 to generate an empty capsid mutant that

can adsorb antibodies but cannot enter a target cell. Our work suggests that optimizing the ratio of

full/empty capsids in the final formulation of vector, based on a patient's anti-AAV titers, will

maximize the efficacy of gene transfer after systemic vector delivery.
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Introduction

Adeno-associated viral (AAV) vector–mediated gene transfer has shown potential as a

therapeutic platform for inherited and metabolic diseases (1). Systemic delivery of AAV

vectors through the bloodstream is a safe, noninvasive, and potentially effective strategy to

target a variety of organs, including liver (1–3) and muscle (4). However, with a prevalence

of 30 to 60% in humans (5, 6), neutralizing antibodies (NAbs) to AAV constitute a major

obstacle, and other studies have shown that these NAbs, even at relatively low titers, block

gene transfer when vector is delivered through the vasculature (2, 7, 8). Moreover, cross-

reactivity of anti-AAV antibodies results in neutralization of a wide range of AAV serotypes

(5), eliminating the obvious solution of switching AAV serotype.

Thus far, two clinical studies in which an AAV vector was delivered through the systemic

circulation have been conducted; both studies targeted the liver to express coagulation factor

IX (F.IX) to treat hemophilia B. In one study, a single-stranded AAV2 vector expressing the

F.IX transgene was delivered through the hepatic artery to severe hemophilia B subjects at

doses of 8 × 1010, 4 × 1011, and 2 × 1012 vector genomes (vg)/kg (2). Efficacy was observed

in only one subject, who received the highest vector dose, 2 × 1012 vg/kg, and who exhibited

peak F.IX (transgene product) plasma levels of ∼10% of normal. A second subject infused

with the same vector dose, with pretreatment anti-AAV NAb titer of 1:17, failed to achieve

detectable levels of transgene expression. The subjects infused with lower doses had no

detectable NAbs and did not show any evidence of transgene expression (2).

In a second study, a self-complementary AAV8 vector expressing the F.IX transgene was

administered through peripheral vein infusion to severe hemophilia B subjects at doses

similar to those administered in the AAV2 study: 2 × 1011, 6 × 1011, and 2 × 1012 vg/kg (1).

All subjects enrolled in the AAV8 trial had evidence of transgene expression above baseline

levels, even though some of the subjects had low but detectable levels of anti-AAV8 NAbs

(1). Peak F.IX plasma levels at the high vector dose were 8 to 12% of normal, similar to the

high dose of the AAV2 trial, suggesting that the vectors used in the two studies had

comparable potency. The vectors used in the two studies differed in empty capsid content

because the AAV2 vector preparation was essentially empty capsid–free (9) and the AAV8

vector contained a 5-fold (5X) to 10-fold (10X) excess of empty capsids (10).

One common aspect of both studies is that, at the higher vector doses tested, activation of

capsid-specific CD8+ T cells was associated with an increase in serum liver enzymes and

loss of F.IX transgene expression (1, 2, 11), likely caused by immune-mediated clearance of

transduced hepatocytes. Therefore, although administration of higher vector doses increases

the efficiency of AAV transduction, the activation of capsid-specific T cell immunity, as a

function of capsid load (1, 12), may eventually limit the efficacy of gene transfer.

The current study was undertaken to explore the role of empty capsids as a factor in the

difference in outcome in the low-dose cohorts of the two trials. Our underlying hypothesis

was that the presence of an excess of empty capsids effectively absorbs low-level

neutralizing antibodies (NAbs) and non-NAbs, permitting transduction even in their

presence. Our work demonstrates that the inhibitory effect of anti-AAV antibodies can be

Mingozzi et al. Page 2

Sci Transl Med. Author manuscript; available in PMC 2014 July 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



overcome by adding empty capsids to the final formulation of AAV vector, and that the

higher the antibody titer, the higher the dose of empty capsids required to overcome the

inhibitory antibodies. Because the empty capsid is not immunologically inert, however (13,

14), we performed additional experiments using a noninfectious AAV mutant derived from

AAV2 (15), showing that the mutant capsid has markedly lower immunogenicity compared

to native empty capsids and is nonetheless equally effective at adsorbing antibodies.

Application of these findings to the development of personalized final formulations of

vector product for intravascular delivery will facilitate safe, effective AAV-mediated gene

transfer in settings in which vectors are delivered through the systemic circulation.

Results

AAV empty capsids allow for vector delivery in the presence of NAbs

Using a cell-based assay to measure anti-AAV8 NAbs (16), we demonstrated that empty

capsids greatly reduce neutralizing activity of intravenous immunoglobulin (IVIg) and

human serum in vitro (fig. S1). To test the effect of empty capsids on AAV vector

transduction in vivo, we used a mouse model of anti-AAV antibody responses (8) in which

mice were passively immunized with human IVIg injected intraperitoneally 24 hours before

vector administration (Fig. 1A). We injected intravenously an AAV8 vector expressing

human F.IX (AAV8-hF.IX) into naïve mice or mice that were passively immunized with a

low dose of IVIg (0.5 mg per mouse), sufficient to result in an anti-AAV8 NAb titer ranging

from 1:1 to 1:3 (Fig. 1, A and B). Vector doses of 1 × 109 and 5 × 109 vg per mouse, or the

same vector doses formulated in 10X excess AAV8 empty capsids, gave rise to similar

levels of hF.IX in plasma in naïve animals. IVIg immunization effectively blocked most

liver transduction by vectors formulated in phosphate-buffered saline (PBS), whereas

formulation of vectors in 10X empty capsids rescued transgene expression (Fig. 1B). Vector

gene copy number measured in livers collected from animals receiving 5 × 109 vg of AAV8-

hF.IX confirmed these findings (Fig. 1C) and showed similar vector biodistribution in mice

receiving vector only or vector formulated in empty capsids (vide infra).

AAV8-F.IX vector transduction in the presence of anti-AAV8 NAbs was equally rescued by

AAV8 or AAV2 empty capsids, whereas AAV5 empty capsids were not as effective (Fig.

1D), a result in agreement with the lower degree of conservation of the capsid amino acid

sequence of this serotype.

These results indicate that empty AAV capsids can increase the efficiency of transduction of

AAV vectors delivered systemically in the presence of anti-AAV antibodies.

Empty capsid formulation overcomes high-titer Nabs

To test whether it is possible to define the optimal amount of empty capsid content in AAV

preparations based on the baseline anti-AAV NAb titer, mice passively immunized with

various amounts of IVIg (Fig. 1A) received 5 × 109 vg per mouse of vector alone or

formulated in increasing amounts of empty AAV8 capsids (Fig. 2, A to D). In the presence

of low-titer anti-AAV8 NAb titers (1:1 to 1:3, Fig. 2A), formulation of vector in a 10X

excess of empty capsids completely rescued AAV vector transduction, and empty capsid
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excess of up to 100X the AAV8-F.IX dose did not inhibit vector transduction. In this

experiment, a 1000X excess of AAV8 empty particles resulted in a ∼60% loss of transgene

expression, likely due to interference of empty capsids with AAV8-F.IX vector receptor

binding on hepatocytes (Fig. 2A). Conversely, the same excess of AAV2 empty capsid did

not alter the efficiency of liver transduction of the AAV8-F. IX vector (fig. S2).

In the presence of NAb titers of 1:10 and 1:100, full rescue of liver transduction was

obtained with an excess of 50X and 100X empty capsids, respectively (Fig. 2, B and C).

Decreased expression levels of F.IX were observed at 100X excess empty capsids in mice

with a NAb titer of 1:10; this was likely due to experimental variability. When mice were

immunized with high doses of IVIg, resulting in very high NAb titers (>1:3000), we were

not able to rescue liver transduction even by adding a 1000X excess of empty capsids (Fig.

2D). Although anti-AAV8 NAb titers higher than 1:1000 are rarely found in humans naïve

to AAV vectors (table S1), they are common in subjects dosed with AAV vectors,

suggesting that formulation of vector in empty capsids may need to be coupled with other

strategies [such as plasmapheresis (17) or pharmacological methods (16)] to allow for vector

readministration.

These results support the hypothesis that AAV empty capsids enhance liver transduction

after systemic vector delivery in the presence of anti-AAV NAbs in a dose-dependent

fashion, with higher NAb titers requiring more excess empty capsid to overcome vector

neutralization.

AAV empty capsids act as decoys for anti-AAV antibodies

We hypothesized that empty capsids act as decoys for anti-AAV antibodies, thus protecting

AAV vectors from neutralization. To test this hypothesis, mice passively immunized to a

NAb titer 1:10 received an AAV8-F.IX vector alone or formulated in empty capsids (Fig.

3A). Plasma was collected 1 day after vector delivery and assayed for immunoglobulin G

(IgG)–capsid complexes and for anti-AAV8 NAb titer. For titration of immune complexes in

plasma, we constructed a standard curve with known quantities of AAV8 capsid incubated

with IVIg (Fig. 3B). After vector administration, no immune complexes were detectable in

the plasma of naïve mice (Fig. 3, A and C, group 1), whereas IgG-capsid complexes were

detectable in IVIg-injected animals receiving vector only or vector and empty capsids (Fig.

3, A and C, groups 2 to 6), with the highest amounts of complexes detectable in animals

from the 50X and 100X empty capsid groups (Fig. 3, A and C, groups 5 and 6). Absorption

of anti-capsid antibodies by empty capsids resulted in a dose-dependent drop in anti-AAV8

NAb titer in mice 1 day after vector delivery (Fig. 3A) and, ultimately, in the detection of

increasing levels of hF.IX transgene expression (Fig. 3D). These data support the hypothesis

that empty AAV capsids act as a decoy for anti-AAV NAbs, thus protecting AAV vectors

from antibody-mediated neutralization.

Empty capsid decoys are safe and effective in nonhuman primates

On the basis of the molecular weight of one AAV particle, ∼3750 kD (18), 1 × 1014 virions

correspond to ∼0.6 mg of protein, less than the standard doses of recombinant proteins

administered repeatedly, for example, in the clinical management of hemophilia (19). This
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may account for the lack of toxicity observed in humans receiving high doses of AAV

vectors intravenously (1, 2).

We used rhesus macaques, which are natural hosts for AAV8 (20), to further assess the

safety and efficacy of our approach. Similar to humans, despite the low NAb titer, baseline

undiluted sera of the selected animals had a neutralizing activity in vitro ranging from 0 to

80% (Table 1). At a dose of 1 × 1012 vg/kg of AAV8-hF.IX, of the two animals that

received vector alone, one (1001) expressed the hF.IX transgene only transiently because of

the development of an anti-hF.IX antibody, a finding previously reported in rhesus

macaques (21–23); the other animal, 1002, reached plateau hF.IX plasma levels of 75 ng/ml.

In contrast, the animal injected with vector formulated in 9X empty AAV8 capsids, 2001,

reached plateau levels of transgene expression of ∼380 ng/ml, ∼5X higher (Fig. 4A).

Animals 1002 and 2001 had a similar anti-AAV8–neutralizing activity at baseline (Table 1).

Dose escalation to 2 × 1012 vg/kg led to similar results. One of the three animals dosed with

vector only, 3001, did not achieve detectable levels of circulating hF.IX transgene product.

The animal did not develop anti-hF.IX antibodies, and the low AAV vector genome copy

number in liver (table S2) suggests that even low-titer NAbs (Table 1) completely blocked

vector transduction. Animals 3002 and 5001, both with very low baseline antibody levels

(Table 1), expressed hF.IX at ∼120 ng/ml, and 5001 of 250 ng/ml. 5001 developed an anti-

hF.IX antibody 9 weeks after vector delivery.

The three animals dosed with vector formulated in empty capsids—4001, 4002, and 6001

(all with detectable baseline NAbs; Table 1)—expressed hF.IX at higher levels than the

vector only group, between ∼300 and 450 ng/ml (Fig. 4A and fig. S3). AAV vector

biodistribution was performed in a subset of animals, showing no differences among

experimental groups (table S2). Similarly, a survey of histopathological findings in liver,

kidney, lung, or spleen by an independent pathologist showed no alterations, consistent with

results from serum clinical chemistry analysis (table S3). Monitoring of IgG-AAV8 immune

complexes in plasma collected from all animals at baseline and up to 4 weeks after vector

delivery showed rapid clearance, within 2 days after vector delivery, of these complexes

from the circulation (Fig. 4B). Finally, anti–capsid B and T cell responses were equivalent in

all experimental groups (fig. S4, A and B), with no evidence of enhanced immunogenicity

triggered by the administration of vector formulated in empty capsids in the presence of

antibodies.

These results confirm, in a large animal model, findings in vitro and in vivo in mice on the

enhancing effect of empty capsids on AAV vector transduction efficiency; they also support

the safety of the approach.

Mutant empty capsids show efficacy and reduced immunogenicity

Entry of empty capsids into a target cell would likely increase major histocompatibility

complex (MHC) class I presentation of capsid epitopes (12–14, 24). Thus, although

increasing the total capsid dose (empty particles and DNA-bearing vector particles) helps to

evade anti-AAV humoral responses, it may increase the likelihood of triggering potentially

harmful T cell responses against the AAV capsid (1, 2, 11). To reduce the ability of empty
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capsids to enter a cell, we introduced two mutations within the AAV2 capsid known to

disrupt the virus receptor binding (15). The resulting vector, AAV585/8, was poorly

infective in vitro (fig. S5A) and failed to transduce the liver in vivo (fig. S5, B and C),

whereas it effectively protected an AAV8 vector from antibody neutralization in vitro (fig.

S5D). In vivo, empty AAV585/8 capsids protected AAV8-F.IX vectors from NAbs (Fig.

5A); because this mutant capsid was derived from AAV2, which does not seem to compete

with AAV8 for receptor binding (fig. S2), it could be added to AAV8-F.IX in 1000X excess

without resulting in inhibition of liver transduction (Fig. 5A and fig. S6). Furthermore, the

AAV585/8 mutant effectively protected from anti-AAV neutralization several AAV capsids,

which were otherwise effectively neutralized by anti-AAV antibodies (Fig. 5B). Only partial

rescue of expression was observed with AAVdj, likely due to the presence of unique B cell

epitopes in this serotype, which are not represented in the AAV585/8 mutant decoys (Fig.

5B). The presence of anti-AAV antibodies at the time of vector delivery did not affect vector

genome biodistribution, except in the case of liver where it was reduced (fig. S6), and

administration of AAV585/8 capsids 1 hour before AAV8 vector delivery, as opposed to

coadministering them with the vector, did not result in a significant increase in F.IX

transgene expression levels (fig. S7).

Flow imaging of human hepatocytes transduced in vitro with AAV2 or AAV585/8 vectors

showed that AAV585/8 was unable to enter the cells (Fig. 5, C to H); this was also

associated with the inability of AAV585/8 capsid to trigger killing of target human

hepatocytes in vitro in a cytotoxic T lymphocyte (CTL) assay (Fig. 5I) (13, 14).

These results suggest that noninfective mutant AAV capsids enhance vector transduction in

the presence of anti-AAV NAbs for a variety of AAV serotypes. Furthermore, they suggest

that decreased cellular uptake of mutant AAV capsids potentially reduces the risk of

flagging transduced hepatocytes for immune-mediated destruction.

Discussion

Intravascular delivery of AAV vectors is a safe, simple, and minimally invasive gene

delivery approach that can be used to target multiple tissues (1, 2, 4). However, studies to

date have shown that the human immune response generates at least two roadblocks to

successful intravascular delivery of AAV vectors, specifically NAbs that efficiently block

transduction when vector is delivered through the circulation, and AAV capsid-specific

CD8+ T cells, which can eventually destroy the transduced cells, resulting in loss of the

donated gene. The difficulty for the gene therapist is that the obvious solution to the first

obstacle, using higher doses of vector, tends to encroach on successful avoidance of the

second.

Subjects enrolled in the AAV2-F.IX liver trial for hemophilia B (2) and the more recent

AAV8-F.IX liver study (1) had low levels of anti-AAV antibodies and received similar

vector doses. However, although in the AAV2 study none of the subjects in the low- and

mid-dose cohorts exhibited detectable levels of transgene expression (2), subjects in the

AAV8 trial had detectable levels of clotting factor (>1%) at comparable vector doses (1).

Possible explanations for the different outcome of these studies could be the higher tropism

Mingozzi et al. Page 6

Sci Transl Med. Author manuscript; available in PMC 2014 July 14.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



of AAV8 vectors for hepatocytes compared with AAV2 vectors (20) or the fact that the

AAV8 vector carried a self-complementary genome, postulated to drive higher transgene

expression levels (22, 25). The fact that published studies in nonhuman primates showed

roughly equivalent levels of F.IX transgene expression after the delivery of AAV8 or AAV2

vectors carrying the same transgene expression cassette (7, 21) and the fact that, in both the

AAV2 and AAV8 trials, subjects injected at the highest vector dose (2 × 1012 vg/kg) had

similar peak F.IX transgene product plasma levels (1, 2) do not support these hypotheses.

We thus focused on the differences in AAV vector preparations, because the vector used in

the AAV2 study was devoid of empty AAV capsids (9), whereas the vector used in the

AAV8 study contained up to 10X empty capsids (10).

Here, we show that inclusion of empty capsids in AAV vector preparations greatly reduces

neutralizing activity of human serum over a wide range of titers. This is in agreement with

previous work showing that AAV vector preparations obtained by column chromatography,

thus containing variable amounts of empty capsids, are less prone to neutralization (8). Our

data indicate that low-titer NAbs are sufficient to block liver transduction of vector

preparations devoid of empty capsids delivered through the circulation. Addition of excess

empty capsids restores vector transduction in a dose-dependent manner, even at high anti-

AAV NAb titers, without resulting in a significant inhibition of vector transduction, except

when added in large excess (1000X). Experiments in nonhuman primates, which have a

similar anti-AAV antibody profile to humans (26), support the validity of our hypothesis.

These results suggest that it is feasible to personalize the formulation of AAV vector

preparations, by measuring the baseline anti-AAV antibody titer of each patient and adding

defined amounts of empty capsid to the final formulation based on this titer, to achieve

efficient and consistent gene transfer. They also highlight the importance of coupling

therapeutics (AAV vectors) with effective, predictive diagnostic assays (AAV antibody

assays). Finally, it is important to recognize that this modification to the final formulation of

the infusate, whereas useful when vector is delivered through the intravascular space, is

unnecessary in other settings (27–29).

Empty AAV capsids, however, do enter target cells (24); thus, one limitation of our strategy

is that increasing the capsid dose is likely to add to the total amount of capsid antigen being

presented on MHC class I (13, 14) and contribute to the recognition of transduced cells by

capsid-specific CD8+ T cells (1, 2, 11).

To address this issue, we mutagenized the AAV2 capsid to render it unable to enter a cell

and access the MHC class I presentation pathway within the target cell. This mutant capsid

effectively protected AAV vectors from neutralization in vitro and in vivo as efficiently as

untreated, native empty AAV capsids, with the added advantage that it could be added in up

to 1000X excess without competing with AAV8 vectors for receptor binding.

One potential limitation of this strategy derives from the fact that professional antigen-

presenting cells can engulf antigens by pinocytosis (30), in addition to receptor-mediated

uptake, thus making noninfectious mutant capsids potentially immunogenic, at least to some

extent. One additional limitation is that this approach was evidenced by our studies in
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passively immunized mice, showing that large excess of empty capsids was not able to

overcome titer >1:3000, suggesting that a combination of strategies may be needed to

overcome very high NAb titers, which may be found in human after AAV vector

administration (29). Finally, results with the mutant capsid AAVdj indicate that the success

of our approach depends on the presence of the same B cell epitopes on both the therapeutic

vector and the capsid decoys. One implication of this finding is that escape from antibody-

mediated neutralization could be obtained using individual capsid proteins, compared to

whole capsid particles, although in designing the approach one should take into account B

cell epitopes, which are nonlinear and may not be represented in linear sequences of the

capsid.

Anti-AAV antibodies are highly prevalent in humans, cross-react with several AAV

serotypes (5), and may interfere with the efficiency of gene transfer after systemic AAV

vector delivery by either neutralizing the vector, increasing its clearance, or both. Data in

mice suggest that the hurdle of NAbs to AAV could be overcome by reducing antibody titers

transiently for about 4 hours, thus allowing the vector to transduce the target hepatocytes

(31). Strategies to reduce these titers through plasmapheresis or by pharmacologic means

have shown only limited efficacy (17, 32). Similarly, use of balloon catheters combined with

saline flush has shown some efficacy but only for liver gene transfer in the presence of low

to moderate NAb titers (33).

Additional strategies tested include the conjugation of AAV vectors with polyethylene

glycol (34, 35), which was only partially beneficial at protecting the virus from

neutralization and led to reduced infectivity. Recent work from several laboratories explored

the use of alternate AAV serotypes (6, 36) or AAV capsid mutants that escape anti-AAV

antibodies (37). However, these strategies suffer from several limitations, mainly the fact

that antibodies to AAV cross-react with several AAV serotypes [Fig. 5B and (5)] and the

fact that it would be difficult from a regulatory standpoint to personalize the gene transfer

vector serotype based on a subject's NAbs. Further, engineered escape mutant capsids are

likely to have altered tissue tropism, and also are likely to only partially evade AAV, as

shown here with AAVdj, a capsid developed with shuffling techniques and selected for its

resistance to neutralization by IVIg (38), which is still susceptible to antibody-mediated

neutralization (Fig. 5B).

The approach presented here has several advantages: (i) it does not involve chemical

modification of the AAV vector or AAV empty capsids; (ii) the AAV585/8 mutant capsids

can be produced at high titers with the same current good manufacturing practice process as

AAV vectors; (iii) the AAV585/8 capsids do not compete with vector for receptor binding;

(iv) the empty capsid content can be adjusted according to a subject's NAb titer; and (iv) it is

a strategy effective with a wide range of AAV serotypes. Finally, one implication of our

results is that the total capsid dose determines the ability of a vector to escape antibody

neutralization; thus, for lower vector doses, a higher excess of empty capsids is needed to

reach the critical amount of capsids needed to adsorb circulating antibodies.

In summary, this work provides a strategy to enhance the efficiency of intravascular gene

transfer for the individual patient and to increase the proportion of the population that can
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undergo successful intravascular gene delivery. The use of empty AAV capsid in carefully

titrated amounts, based on the titer of baseline anti-AAV antibodies, represents a strategy to

overcome the widespread prevalence of humoral immunity to AAV in humans. In effect, the

approach allows one to increase the dose in the circulation to overcome humoral immunity

without increasing the intracellular burden of capsid, which triggers cellular immunity. The

development of this approach of personalized final formulations of vector for delivery

through the systemic circulation will greatly expand the cohort of patients who can undergo

successful gene delivery to vital organs.

Materials and Methods

AAV vectors and empty capsids

AAV vectors were prepared as previously described (39). Genome-containing vectors and

empty AAV capsid particles were purified by cesium chloride gradient centrifugation (40).

The AAV vectors used in the in vivo experiments expressed hF.IX under the control of a

liver-specific promoter (2).

The AAV585/8 mutant of AAV2 was obtained by introducing two lysine-to-alanine

mutations at positions 585 and 588, thus disrupting the receptor binding domain (15).

Mutations were introduced with the QuikChange Site-Directed Mutagenesis Kit (Stratagene

Agilent Technologies). AAVdj (38) was provided by M. Kay (Stanford University).

Human serum and cell samples

All human samples used in the study were collected under protocols approved by the

Children's Hospital of Philadelphia and the University of Pittsburgh Institutional Review

Boards.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. AAV empty capsids prevent vector neutralization by anti-AAV NAbs in vivo in mice
(A) Anti-AAV8 antibody analysis in naïve mice injected intraperitoneally with PBS only or

mice passively immunized intraperitoneally with 0.5, 5, 15, or 50 mg of IVIg (n = 5 per

group). The analysis was performed 24 hours after immunization. “NAb titer” represents the

reciprocal serum dilution at which <50% inhibition of the reporter vector signal was

measured in the NAb assay. “% Inhibition undiluted serum” represents the inhibition of the

reporter gene signal observed when undiluted test serum was mixed with an equal volume of

a solution containing the reporter vector. #, range. (B) Male C57BL/6 mice (n = 5 per group)

were injected intraperitoneally with 0.5 mg of IVIg (resulting in a NAb titer of 1:1 to 1:3) or

injected with PBS (−). After 24 hours, animals received either 1 × 109 vg (gray bars) or 5 ×

109 vg (black bars) of an AAV8-F.IX vector alone (0X) or formulated with a 10X excess of

AAV8 empty capsids [1 × 1010 capsid particles (gray bars) or 5 × 1010 capsid particles

(black bars)]. hF.IX transgene levels in plasma at week 8 after vector delivery are shown as

averages; error bars, SEM. *P < 0.05 versus naïve mice (two-tailed, unpaired t test). (C)

Vector gene copy number in mouse livers collected at week 12 after AAV8-F.IX gene

transfer at a vector dose of 5 × 109 vg per animal. Results are shown as average copy

number of five livers. Error bars, SEM. Experimental groups are the same as shown in (B).

*P < 0.05 versus naïve mice (two-tailed, unpaired t test). (D) Empty capsids from alternate

AAV serotypes protect AAV8-F.IX vector from NAb neutralization. Male C57BL/6 mice (n

= 5 per group) were passively immunized with 0.5 mg of IVIg or injected with PBS (−)

intraperitoneally. Twenty-four hours after, animals received 5 × 109 vg of an AAV8-F.IX

vector alone (−) or formulated with a 10X excess of AAV8, AAV2, or AAV5 empty

capsids. The percent residual expression is calculated relative to the F.IX transgene plasma
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levels in naïve animals receiving the AAV-F.IX vector only. *P < 0.05 versus naïve mice

(two-tailed, unpaired t test).
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Fig. 2. Addition of empty capsid in defined amounts based on pretreatment NAb titers can
overcome transduction barrier posed by anti-AAV antibodies
(A to D) Percent residual F.IX transgene expression in mice immunized with 0.5 mg (A), 5.0

mg (B), 15 mg (C), or 50 mg (D) of IVIg and injected 24 hours later with 5 × 109 vg per

mouse of AAV8-F.IX vector alone or vector formulated in excess empty capsids as

indicated in the x axes. The percent residual expression is calculated relative to the F.IX

transgene product plasma levels in naïve animals (No IVIg) receiving the AAV-F.IX vector

alone. Results are shown as average residual expression (n = 5 animals per group); error bars

represent the SEM. *P < 0.05 versus naïve mice (two-tailed, unpaired t test).
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Fig. 3. Detection of antibody-capsid immune complexes after vector AAV delivery
(A) Outline of experimental groups and summary of results. Mice (n = 5 per group) received

5 × 109 vg of AAV8-F.IX 24 hours after the administration of 5 mg of IVIg (groups 2 to 6)

or saline (group 1, naïve control) intraperitoneally. Vector was formulated in increasing

amounts of AAV8 empty capsids, from 0X to 100X. Twenty-four hours after vector

administration, plasma was collected and assayed for immune complexes and anti-AAV8

NAb titers. (B) Standard curve used for the quantification of immune complexes prepared

with known amounts of AAV8 capsid particles incubated with IVIg for 1 hour at 37°C. Each

sample was tested in duplicate. (C) Detection of immune complexes after AAV vector

delivery. An increasing amount of immune complexes is detectable at increasing capsid

doses. Each sample was tested in triplicate. (D) F.IX transgene expression levels 4 weeks

after vector administration. At the same AAV8-F.IX vector dose, increasing amounts of

F.IX expression are measured at higher empty capsid doses and when circulating antibody-

capsid immune complexes are detected. F.IX levels are expressed as percent of F.IX levels

in naïve mice. *P < 0.05 versus group 1 (two-tailed, unpaired t test). vg, vector genomes; cp,

capsid particles; OD, optical density. Error bars represent the SEM.
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Fig. 4. Safety and efficacy of coadministration of AAV8-F.IX vectors and AAV8 empty capsids in
rhesus macaques
(A) Plasma hF.IX levels in male rhesus macaques receiving an AAV8-hF.IX vector at doses

of 1 × 1012 or 2 × 1012 vg/kg. Animals received the AAV8-hF.IX vector in PBS (1001,

1002, 3001, 3002, and 5001) or formulated in excess of empty AAV8 capsids (2001, 4001,

4002, and 6001). Results are shown as average hF.IX levels in plasma at weeks 4 to 12

(weekly measurements). Error bars represent the SEM. Statistical analysis of hF.IX

expression levels was performed with two-tailed, unpaired t test. (B) Antibody-capsid

circulating immune complexes measured after vector administration. Serum samples were

collected at baseline and at days 1, 2, 14, 21, and 28 after vector delivery and assayed for the

presence of immune complexes. Results are shown as optical densities (OD). Error bars

represent the SD of the average of triplicate testing. When detectable, immune complexes

are present only briefly after vector delivery.
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Fig. 5. The AAV585/8 capsid mutant effectively protects AAV vector neutralization by NAbs and
does not infect cells
(A) Male C57BL/6 mice (n = 5 per group) were passively immunized with 0.5 mg of IVIg

(+) or injected with PBS (−). Twenty-four hours later, animals received 5 × 109 vg of an

AAV8-F.IX vector alone (0X) or formulated with a 10X or 1000X excess of AAV585/8

empty capsids (10X AAV585/8 and 1000X AAV585/8, respectively) or 1000X excess of

AAV8 empty capsids (1000X AAV8). Results are shown as percent of expression of F.IX in

naïve mice. Error bars represent the SEM. *P < 0.05 versus vector alone in naïve animals

(two-tailed, unpaired t test). (B) Naïve (−) or passively immunized mice (+) were given a 5

× 109 vg (AAVdj) or 5 × 1010 vg (AAV2, AAV5, and AAV6) of vectors expressing F.IX.

Vector was given alone (black bars) or formulated in a 10X excess of AAV585/8 empty

capsids (red bars). Results are shown as percent of expression of F.IX in naïve mice. Error

bars represent the SEM. *P < 0.05 versus vector alone in naïve animals (two-tailed, unpaired

t test). (C to H) AAV2 (C to E) and AAV585/8 (F to H) vector internalization in HHL5

human hepatocytes. Cells were treated for 4 hours at a multiplicity of infection (MOI) of 1 ×

105 with the AAV vectors and subsequently intracellularly stained with the anti-AAV2

monoclonal antibody A20, which binds equally both AAV2 and AAV585/8 (fig. S5E). The

gates in (C) and (F) indicate the percent of AAV signal localized intracellularly; the gates in

(D) and (G) indicate the percent of the AAV signal localized in early endosomes; the gates

in (E) and (H) indicate the percent of AAV signal localized in the nuclei. (I) CTL assay with
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HHL5 human hepatocytes. Target cells were transduced overnight at increasing MOIs of

AAV2 (black line) or AAV585/8 (red line) vectors and incubated with human leukocyte

antigen–matched AAV-specific effector cells at an effector/target ratio of 10:1. Percent

cytotoxicity is calculated after background subtraction relative to the maximum cell lysis

obtained by treating targets with Triton X-100. Error bars, SEM of triplicate readings.
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Table 1
Summary of studies in nonhuman primates

vg, vector genomes; cp, capsid particles.

Animal ID Vector dose (vg/kg) Empty capsids (cp/kg)
Baseline NAbs

Anti-AAV8 NAb titer % Inhibition undiluted serum

1001 1 × 1012 — 1:1 50

1002 1 × 1012 — 1:1 34

2001 1 × 1012 9 × 1012 1:1 32

3001 2 × 1012 — 1:1–1:3 57

3002 2 × 1012 — 1:1 10

5001 2 × 1012 — 1:1 0

4001 2 × 1012 1.8 × 1013 1:1–1:3 80

4002 2 × 1012 1.8 × 1013 1:1–1:3 55

6001 2 × 1012 0.8 × 1013 1:1 43
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