
Review

Pre-existing Anti–Adeno-Associated Virus Antibodies
as a Challenge in AAV Gene Therapy

Vedell Louis Jeune, Jakob A. Joergensen, Roger J. Hajjar, and Thomas Weber

Abstract

Adeno-associated virus (AAV)-based vectors are promising tools for gene therapeutic applications, in part
because AAVs are nonpathogenic viruses, and vectors derived from them can drive long-term transgene ex-
pression without integration of the vector DNA into the host genome. AAVs are not strongly immunogenic, but
they can, nonetheless, give rise to both a cellular and humoral immune response. As a result, a significant
fraction of potential patients for AAV-based gene therapy harbors pre-existing antibodies against AAV. Because
even very low levels of antibodies can prevent successful transduction, antecedent anti-AAV antibodies pose a
serious obstacle to the universal application of AAV gene therapy. In this review, we discuss the current
knowledge of the role of anti-AAV antibodies in AAV-based gene therapy with a particular emphasis on
approaches to overcome the hurdle that they pose.

Introduction

Adeno-associated virus (AAV) has originally been
identified as a contamination in a simian adenovirus

preparation (Atchison et al., 1965). It has later been demon-
strated that AAV is a replication-deficient virus that can only
efficiently replicate in the presence of a helper virus such as
adenovirus (Atchison et al., 1965), herpes virus (Atchison,
1970), or papilloma virus (Ogston et al., 2000). Taxonomically,
AAV has been classified as a member of the family parvovir-
idae, the subfamily parvovirinae, and is the founding member
of the genus dependovirus. Like all members of the parvoviridae
family, AAV is a small (*25 nm), non-enveloped virus with
an icosahedral capsid and a single-stranded DNA genome,
approximately 5 kb in size (Kerr, 2006), that is flanked by two
inverted terminal repeats (ITRs) (Lusby et al., 1980, 1981). Two
genes are located between the two ITRs. The first gene en-
codes for the four replication (Rep) proteins (Mendelson et al.,
1986), which are involved in DNA replication and packaging
and other viral function. The second gene encodes the three
capsid proteins (Cassinotti et al., 1988) and, on an alternative
reading frame, the assembly-activating protein (AAP), which
is required for capsid assembly (Sonntag et al., 2010, 2011).

A unique property of AAV is that, in the absence of a
helper virus, the wild-type virus—but not AAV vectors—can
integrate its genome site-specifically into the long-arm of
human chromosome 19 (Kotin et al., 1990, 1992; Samulski
et al., 1991; Linden et al., 1996). When integrated into the

human genome, AAV enters a latent phase, from which it
can be rescued by a superinfection with one of its helper
viruses. An important step toward the development of AAV
vectors was the isolation of an infectious clone (Samulski
et al., 1982). Shortly after the isolation of an infectious clone,
the generation of recombinant AAV vectors, in which part
or—with the exception of the ITRs—all of the viral genome
has been replaced by transgene expression cassettes, was
achieved (Hermonat and Muzyczka, 1984; Senapathy et al.,
1984; Tratschin et al., 1984), thus setting the stage for using
recombinant AAVs as gene transfer vectors.

AAV as a Gene Therapy Vector

There are several reasons why, in recent years, AAV
vectors have gained increasing attention as gene therapy
vectors. Among them are the nonpathogenic nature of AAV;
the ability of AAV vectors to drive long-term transgene ex-
pression, at least in nondividing cells (Clark et al., 1997); and
the broad tropism of the AAV serotypes and more than 100
AAV variants described in the literature (Gao et al., 2002,
2004; Asokan et al., 2012; Nonnenmacher et al., 2012).
Nonetheless, AAV gene therapy still faces significant hur-
dles. One of the obstacles is that, despite the significant
number of serotypes and variants with diverse capsids,
certain tissues and cell types remain refractory to transduc-
tion. Conversely, for some applications it is preferable to
transduce only a specific tissue, and all current AAV vectors
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transduce more than one tissue, albeit to varying degrees
(Rapti et al., 2012). Another hurdle that has gained increasing
attention is an immune response against the AAV capsid,
both cellular and humoral. In this review, we summarize our
knowledge regarding the humoral response against the
capsid, with a particular emphasis on the role of pre-existing
neutralizing antibodies (NAbs) in AAV gene therapy and
approaches on how to overcome the challenge posed by
these antecedent antibodies. A detailed discussion of the
cellular immune response against the AAV capsid is unfor-
tunately beyond the scope of this review.

Cellular Immune Response

Recombinant AAV vectors do not express any viral genes.
Consequently, it is not surprising that AAV vectors do not
give rise to a strong cellular immune response against the
vector (Chirmule et al., 1999). Nonetheless, a fairly weak
immune response can be generated against the AAV capsids,
and even this modest cellular immune response can result in
the ablation of transduced cells, and in some instances results
in a failure to establish long-term transgene expression
(Mingozzi et al., 2009). This is, however, not uniformly the
case. While all patients in a phase II clinical trial to treat
a1-antitrypsin deficiency by intramuscular injection of
AAV1.hAAT (human a1-antitrypsin) developed interferon-c
enzyme-linked immunospot responses, hAAT levels were
nonetheless elevated in all dose groups up to at least 90 days
post injection. This was true even in patients who displayed
a transient increase in serum creatinine kinase and showed
evidence of inflammatory cells in muscle biopsies (Flotte
et al., 2011). These data suggest that cellular immune re-
sponses against the AAV capsid might vary not only with
the vector dose but possibly also with the AAV serotype
used and/or the route of vector administration. A cellular
immune response against the AAV capsid can clearly be
triggered by the administration of recombinant AAVs, but it
has also to be pointed out that a transient immunosuppres-
sion might be sufficient to circumvent potential problems
posed by such a response (Nathwani et al., 2011). On the
other hand, immunosuppression has its own set of draw-
backs, such as an increased risk for infection, and the precise
immunosuppression regimen used can be critical. Thus, it
has been reported that, depending on the protocol used,
immunosuppression can give rise to antibodies against the
transgene, presumably as a result of a depletion of CD4 +

CD25 + FoxP3 + regulatory T cells (Tregs) (Mingozzi et al.,
2007). Taken together, these and other results obtained with
immunosupression in AAV gene therapy suggest that while
immunosuppression will likely be an important tool, it is
unlikely to be a panacea against capsid-specific cellular im-
mune responses.

Humoral Immune Response and Pre-existing
Anti-AAV Antibodies

For the universal application of AAV gene therapy, the
presence of (neutralizing) anti-AAV antibodies, both pre-
existing and generated as a result of the therapeutic use of
recombinant AAVs, is probably more problematic than the
cellular immune responses against the AAV capsid. Whereas
pre-existing anti-AAV antibodies might prevent the use of
AAV gene therapy in a particular individual altogether,

administration of recombinant AAV will give rise to NAbs
even in immunologically naive patients, thus precluding
repeat vector administration, which would be beneficial in
certain instances.

It is not surprising then that there is a large body of lit-
erature describing the prevalence of (neutralizing) antibodies
against the various AAV serotypes, especially against AAV2.
Indeed, the first report of antibodies against AAV dates back
to the 1960s when Rowe and colleagues published the
prevalence of NAbs against AAV2 to be approximately 40%
(Blacklow et al., 1968). In broad strokes, all later studies
confirmed this seroprevalence of NAbs against AAV2.
However, it is worth noting that the assay measuring NAbs
has not been standardized. Indeed, many assays use condi-
tions under which AAV transduction is enhanced by addi-
tion of either adenovirus, chemical drugs, or by the use of
genetically manipulated cells (Supplementary Table 1; Sup-
plementary Data available online at www.liebertonline
.com/hgtb). In addition, the amount of virus used in a par-
ticular assay as well as the reporter gene employed is not
uniform across studies. Even the definition of what neutral-
izing titer qualifies an individual as being considered sero-
positive varies between studies, although most studies used
a cutoff of 1/20 (Table 1). Notably, only two studies used a
definition of seropositivity as being a neutralizing titer of
greater than or equal to 3.1 (Murphy et al., 2009; Mingozzi
et al., 2012a). From a clinical point of view, neutralizing an-
tibody titers are very significant because the presence of
NAbs against the AAV serotype used is a critical exclusion
criterion in the clinics.

Prevalence of antibodies against the commonly
used AAV serotypes

The most commonly used AAV serotypes in basic, pre-
clinical, and clinical research are serotypes 1 to 9 and, so far,
our knowledge of the prevalence of pre-existing NAbs is
mostly limited to these serotypes, and studies describing the
prevalence of antibodies against AAV2 are by far the most
common. To date, Wilson and colleagues provided the most
comprehensive study of anti-AAV NAbs in several countries
and continents and against several serotypes (Calcedo et al.,
2009). In this study, in all populations tested, the prevalence
of NAbs against AAV2 was higher than the prevalence of
NAbs against other AAV serotypes. Nonetheless, it is fair to
say that the prevalence of NAbs against AAV1, AAV2,
AAV7, and AAV8 did not vary drastically, although the
NAb prevalence against AAV7 and AAV8 was somewhat
lower than the prevalence of NAbs against both AAV1 and
AAV2 (Calcedo et al., 2009).

The majority of studies investigating the prevalence of
antibodies against AAV used neutralization as a method of
choice to detect anti-AAV antibodies. It needs to be stressed,
however, that even non-neutralizing antibodies can trigger
vector clearance by the immune system. Consistent with this,
it has been demonstrated that in nonhuman primates with
pre-existing immunity against AAV8, vector particles fail to
reach the liver; instead, the AAV particles preferentially ac-
cumulate in the spleen, which is not the case in animals
without pre-existing immunity (Wang et al., 2011).

To detect such non-neutralizing antibodies, several studies
determined the prevalence of anti-AAV antibodies by ELISA.
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In most of these studies, there was a significant—but not
perfect—correlation between the anti-AAV immunoglobulin
titers determined by ELISA and the neutralizing titers
(Chirmule et al., 1999; Erles et al., 1999; Murphy et al., 2009;
Boutin et al., 2010; Veron et al., 2012). Interestingly, however,
there appear to be differences between the serotypes.
Whereas there was a strong correlation between ELISA and
neutralizing titers for AAV1, AAV2, AAV6, AAV8, and
AAV9, this was not the case for AAV5 (Boutin et al., 2010).

Age-dependence of prevalence of anti-AAV antibodies

Especially for genetic diseases it is likely often desirable to
administer gene therapy shortly after birth or in early child-
hood. Consequently, the age at which individuals become
seropositive for AAV is important. Interestingly, antibodies
against AAVs can already be detected at birth, suggesting
vertical transmission of maternal antibodies (Calcedo et al.,
2011). After birth, antibody levels appear to decrease over the
first year of life (Calcedo et al., 2011). The immunoglobulin G
(IgG) levels then increase again and reach a plateau in ado-
lescence (Erles et al., 1999). Unexpectedly, at least in individ-
uals younger than 60 years, a substantial fraction of
individuals that harbor anti-AAV IgGs was also seropositive
for IgM, suggesting a reinfection, possibly in the presence of a
helper-virus (Erles et al., 1999; Murphy et al., 2009). Of the
immunoglobulin subclasses, IgG1 levels were usually the
highest, although in some individuals IgG2/3 levels exceed
those of IgG1 (Murphy et al., 2009). Maybe most interestingly,
high levels of IgG1, IgG2, and IgGM correlate well with
neutralizing antibody titers, whereas this is not the case for
IgG3 and IgG4 levels (Murphy et al., 2009).

Overall, the data available paint a complex picture of the
humoral immune response against AAVs, and future re-
search will be needed to determine if antibodies of different
IgG subclasses affect transduction efficiencies similarly or
not (Murphy et al., 2009).

Approaches to Overcome Inhibition of Transduction
by (Neutralizing) Anti-AAV Antibodies

Use of alternative serotypes

The conceptually simplest approach to overcome NAbs
against a specific AAV serotype is the use of a different se-
rotype or naturally occurring AAV variant. It has indeed
been shown in rodent (Halbert et al., 2000; Gao et al., 2002)
and nonhuman primate models (Davidoff et al., 2005) that
successful transduction can be achieved in animals that
harbor antibodies against AAV serotypes other than the se-
rotype used to deliver the transgene. The successful use of
serotype-switching to overcome pre-existing NAbs, how-
ever, relies on two conditions: (1) that the alternative AAV
serotype/variant has a similar tissue tropism and (2) that
there is no crossreactivity between the two serotypes/vari-
ants. In this context, it must be pointed out that it is not
unusual that AAV serotypes have overlapping tissue tro-
pism. For instance, in mice, AAV1, 6, 8, and 9 show robust
transduction of the myocardium, albeit to different degrees.
On the other hand, the co-prevalence of anti-AAV antibodies
between the serotypes can be substantial. Boutin et al. (2010)
reported that of patients who were seropositive for AAV2,
93%, 52%, 59% 57%, and 58% were also seropositive for
AAV1, 5, 6, 8, and 9, respectively. Interestingly, despite the
fact that the capsid sequences of AAV1 and AAV6 differ by
only six amino acids, only 73% of individuals seropositive
for AAV1 also harbored immunoglobulins against AAV6.
Intriguingly, if patients were seropositive for any of the se-
rotypes 1, 5, 6, 8, or 9, they were also seropositive for AAV2.
For all the serotype combinations, crossreactivity always
exceeded 50% (Boutin et al., 2010).

In addition to the most commonly used AAV serotypes,
more than 100 AAV variants have been isolated, and the
crossreactivity among these variants and the AAV serotypes,
and the variants themselves, has so far only been incom-
pletely explored. Theoretically, it might be possible to

Table 1. Prevalence of Neutralizing Antibodies Against AAV Serotypes

Study Dilution AAV1 AAV2 AAV5 AAV6 AAV7 AAV8 AAV9

Boutin et al., 2010 1/20 50 59 3 37 19 33
Chirmule et al., 1999 1/20 (?) 32
Murphy et al., 2009 1/3.1 38
Calcedo et al., 2009; Australia 1/20 30 35 29 27
Calcedo et al., 2009; Europe 1/20 27 35 25 22
Calcedo et al., 2009; Africa 1/20 43 56 31 31
Calcedo et al., 2009; United States* 1/20 20 28 12 14
Halbert et al., 2006* 30 18 30 14 30
Parks et al., 1970 1/10 40
Blacklow et al., 1968 1/10 40
Ito et al., 2009 1/20 40
Moss et al., 2004 ? 32
Wagner et al., 2002 1/20 22
Erles et al., 1999* 50 50
Veron et al., 2012 1/2 59
Mingozzi et al., 2012a 1/10 82 27 64 50

1/3.1 100 36 91 90

The numbers in the columns of specific AAV serotypes indicate the percentage of subjects whose serum inhibited transduction by ‡ 50% at
the indicated serum dilution.

*Approximate values.
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identify AAV serotypes/variants for which a specific patient
is seronegative. However, even if it were possible to identify
for each individual an AAV serotype/variant with the de-
sired tropism and for which the particular individual is sero-
negative, it is highly unlikely that such an individualized
approach is practical. Clearly, while potentially useful, the
use of alternative serotypes and variants is insufficient to
overcome universally the challenges posed by pre-existing
anti-AAV antibodies.

Development of NAb-Resistant AAV Variants
by Mutations in the AAV Capsid

Over the past years, significant effort has been put into the
development of ‘‘designer’’ AAV variants that show in-
creased resistance to NAbs. Some of these approaches are
based on the targeted alteration of known antigenic regions
of a particular serotype (Lochrie et al., 2006), others are based
on the selection of AAV variants with increased resistance to
NAbs from a large library of AAV variants (Maheshri et al.,
2006) or a combination of both approaches (Maersch et al.,
2010) in a process called directed evolution (Fig. 1D). The
first step toward the creation of libraries of AAV variants is
the creation of a plasmid library that encodes variants of
AAV capsid proteins. Several methods exist that allow the

generation of such plasmid libraries, the most important of
which are discussed below.

Error-prone polymerase chain reaction

Likely due to its relative simplicity, error-prone polymer-
ase chain reaction (PCR) is a popular method to create DNA
libraries for directed evolution. Error-prone PCR is based on
the introduction of random mutations during DNA poly-
merization in a polymerase chain reaction (Fig. 1A). While
point mutations are the most common alteration of the DNA
sequence, deletions and frameshift mutations can also occur.
Common ways to reduce the fidelity of DNA duplication in
error-prone PCR (Labrou, 2010) are the substitution of Mg2+

by Mn2+ , which reduces base-pairing specificity (Dube et al.,
1975; Beckman et al., 1985), or the use of deoxynucleotide
triphosphate (dNTP) mixtures that are not composed of
equal amounts of the four bases (Chaput et al., 2008). Alter-
native methods include the use of increased Mg2+ concen-
trations, which results in the stabilization of mismatched
bases (Eckert et al., 1991), or the use of high polymerase
concentration (Labrou, 2010), which facilitates the extension
of misprimed termini. In principle, the easiest approach for
error-prone PCR would appear to be the use of a polymerase
with very low fidelity. Unfortunately, however, currently

FIG. 1. Creation of libraries of AAV variants and directed evolution for the isolation of AAV variants with increased
resistance to neutralizing antibodies. (A) Error-prone PCR: Creation of libraries of AAV variants through the introduction of
mutations into the AAV capsid by error-prone PCR. The fidelity of the PCR reaction is either reduced by the use of a DNA
polymerase with decreased accuracy or by modification of the PCR conditions. Examples include altered nucleotide com-
position, the addition of high amounts of magnesium or the substitution of magnesium by manganese. (B) DNA shuffling:
Libraries of AAV variants with chimeric capid proteins composed of stretches of multiple AAV serotypes are created by
limited DNAse digestion of the capsid DNA of several AAV serotypes followed by PCR amplification. (C) Staggered
extension PCR: AAV variants with chimeric capsid proteins are created by repetitive PCR reaction with very short extension
times. For simplicity, only one strand of two serotypes are depicted. However, staggered extension PCR can, at least in
principle, be used to assemble AAV capsids with capsid proteins composed of stretches of multiple AAV serotypes. (D)
Directed evolution to isolate AAV variants with increase resistance to neutralizing antibodies: A library of AAV variants is
incubated with high amounts of neutralizing antibodies, for example, human IVIG, and used to infect permissive cells.
Adenovirus superinfection triggers the amplification of AAV genomes that successfully reached the nucleus. The capsid
genes from these successful AAV variants can then be isolated by PCR and subcloned to generate a secondary AAV library.
Optionally, the diversity of this secondary library can be increased by additional mutagenesis. After several rounds of
selection, individual variants are isolated by PCR amplification and subcloning.
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available low-fidelity polymerases show considerable mu-
tational bias, i.e., certain base substitutions are significantly
more probable than others, resulting in libraries with re-
duced diversity (Tindall et al., 1988; Cline et al., 1996; Labrou,
2010).

DNA shuffling and staggered extension PCR

With the exception of AAV4 and AAV5, the capsid se-
quences of AAV1 to AAV9 are ‡80% homologous on the
protein level and are highly homologous on the DNA level
as well. For instance, the DNA homology for AAV1 and
AAV9 in the capsid region is 79%. This high degree of ho-
mology makes it possible to create viral libraries with
‘‘shuffled capsids’’ (i.e., libraries with AAV variants whose
capsid proteins are composed of stretches of several AAV
serotypes), which results in different biochemical properties,
including altered tropism and sensitivity to NAbs. Two
principal methods to create libraries with shuffled capsids
exist (Fig. 1B and C). In the first method, the capsid DNA of
several AAV serotypes is subjected to a limited DNAseI di-
gestion. Because of the comparatively high homology of the
AAV serotypes, it is possible to ‘‘stitch together’’ a full-length
AAV capsid sequence from these fragments by PCR. In the
first step of this PCR reaction, the DNA fragments of the
serotypes serve simultaneously as template and internal
primers, yielding full-length chimeric capsid coding se-
quences, which are then further amplified with primers lying
just outside the capsid region (Fig. 1B) (Stemmer, 1994).

An alternative method is so-called staggered-extension
PCR. As illustrated in Figure 1C, this method uses capsid
DNA of two or more serotypes to assemble full-length chi-
meric capsids, that is, capsid composed of capsid proteins
that have stretches of multiple serotypes within any given
capsid protein. In this method, fixed primers just outside the
capsid coding sequence are used to perform PCR cycles with
very short extension times. In the first round, this results in
very short fragments—both from the 5’- and 3’-primers. In
the following rounds, these initial short fragments can then
serve as primers themselves. Because of the high homology
between most AAV serotypes, these fragments cannot only
anneal with the parent serotype DNA but also cross-anneal
to capsid DNA of a different serotype. Over multiple rounds,
this will eventually generate full-length, chimeric capsid
proteins. For simplicity, Figure 1C depicts staggered exten-
sion PCR between only two serotypes, and only one DNA
strand is shown. To our knowledge, this method has yet to
be used to generate chimeric capsids composed of multiple
serotypes. However, staggered extension has been used to
increase successfully the diversity of an AAV-capsid library
created by error-prone PCR (Maheshri et al., 2006).

Mutagenesis of known epitopes

At present, the antigenic regions in the AAV capsid have
only been characterized in some detail for AAV2 (Moska-
lenko et al., 2000), although specific epitopes in AAV8 have
recently been reported as well (Gurda et al., 2012). Mod-
ification of known epitopes has obvious advantages over
random mutations across the entire capsid region, because it
limits alteration of the capsid sequence to the precise regions
where the changes are required to increase resistance to
NAbs. Consequently, because mutations are restricted to

antigenic regions of the capsid, an AAV library with mutated
epitopes has a much higher ‘‘functional’’ complexity when
compared to a library with an equivalent number of AAV
variants that has the mutations spread across the entire
capsid. This method was used successfully by Perabo and
colleagues to identify AAV variants with decreased sensi-
tivity to NAbs (Perabo et al., 2006). They selected five posi-
tions in the AAV capsid that are known to lie in antigenic
regions and submitted these positions to saturation muta-
genesis. Put simply, mutants with each of the 20 possible
amino acids at all five positions are represented in the li-
brary. The theoretical complexity of such a library is 205

(3.2 · 106) mutants, and the complexity of the library that
Maersch et al. (2010) obtained was 6 · 106 clones. This means
that each possible mutant should be represented approxi-
mately twice. Interestingly, the two mutants that showed the
highest increase in resistance to NAbs both contained amino
acids at positions 459, 493, and 551, which differed from
‘‘NAb-resistant’’ AAV variants with mutations at the same
positions that were reported previously (Maheshri et al.,
2006; Perabo et al., 2006). The simplest explanation for this
observation is that certain regions/amino acids exert a
dominant effect on the Nab-sensitivity of AAV vectors, and
that the nature of the mutation introduced at these positions
might matter less than the fact that a particular amino acid is
mutated.

Directed evolution for the isolation of NAb-resistant
AAV variants

A common feature of the methods using AAV libraries to
isolate AAV variants with decreased sensitivity to NAbs is
that they take advantage of directed evolution, which is
schematically depicted in Figure 1D. This method consists of
an iterative selection of AAV variants that display increasing
resistance to NAbs. In short, cells that are permissive to the
starting serotype used, for example, HEK293 or HeLa cells in
the case of AAV2, are infected with a library of AAV variants
in the presence of high amounts of neutralizing antibodies
(e.g., human intravenous immunoglobulin [IVIG]). After
superinfection with adenovirus to allow AAV replication,
the capsid DNA is amplified by PCR and subcloned in a
wild-type AAV backbone. In one approach, a new AAV li-
brary is created directly from the plasmids carrying the
capsid sequences that were isolated in the first round of se-
lection. Preferably, in order to increase further the complex-
ity, the plasmid library is further diversified by either error-
prone PCR or staggered extension PCR (Maheshri et al.,
2006). This process is then repeated several times until the
variants that are most resistant to NAbs emerge. If coupled
with secondary rounds of mutagenesis during each step, this
directed evolution approach has the advantage that it in-
creases diversity at each step, and that it mimics the way in
which naturally occurring viruses acquire mutations when
under evolutionary pressure to increase their resistance to
NAbs—namely beneficial mutations accumulate in the cap-
sid or envelope proteins over time.

While directed evolution and other methods of capsid
engineering have been quite successful in isolating AAV
variants with improved neutralization profiles (Bartel et al.,
2011), none of the variants identified are completely resistant
to NAbs and, as mutations accumulate, both the infectivity
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of the mutants as well as their tissue tropism can be affected.
Clearly, additional approaches to identify AAV variants with
an improved resistance to NAbs are still needed.

Shielding of AAV by Chemical Modification

The AAV capsid cannot only be modified by the creation
of novel, genetically diverse AAV mutants, but also by the
chemical modification of the AAV capsid. The basic idea in
this chemical modification approach is that the chemical at-
tachment of ligands to the AAV capsid will shield the capsid
from binding of NAbs while retaining receptor binding and
other necessary functions for transduction. The chemical
modification of proteins has long been used to alter the
pharmacokinetic properties and toxicological profile of pro-
tein therapeutics (Harris and Chess, 2003) and, because of its
flexibility, relative hydrophilicity and the ability to easily
modulate the shielding by varying the chain-length of the
ligand, polyethylene glycol (PEG) has emerged as the pre-
ferred ligand. Importantly, PEGylation—that is, the process
of attaching PEG—has been used previously to prevent
neutralization of adenoviral vectors upon repeated vector
administration (O’Riordan et al., 1999; Croyle et al., 2001,
2002). It is not surprising then that several groups tested
whether PEGylation or modification with other ligands of
AAV could render AAV vectors resistant to NAbs (Le et al.,
2005; Lee et al., 2005; Carlisle et al., 2008). The picture that
emerged from these studies is that chemical surface modifi-
cation is challenging and, overall, only resulted in moderate
increase to neutralization by pre-existing antibodies (Le et al.,
2005; Carlisle et al., 2008). This can likely be attributed to the
fact that, because of the small size and compactness of the
AAV capsid, antigenic regions and regions essential for
transduction are in close proximity. Hence, surface modifi-
cation of the capsid that is sufficient to shield the virion from
NAbs might not be compatible with the retention of infec-
tivity of the vector.

Pharmacological Inhibition of Neutralization

A potentially attractive approach to overcome the hurdle
of antecedent NAbs is the elimination of antibody-producing
cells by pharmacological means. While this approach re-
mains to be tested rigorously, two studies suggest that it
might be a promising method (Mingozzi et al., 2012a, 2012b).
In the first study, High and colleagues injected rhesus
macaques with AAV8 encoding for human factor IX and
analyzed the effect of B-cell depletion with the monoclonal
anti-CD20 antibody rituximab, combined with cyclosporine A,
on the development of antibodies against human factor IX
(Mingozzi et al., 2012b). In line with clinical observations of
factor IX protein replacement therapy, both monkeys in-
jected with AAV8-F.IX developed antibodies against human
(but not rhesus) factor IX. Importantly, Mingozzi and col-
leagues (2012b) could demonstrate that following immuno-
suppression with rituximab and cyclosporine A, the level of
anti-factor IX antibodies returned to baseline. At the same
time, the authors also analyzed the levels of NAbs against
AAV8 and AAV6. As expected, AAV8-F.IX administration
resulted in a drastic increase in NAbs against AAV8, from
undetectable to a titer of >1/1000. Immune suppression
was unable to lower the titer of anti-AAV8 NAbs below the
upper level of detection, that is, >1/1000. Interestingly,

however, in at least one animal, the neutralizing titer against
AAV6 dropped from 1/31.6 to undetectable. Furthermore,
injection of AAV6-F.IX resulted in a strong increase in F.IX
expression in the same animals that were previously injected
with AAV8-F.IX (Mingozzi et al., 2012b). In the second study,
High and colleagues analyzed the effect of B-cell depletion
with rituximab on NAb titers against AAV2 in patients with
rheumatoid arthritis (Mingozzi et al., 2012a), for whom ri-
tuximab is a standard treatment. Significantly, in two pa-
tients, the NAb titers fell below 3.16 after a single dose of
rituximab (Mingozzi et al., 2012a). Clearly, immunosup-
pression to eliminate NAbs is an area of research that de-
serves further investigation.

Plasmapheresis and Saline Flushing

During plasmapheresis, blood is withdrawn from a pa-
tient and the plasma and blood cells are separated by either
centrifugation or hollow fiber filtration. The blood cells are
then returned to the patient together with either treated
plasma or replacement fluids, such as a 4.5% human albumin
in saline. A common use of therapeutic apheresis is the re-
moval of undesired immunoglobulins. For instance, in the
case of thrombocytopenia purpura, antibodies against a
metalloproteinase are removed, and in Guillain-Barré syn-
drome, anti-ganglioside antibodies are depleted. Hence, at
least in principle, plasmapheresis represents an attractive
approach to deplete anti-AAV antibodies.

A recent publication (Monteilhet et al., 2011) supports the
possible utility of plasmapheresis to deplete NAbs prior to
vector administration. In their study, Masurier and col-
leagues analyzed the presence of neutralizing factors
against AAV1, 2, 6, and 8 in 10 patients who were under-
going repeated plasmapheresis for a variety of clinical in-
dications (Monteilhet et al., 2011). Importantly, they were
able to demonstrate that frequent plasmapheresis could
lead to a substantial reduction in neutralizing factors. In
several patients who had low neutralizing titers ( £ 1/20)
before initiation of the plasmapheresis protocol, they were
able to deplete neutralizing factors to undetectable levels
after several rounds of plasmapheresis (Monteilhet et al.,
2011). Similarly, Hurlbut and colleagues demonstrated that
a single round of plasmapheresis can result in an almost
three-fold drop in neutralizing antibody titers (Hurlbut
et al., 2010). These authors conclude that, if combined with
high vector doses, plasmapheresis would allow the treat-
ment of up to 90% of potential patients with AAV8-based
vectors (Hurlbut et al., 2010)—although this might be an
overly optimistic estimate. These results are promising, but
it seems more realistic that, in its present form, plasma-
pheresis will likely only be valuable in patients that have
relatively low neutralizing titers but that would, nonethe-
less, disqualify from treatment in the absence of antibody
depletion.

The underlying principle of plasmapheresis is that it pre-
vents the vector from coming in contact with neutralizing
antibodies. Most recently, promising results of a study based
on the same principle, but using a different approach, have
been published (Raper et al., 2013). In their investigation, Sa-
kata and colleagues investigated the value of flushing the liver
with saline prior to administration of AAV8 encoding factor
IX in macaques with moderate titers of neutralizing
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antibodies against AAV8. Interestingly, they could demon-
strate that saline flushing before vector administration led to
the expression of therapeutic levels of factor IX in animals
with neutralizing titers as high as 1/56 (Raper et al., 2013),
suggesting that this might be a promising approach to cir-
cumvent challenges posed by pre-existing neutralizing anti-
bodies, at least for liver-directed gene therapy in patients with
moderate neutralizing titers.

Conclusions

With the recent approval of AAV gene therapy for the
treatment of lipoprotein lipase deficiency in Europe (Gruber,
2012), the first such approval in the Western World, AAV
gene therapy has at last entered the clinic. There is little
doubt that AAV gene therapy for other diseases, such as
hemophilias and diseases of the eye, are only a short step
away from being used clinically. Given this success, it is all
the more important that AAV gene therapy can be used in
the largest segment of the patient population possible. At
present, pre-existing NAbs against the various AAV sero-
types pose a significant hurdle to the universal application of
AAV gene therapy. However, recent advances in the devel-
opment of new AAV variants with different immunological
profiles, chemical vector modification, immunosuppression,
and plasmapheresis indicate that it is likely that AAV gene
therapy can be extended to a significant number of patients
that currently would have to be excluded because of ante-
cedent NAbs, especially if the different modalities can be
combined.
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