
Original Article
A Novel Triple-Mutant AAV6 Capsid Induces Rapid
and Potent Transgene Expression in the Muscle
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Gene therapy for the treatment of genetic disorders has
demonstrated considerable therapeutic success in clinical tri-
als. Among the most effective and commonly used gene de-
livery vectors are those based on adeno-associated virus
(AAV). Despite these advances in clinical gene therapy,
further improvements in AAV vector properties such as
rapid intracellular processing and transgene expression, tar-
geted transduction of therapeutically relevant cell types, and
longevity of transgene expression, will render extension of
such successes to many other human diseases. Engineering
of AAV capsids continues to evolve the specificity and effi-
ciency of AAV-mediated gene transfer. Here, we describe a
triple AAV6 mutant, termed AAV6.2FF, containing F129L,
Y445F, and Y731F mutations. AAV6.2FF yielded 10-fold
greater transgene expression in lung than AAV6 after
21 days. Additionally, this novel capsid demonstrated 101-
fold and 49-fold increased transgene expression in the mus-
cle and lungs, respectively, 24 hr post vector delivery when
compared with the parental AAV6. Furthermore, AAV6.2FF
retains heparin sulfate binding capacity and displays a 10-
fold increase in resistance to pooled immunoglobulin
neutralization in vitro. The rapid and potent expression
mediated by AAV6.2FF is ideally suited to applications
such as vectored immunoprophylaxis, in which rapid trans-
gene expression is vital for use during an outbreak response
scenario.
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INTRODUCTION
Adeno-associated virus (AAV) is widely regarded as a safe and effec-
tive method of gene transfer to a variety of tissues. The in vitro and
in vivo transduction profiles have been well characterized for many
AAV serotypes.1,2 Engineering of AAV capsids by rational design
or directed evolution can produce capsid variants with desirable char-
acteristics including altered tissue tropism, enhanced transgene
expression in target cells, or the introduction of binding domains to
aid in purification, to name a few. A prime example, AAV-DJ, is a
product of AAV2 and AAV8 capsid shuffling resulting in a hybrid
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capsid with beneficial properties of both capsids: heparin binding ca-
pacity and in vitro transduction capacities from AAV2 and potent
in vivo liver transduction from AAV8.3,4

Alternatively, single-point mutations in an AAV capsid can also yield
desirable modifications. AAV6.2, an AAV6 F129L point mutant, was
demonstrated by Limberis et al.5 to be 2-fold more efficient at trans-
ducing the nose, airways, and alveolar type II cells of mice than
AAV6. Similarly, when delivered intravenously to mice, AAV6.2
mediated 2-fold greater serum concentrations of human alpha-1 anti-
trypsin (hA1AT) than AAV6.6 Moreover, intramuscular administra-
tion of the same AAV6.2-hA1AT vector mediated higher serum levels
of hA1AT than AAV6 or AAV9.6 Interestingly, F129L is a naturally
occurring singleton residue in the majority of over 100 known pri-
mate AAV capsid sequences. In fact, AAV5 and AAV6 are the only
serotypes that encode a phenylalanine instead of a leucine at this
position.6

AAV capsids are prone to phosphorylation of tyrosine residues by
epidermal growth factor receptor protein tyrosine kinase (EGFR-
PTK), leading to alternative cellular trafficking, ubiquitination,
and degradation.7,8 Mutation of various surface-exposed tyrosine
residues on AAV capsids has been shown to obstruct ubiquitin-
mediated degradation of intracellular vector, thereby leading to
more robust transgene expression.9 Tyrosine-to-phenylalanine mu-
tations introduced at positions 444 and 730 in the AAV2 capsid
yielded 9- and 11-fold greater transgene expression in vitro and
13- and 29-fold greater hepatocyte transduction in mice, respec-
tively.9 A double AAV2 Y444F+Y730F mutant generated signifi-
cantly greater hepatocyte transduction in vivo than either of the
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Figure 1. Heparin Binding and Transduction Profiles

of AAV6 and AAV6.2FF In Vitro

(A) Distribution of AAV vector genomes following heparin

binding assay. (B) AAV6-, AAV6.2FF-, or AAV9-Luciferase

were added to cells at an MOI of 2,000 and incubated for

72 hr prior to luciferase quantification to determine trans-

duction efficiency. Binding (C) and internalization (D) of

AAV vectors in HeLa cells. AAV6.2FF transduction was

significantly greater than AAV6 and AAV9 over all time

points. All experiments were conducted in triplicate.

Values are expressed as means ± SD. Multiple t tests

compared AAV6.2FF-mediated luciferase expression with

AAV6 and AAV9. *p < 0.05; **p < 0.01; ***p < 0.001. E,

elution; FT, flow-through; W1, wash 1; W2, wash 2.
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singleton mutants.10 Similar single-tyrosine mutations have been
introduced into corresponding positions in AAV6 (Y445F,
Y731F), AAV8 (Y447F, Y733F), and AAV9 (Y731F, Y446F) cap-
sids with success in transducing various tissues; however, to our
knowledge, an AAV6 capsid containing Y445F+Y731F has not
yet been investigated.9,10 Alternatively, AAV1 Y445F+Y731F re-
sulted in decreased transgene output in vitro, demonstrating that
the benefit of mutating surface-exposed tyrosine residues is capsid
specific.11

Here, we have engineered a triple-mutant AAV6 capsid, termed
AAV6.2FF, encoding F129L, Y445F, and Y731F point mutations,
which we demonstrate to be superior to the parental capsid in terms
of muscle and airway transgene expression kinetics in a mouse
model.

RESULTS
F129L, Y445F, and Y731F Mutations Do Not Impede Heparin

Sulfate Binding Capacity

The ability of AAV6 to bind heparin sulfate is a favorable character-
istic that enables heparin chromatography purification methods;
therefore, we sought to determine whether AAV6.2FF retains hepa-
rin-binding capacity. In a heparin-binding assay, 62.4% of the input
AAV6 vector was found in the elution fraction compared with
72.9% for AAV6.2FF (Figure 1A). Furthermore, less AAV6.2FF vec-
tor was located in the flow-through (FT) and wash (W) fractions than
AAV6 (AAV6: FT, 6.7%, W1, 19.3%, W2, 11.4%; AAV6.FF: FT, 4.9%,
W1, 6.1%, W2, 15.8%), indicating the AAV6.2FF mutations do not
negatively impact heparin binding.
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AAV6.2FF Mediates Enhanced Transduction

In Vitro

AAV transduction of a panel of cell lines,
including human and murine lung epithelial
cells, resulted in significantly increased trans-
gene expression from AAV6.2FF compared
with AAV6 and AAV9 (Figure 1B). While
AAV9 is known to be relatively poor at trans-
ducing cells in culture,2 AAV6 is considered
one of the better serotypes for in vitro use2; how-
ever, AAV6.2FF outperformed AAV6, mediating between a 7- and
39-fold increase in transgene expression, depending on the cell line.

AAV cell binding assays demonstrated similar binding properties for
both AAV6 and AAV6.2FF (Figure 1C); however, internalization as-
says exposed variation in AAV6 and AAV6.2FF luciferase expres-
sion (Figure 1D). After 2 hr of contact time, there was a 3.2-fold in-
crease in AAV6.2FF-mediated luciferase expression compared with
AAV6, and this trend steadily increased with longer contact times to
a 9.1-fold difference at 72 hr. These results indicate that the mecha-
nism of improved AAV6.2FF transduction efficiency is not due to
cell binding properties, but rather occurs post-internalization,
potentially as increased efficiency in vector trafficking to the nucleus
because of reduced capsid ubiquitination at exposed tyrosine
residues.

Mutation of Surface-Exposed Tyrosine Residues Reduces IVIG

Neutralization

Unexpectedly, the three mutations that generate the AAV6.2FF
capsid conferred a 10-fold increase in resistance to pooled intrave-
nous immunoglobulin (IVIG) neutralization. 1 mg/mL IVIG was
able to neutralize 97% of AAV6; however, the same concentration
was only able to neutralize 20% AAV6.2FF (Figure 2). AAV6.2FF
required a minimum of 10 mg/mL to neutralize 100% of the vector.

AAV6.2FF Displays Rapid Early Expression Kinetics in the

Muscle and Lung of Mice

Most AAV capsids reach peak transgene expression between 14 and
28 days post-delivery; however, little is known about the early



Figure 2. IVIG Neutralization of AAV In Vitro

AAV vectors were incubated with 10-fold dilutions of IVIG for 1 hr at 37�C prior to

adding to HeLa cells. 72 hr later, luciferase expression was quantified and the data

expressed as percent AAV neutralization compared with control virus incubated

with PBS only (n = 6). Values are expressed as mean ± SD.

Figure 3. Comparison of AAV6- and AAV6.2FF-Mediated Transgene

Expression 24 hr Post-AAV Delivery

Albino C57BL/6 mice (n = 4 mice/group) received 1 � 1011 vg by intramuscular

injection or intranasal delivery. (A) Quantification of luciferase expression in the

muscle and lung 24 hr following intramuscular or intranasal delivery, respectively

(n = 4/group). Data are expressed as mean ± SD. Multiple t tests compared

AAV6.2FF-mediated luciferase expression with AAV6. Representative images

illustrating the pattern and intensity of luciferase expression in themuscle (B) and the

lungs (C).
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transgene expression kinetics of various capsids. AAV6 and
AAV6.2FF vectors expressing firefly luciferase delivered to the muscle
or lungs of mice were compared 24 hr following AAV administration
using an in vivo imaging system (IVIS). Remarkably, in both tissues,
AAV6.2FF produced significantly more transgene expression than
AAV6 after only 24 hr (Figure 3A). In the muscle, AAV6.2FF yielded
101-fold greater radiance than AAV6 (Figure 3B), while in the lung
there was a 49-fold difference favoring AAV6.2FF (Figure 3C).

Long-Term AAV6- and AAV6.2FF-Mediated Expression in the

Muscle Is Equivalent

In addition to the 24-hr time point, we also quantified luciferase
expression from the muscle on days 3, 7, 14, 21, 28, 56, 112, and
205 post-AAV delivery (Figure 4A). AAV6.2FF-mediated transgene
expression was significantly greater than AAV6 on days 3, 7, and
14, with 18.9-fold, 3.5-fold, and 3.0-fold greater signal, respectively
(Figure 4B). Beyond 2 wk, there is an insignificant difference in
the luciferase expression produced by the AAV6 and AAV6.2FF
vectors; however, the luciferase signal from both groups plateaued
at a high magnitude and has not begun to decline 16 weeks
post-injection.

AAV6.2FF Is Highly Efficient at Transducing the Lung

Parenchyma of Mice

Intranasal delivery of AAV6 and AAV6.2FF vectors expressing a
heat-stable alkaline phosphatase (AP) reporter gene demonstrated
potent transduction of mouse lungs by AAV6.2FF. Although the
overall AP staining distribution was consistent between the two vec-
tors, there is a visible difference in the extent of transduction in the
nasal cavity and lung lobes when observed grossly (Figures
5A–5H). Microscopic analysis of the lung tissue revealed that both
vectors predominantly transduced cells of the distal lung; however,
a greater proportion of cells was transduced with the AAV6.2FF vec-
Molecu
tor compared with AAV6 (Figures 5I–5N). Additionally, both vectors
were able to transduce epithelial cells of the proximal airway (Figures
5K and 5N).

Quantification of the AAV vector genome copy numbers present in
lung tissue 3 wk post-vector delivery demonstrates AAV6.2FF trans-
duced the mouse lung 9.6-fold more efficiently than AAV6 (Fig-
ure 6A). A secondary quantitative analysis of AP enzymatic activity
showed AAV6.2FF transduction yielded a mean of 2.36 ng of AP
lar Therapy: Methods & Clinical Development Vol. 9 June 2018 325
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Figure 4. Intramuscular Transgene Expression

Kinetics of AAV6 and AAV6.2FF

Albino C57BL/6 mice (n = 4/ group) were injected with

1 � 1011 vg of AAV6- or AAV6.2FF-Luciferase. (A) Quantifi-

cation of luciferase signal on days 1, 3, 7, 14, 21, 28, 56, 112,

and 205 post-AAV delivery from the ventral view. Values are

expressed as means ± SD. Paired t tests were used to

calculate significance; ***p < 0.001. (B) Representative im-

ages demonstrating luciferase expression on days 3 and 14

post-AAV delivery to the gastrocnemius muscle.
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per microgram of total lung homogenate, while the lungs transduced
by AAV6 contained concentrations of AP below the level of detection
(Figure 6B).

DISCUSSION
Similar to AAV6.2, AAV6.2FF maintains the heparin sulfate binding
properties of AAV6, which is ideal for large-scale production of AAV
using heparin column chromatography, as ultracentrifugation is
impractical for large volumes.6,12 AAV6 heparin binding is conferred
by a single lysine at position 531, and replacing this residue with a
glutamate (K531E) abolishes heparin binding capacity,13 indicating
that F129L, Y445F, or Y731F mutations do not hamper K531 interac-
tion with heparin sulfate.

AAV can be difficult to work with in cell culture, sometimes requiring
large MOIs. AAV6 is one of the most amenable serotypes to in vitro
transduction; however, the mutations introduced to produce
AAV6.2FF further improve the in vitro transducing property of this
capsid. AAV6.2FF mediated the strongest luciferase expression in
all cell lines tested, making it a useful tool for cell culture experiments.

Pre-existing immunity to AAV capsids has had detrimental out-
comes for some past gene therapy clinical trials.14 Two separate
326 Molecular Therapy: Methods & Clinical Development Vol. 9 June 2018
studies reported the presence of anti-AAV6
neutralizing antibodies in 30%–46% of healthy
individuals sampled.11,13 The increased resis-
tance to IVIG neutralization mediated by
AAV6.2FF allows the generation of more effec-
tive gene therapies by evading pre-existing im-
munity while retaining other beneficial proper-
ties of AAV6. However, the mechanism of
decreased IVIG neutralization against
AAV6.2FF is interesting because there are
only three amino acid differences between
AAV6.2FF and the parental AAV6. F129L is
not a surface-exposed residue and only becomes
externally available during endosomal traf-
ficking; therefore, its role in antibody neutrali-
zation is likely minimal.15 The surface-exposed
tyrosine residues at positions 445 and 731 were
replaced with phenylalanine, and although the
chemical structures of these amino acids are
similar, the mutations resulted in a beneficial reduction in IVIG
neutralization.

AAV6.2FF mediated significantly greater transgene expression than
AAV6 in the lungs and nasal cavities of mice 3 wk post-AAV admin-
istration. AAV6.2 was previously reported to generate an approxi-
mately 2-fold increase in transduction of alveolar cells compared
with AAV6,5 whereas AAV6.2FF enhanced transduction 9.6 times
over AAV6 in the lung. Conversely, AAV6.2FF did not yield a signif-
icant difference compared with AAV6 in the muscle because long-
term expression of these vectors beyond 2 wk produced equivalent
levels of transgene. However, at 24 hr post-vector administration,
transgene expression was significantly stronger from AAV6.2FF in
both the muscle and lungs with 101- and 49-fold greater expression,
respectively. Therefore, we have engineered an AAV6 variant that en-
hances the magnitude of early transgene expression without nega-
tively altering the long-term expression kinetics of AAV6. We hy-
pothesize that this increase in 24-hr expression is due to a
reduction of ubiquitin-mediated degradation of AAV6.2FF capsid
protein due to the absence of tyrosine residues at positions 445 and
731. Consequently, AAV trafficking and entry to the nucleus is
more efficient, resulting in greater transgene expression shortly after
viral entry.9



Figure 5. AP Staining of AAV6- and AAV6.2FF-

Transduced Nose and Lungs

1 � 1011 vg of AAV6- or AAV6.2FF-AP was delivered

intranasally to C57BL/6 mice (n = 4/group), and tissues

were harvested and stained after 3 wk. Representative

images of (A and E) the nose and (B–D, F–H) lung lobes for

both vectors are shown. Lung sections were counter-

stained with nuclear fast red, and transduced cells ex-

pressing AP appear purple. Representative sections of

transduced lung are shown at (I and L) �20 and (J, K, M,

and N)�40 original magnification for AAV6 and AAV6.2FF.
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AAV6.2FF was developed as a dual-purpose capsid for a vectored
immunoprophylaxis (VIP) platform to enable muscular and respi-
ratory antibody gene expression, in addition to use as a traditional
gene transfer vector to the lung. Using the same AAV capsid for
multiple applications will facilitate standardization of vector pro-
duction both for research use and translation to the clinic.
Although early and robust expression of transgenes may not be
critical for some traditional gene therapy applications, this
advancement may have implications for the use of VIP as a
Molecular Therapy: Methods
post-exposure treatment option during out-
breaks of emerging infectious diseases.

MATERIALS AND METHODS
Cell Culture and Plasmids

Cell lines were maintained in DMEM (Hy-
Clone) supplemented with L-glutamine (Hy-
Clone) and 7% fetal bovine serum (HyClone)
at 37�C and 5% CO2. The pDGM6 plasmid
contains the Rep and AAV6 Cap genes,
which was modified to generate a
pDGM6.2FF plasmid. The AAV genome
plasmids contained firefly luciferase or hu-
man placental AP driven by the CASI pro-
moter16 followed by an SV40 polyA signal
and a Woodchuck hepatitis virus (WHP) posttranscriptional reg-
ulatory element (WPRE).

AAV Vector Production

AAV vectors were produced by transfection of HEK293 cells as
described previously.17 AAV6 and AAV6.2FF vectors were purified
using a GE HiTrap heparin column,18 while AAV9 was purified by
iodixanol gradient.19 Vector titers were determined using a TaqMan
qPCR assay.20
Figure 6. Quantification of AAV Vector Genomes in

Transduced Lung Tissue

(A) TaqMan qPCR quantification of AAV genome copy

number per nanogram of total DNA extracted from

paraffin-embedded lung tissue. Values are expressed as

means ± SD. Differences in AAV vg copy number between

AAV6 and AAV6.2FF were determined using a Student’s t

test. (B) Quantification of AP enzymatic activity in unfixed

lung tissue. Dashed line indicates the threshold of detec-

tion for the assay.
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Heparin Binding Assay

Crude lysate from cells transfected with plasmids for production of
AAV6 and AAV6.2FF pseudotyped vectors was clarified and
0.22 mm filtered prior to loading onto a 5-mL HiTrap heparin HP col-
umn (GE). The columnwas equilibrated with DMEMprior to loading
the vector and subsequently washed first with 25 mL of HBSS without
Mg2+/Ca2+ (HyClone), again with 25 mL of HBSS with Mg2+/Ca2+

and finally eluted with 10 mL of HBSS with Mg2+/Ca2+ supplemented
with 300 mM NaCl. The proportion of AAV in each fraction was
determined by TaqMan qPCR.21

AAV Transduction, Binding, and Internalization Assays

1 � 105 cells were seeded into 24-well plates and allowed to adhere
overnight. AAV was added the next day at an MOI of 2,000 in tripli-
cate. 72 hr following the addition of AAV vector, cell lysate was har-
vested for quantification of luciferase expression (Promega) and
Bradford analysis to determine the total protein content (Bio-Rad).
Transgene expression is reported as relative light units (RLUs) per
microgram of total protein.

IVIG Neutralization Assay

Human IVIG(Privigen)was seriallydiluted inPBS andadded to1� 108

vector genomes (vg) ofAAV in an equal volume, for a total of 25mL, and
incubated for 1 hr at 37�C, then added to HeLa cells in triplicate. After
72 hr, cell lysate was harvested for luciferase quantification according to
the manufacturer’s instructions (Promega).

In Vivo Imaging of Luciferase Expression

All animal experiments were approved by the Institutional Animal
Care Committees of the Canadian Science Centre for Human and
Animal Health, the University of Guelph, the Cincinnati Children’s
Hospital Medical Center, and the National Microbiology Laboratory
(NML). Albino C57BL/6 mice (Jackson Labs) received 1 � 1011 vg of
AAV6-Luciferase or AAV6.2FF-Luciferase in the gastrocnemius
muscle in a 40 mL injection. Luciferase expression was quantified
on days 1, 3, 7, 14, 21, 28, 56, 112, and 205 post-AAV delivery using
a Xenogen IVIS as previously described.22 Alternatively, for lung de-
livery, mice received the same total vector dose, but it was adminis-
tered in two intranasal instillations of 40 mL each, given 20 min apart
(20), and luciferase expression was quantified 24 hr later.

Lung AP Expression

C57BL/6 mice (Jackson Labs) were administered 1 � 1011 vg of
AAV6-AP or AAV6.2FF-AP by a modified intranasal technique as
described previously.23 Three weeks following AAV delivery, the
lungs and nose were harvested and fixed in 2% paraformaldehyde
for 2 or 16 hr, respectively. Tissues were washed three times in PBS
and heat-inactivated for 1 hr at 65�C prior to overnight incubation
in AP staining buffer (100 mM Tris [pH 8.5], 100 mM NaCl,
50 mM MgCl2) with 100� X-PHOS (10 mg/mL 5-bromo-4-chloro-
3-indolyl phosphate; Sigma) and 100� nitro blue tetrazolium chlo-
ride (50 mg/mL; Invitrogen). Gross images were acquired prior to
paraffin embedding and sectioning for histological staining. Trans-
duction was quantified by analyzing the copy number of AAV vg
328 Molecular Therapy: Methods & Clinical Development Vol. 9 June 20
per 100 ng of genomic DNA extracted from paraffin-embedded tissue
by qPCR as previously described.23 Quantification of AP present in
homogenized lung tissue was performed as previously reported.21

Statistical Analysis

GraphPad Prism 7 software was used for statistical analyses. Multiple
t tests were used unless otherwise stated. Data are expressed as
mean ± SD.
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