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Adeno-associated virus (AAV) is the most common vector for
clinical gene therapy of the CNS. This popularity originates
from a high safety record and the longevity of transgene expres-
sion in neurons. Nevertheless, clinical efficacy for CNS indica-
tions is lacking, and one reason for this is the relatively limited
spread and transduction efficacy in large regions of the human
brain. Using rationally designed modifications of the capsid,
novel AAV capsids have been generated that improve intracel-
lular processing and result in increased transgene expression.
Here, we sought to improve AAV-mediated neuronal transduc-
tion to minimize the existing limitations of CNS gene therapy.
We investigated the efficacy of CNS transduction using a vari-
ety of tyrosine and threonine capsid mutants based on AAV2,
AAV5, and AAV8 capsids, as well as AAV2 mutants incapable
of binding heparan sulfate (HS). We found that mutating
several tyrosine residues on the AAV2 capsid significantly
enhanced neuronal transduction in the striatum and hippo-
campus, and the ablation of HS binding also increased the
volumetric spread of the vector. Interestingly, the analogous
tyrosine substitutions on AAV5 and AAV8 capsids did not
improve the efficacy of these serotypes. Our results demon-
strate that the efficacy of CNS gene transfer can be significantly
improved with minor changes to the AAV capsid and that the
effect is serotype specific.
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INTRODUCTION
The use of recombinant adeno-associated virus (rAAV) in pre-clin-
ical and clinical gene therapy treatments of neurological disorders
has surpassed the use of other vectors such as lentivirus.1,2 The pref-
erential use of rAAV is mainly due to the strong safety profile, effica-
cious neuronal transduction, and longevity of expression, particularly
in non-dividing cells such as neurons.3 Nevertheless, clinical efficacy
is largely absent, and concerns related to the immunogenicity of the
viral capsids still remain. The limited clinical success has been attrib-
uted to the inability to efficiently scale transduction between species
(i.e., from mice to non-human primates [NHPs] to humans),4 differ-
ential properties of the healthy and the diseased brain,4 and the differ-
ential ability of rAAV to infect the aged versus the young brain,5

among others. To address such shortcomings, researchers have
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engaged in a veritable arms race to enhance the efficacy of rAAV
using both rational design methods based on the known structure
of rAAV6 and molecular evolution techniques to select for capsids
with various desirable properties.7–9

One of the first major advancements in enhancing transduction was
the finding that protein tyrosine kinases phosphorylate specific resi-
dues on the AAV2 capsid surface,10 resulting in ubiquitination and
degradation of the virion before it reaches the nucleus. To counteract
this process, Srivastava and colleagues6,10,11 mutated specific, surface-
exposed AAV2 capsid tyrosine (Y) residues to phenylalanine (F)
because these residues cannot be phosphorylated. These capsid mu-
tants exhibit improved intracellular transport with the resultant in-
crease of virions arriving in the nucleus, ultimately vastly improving
transduction both in vitro6,10 and in vivo.11

A second rate-limiting step of AAV transduction is nuclear entry of
the viral particle. Recent work demonstrated that AAV enters the nu-
cleus via the nuclear pore complex, a process facilitated via an interac-
tion with importin-a and -b.12 This step appears to be relatively
inefficient because particles remain outside the nuclear membrane
for long times following infection.13,14 As for intracellular transport,
nuclear translocation may be negatively regulated by the phosphory-
lation of exposed threonine (T) amino acids. Indeed, mutation of an
exposed threonine residue to a valine (T491V or T492V) results in
improved nuclear import and a commensurate improvement in trans-
duction of AAV2 and AAV6, respectively, because valines cannot be
phosphorylated.15,16However, whether this phenomenonwas entirely
mediated via a direct effect on nuclear import is not entirely clear.

Heparan sulfate proteoglycan (HSPG) was originally viewed as the
sole canonical receptor for AAV2 infection.17 However, it is now
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Table 1. List of Capsid Amino Acid Substitutions Utilized in This Study

Mutant Name Amino Acid Mutations

AAV2

T2 WT N/A

T2 1Y Y444F

T2 3Y Y444F, Y500F, Y730F

T2 2Y #1 Y500F, Y730F

T2 2Y #2 Y444F, Y730F

T2 6Y Y252F, Y272F, Y444F, Y500F, Y704F, Y730F

T2 3Y +T Y444F, Y500F, Y730F, T491V

T2 4Y + T Y272F, Y444F, Y500F, Y730F, T491V

T2 3Y +T +dH
Y444F, Y500F, Y730F, T491V, R585S, R588T,
R487G

T2 3Y +dH Y444F, Y500F, Y730F, R585S, R588T, R487G

AAV5

T5 WT N/A

T5 1Y Y719F

T5 2Y Y263F, Y719F

T5 5Y Y242F, Y263, Y689F, Y693F, Y719F

AAV8

T8 WT N/A

T8 1Y Y733F

T8 2Y Y447F, Y733F

T8 2Y +T Y447F, Y733F, T494V

dH, abolished heparin sulfate binding domain; F, phenylalanine; G, glycine; S, serine;
T, threonine; V, valine; WT, wild-type; Y, tyrosine.
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evident that AAV2 can undergo HSPG-independent attachment and
internalization,18–20 and that the dependency on HSPG for infection
varies between cell types.18 On the contrary, because of the high de-
gree of normal HSPG expression, both in the extracellular matrix
and on the surface of a multitude of cells throughout the body, dele-
tion of the HSPG binding motif is thought to be a viable means to re-
target, and improve, rAAV2 transduction by avoiding sequestration
in non-target tissue or cells.19

Herein, we sought to improve rAAV transduction in the CNS using a
rational capsid design approach. We generated capsid amino acid
mutations that were predicted to enhance the overall efficacy of inter-
nalized viral particles to reach the nucleus (Y-F and T-V mutations)
and AAV2 HSPG null capsid mutants predicted to improve extracel-
lular spread of virions.18 Several of these capsid alterations exhibit
significantly increased transduction efficacy in non-CNS organs
such as the eye11,21 or the liver.15 However, this is the first study to
examine the potential utility of these engineered capsid mutants in
the CNS. We compared the transduction efficacy following intrapar-
enchymal injections into the striatum or hippocampus of a variety of
capsid mutants based on rAAV2, rAAV5, and rAAV8, all serotypes
that have garnered a significant interest in the treatment of CNS dis-
orders. Transduction efficiency was assessed via quantification of
transduced cells, transgene expression levels, and volumetric spread
of transgene expression. Moreover, we evaluated whether these capsid
alterations modulated the tropism of rAAV. Our results demonstrate
that the inclusion of various mutations into the rAAV capsid signif-
icantly alters the number of transduced cells, magnitude of transgene
expression, and volumetric spread, but only the mutant rAAV2
incapable of binding HSPG exhibited altered cell type tropism to
some extent.

RESULTS
AAV2 Capsid Mutants Enhance Transduction Efficacy following

Intrastriatal Delivery

The striatum (caudate/putamen) has been targeted clinically in the
treatment of Parkinson’s disease (PD) using various growth factors,
and targeting this brain region is being investigated for other neuro-
logical indications such as Huntington’s disease.22 To evaluate the
transduction efficacy of capsid mutant rAAVs in this clinically rele-
vant brain region, we injected adult Sprague-Dawley rats in the stria-
tum with 2 mL (normalized to 1.2 � 1012 vector genomes/mL
[vg/mL]) of either wild-type (WT) AAV2 or various AAV2 capsid
mutants (see Table 1) carrying a GFP reporter construct. Animals
were sacrificed 1 month following the injection, a time at which
peak expression is typically achieved,23 and brains were processed
for immunohistochemistry to quantify number of transduced cells.
Qualitative observations revealed that all the rAAV vectors used in
this study transduced striatal neurons, but to widely varying degrees
(Figures 1A–1H; Figure S1). Stereological cell counting of GFP+ stria-
tal neurons revealed that the T2 3Y +dH (260,952 GFP+ cells; Figures
1H and 1I), T2 3Y +T +dH (226,648 GFP+ cells; Figures 1G and 1I),
and T2 3Y (216,137 GFP+ cells; Figures 1E and 1I) mutant capsids
produced the most robust transduction of striatal neurons compared
with all other capsid types (p < 0.001 versus T2 1Y, p < 0.0001 versus
all other capsids). The T2 1Y capsid infected significantly more cells
(133,000; Figures 1B and 1I) than T2 2Y#1 (4,184; Figures 1C and 1I),
T2 2Y#2 (39,835; Figures 1D and 1I), T2 6Y (36,327; Figures 1F and
1I), T2 4Y +T (62,467; Figure S1B; Figure 1I), and T2 WT (64,656;
Figures 1A and 1I) (p < 0.004 versus all groups). T2 3Y +T (99,172;
Figure S1C; Figure 1I) exhibited significantly greater transduction
as compared with T2 2Y#1 (Figures 1C and 1I), T2 2Y#2 (Figures
1D and 1I), and T2 6Y (Figures 1F and 1I; p < 0.01). Interestingly,
several capsids (T2 Y#2 [Figures 1D and 1I], T2 6Y [Figures 1F and
1I], T2 4Y +T [Figure S1B; Figure 1I], T2 3Y +T [Figure S1C; Fig-
ure 1I]) did not provide improved transduction over T2 WT (Figures
1A and 1I). Notably, T2 2Y#1 (Figures 1C and 1I) exhibited a defi-
ciency in neuronal transduction (p < 0.03) compared with T2 WT
(Figures 1A and 1I). The utilization of a self-complementary genome
(T2 3Y +T -SC; 56,635; Figures S1A and S1C; Figure 1I) did not
improve overall transduction; rather, there was a trend toward a
reduction in the overall number of GFP+ cells (p = 0.09). This is
not entirely surprising, however, because the benefit with a self-com-
plementary genome is to overcome the rate-limiting step of double-
stranded genome formation, which occurs early following nuclear
translocation.24 Thus, the lack of an improvement seen in this study
is likely the result of the later time point (4 weeks) chosen for analysis.
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Figure 1. Rationally Designed AAV2 CapsidMutants

Significantly Enhance Striatal Transduction

Adult Sprague-Dawley rats received intrastriatal injections

of an AAV2 vector (2 mL of 1.2� 1012 vg/mL for all viruses)

as defined in Table 1. One month later, the animals were

sacrificed and processed for transgene (GFP) immuno-

reactivity. (A–H) Representative images of GFP immuno-

reactivity in the striatum following the injection of (A)

T2 WT (n = 8), (B) T2 1Y (n = 7), (C) T2 2Y#1 (n = 6), (D) T2

2Y#2 (n = 8), (E) T2 3Y (n = 7), (F) T2 6Y (n = 8), (G) T2

3Y +T +dH (n = 12), and (H) T2 3Y +dH. Insets are higher

magnification images taken at the periphery of the

transduction area. (I) Stereological quantification of striatal

GFP+ neurons revealed that T2 3Y, T2 3Y +T +dH, and

T2 3Y +dH transduced significantly more striatal neurons

than any other capsid (*p < 0.001) followed by T2 1Y

(#p < 0.004 versus remaining groups except T2 3Y +T).

Several capsid serotypes did not exhibit an improvement

over WT (T2 2Y#2, T2 6Y, T2 4Y +T, T2 3Y +T), and T2

2Y#1 exhibited significant impairment in transduction as

compared with the T2 WT control (##p < 0.03). The T2

3Y +T capsid showed higher transduction versus T2

2Y#1, T2 2Y#2, and T2 6Y (**p < 0.01). (I) Error bars

represent mean + SD. (H) Scale bar, 1 mm (inset scale

bar, 50 mm); scale bar applies to all micrographs.
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AAV2 Capsid Mutants Exhibit a Significantly Increased Volume

of Transduction following Intrastriatal Injections Comparedwith

WT AAV2

The ability to transduce large structures such as the striatum is not
only dependent on the infectivity of the virion, but also on the abil-
ity of the viral capsid to diffuse throughout the extracellular envi-
ronment. In order to determine the volume of transduction, we out-
lined the area of transduction (i.e., the area containing GFP+ cells)
of serial sections throughout the striatum and utilized the Cavalieri
method to estimate the volume (Figure 2A). The effects of the
capsid mutations were remarkable, particularly for the T2 3Y +dH
and T2 3Y +T +dH capsids, which transduced approximately
20.3 mm3 and 23.4 mm3, respectively. This volumetric spread was
nearly five times greater than that observed with T2 WT
(4.86 mm3) and was significantly greater than all other mutants
(p < 0.0001). However, virions also exhibited improved diffusion
without the removal of the canonical HSPG binding site, although
less so than dH mutants. T2 3Y +T (14.1 mm3) transduced a greater
volume than all capsid variants (except for HSPG mutants; p < 0.02
versus T2 4Y +T; p < 0.001 versus others). In addition, the T2
4Y +T (10.22 mm3) and T2 3Y (8.35 mm3) capsids facilitated
greater diffusion than T2 WT (p < 0.04). Again, T2 2Y#1 exhibited
186 Molecular Therapy: Nucleic Acids Vol. 8 September 2017
an impairment in transduction (as assessed by
volume) compared with WT (0.32 mm3; p <
0.01). No other capsid (T2 1Y [6.69 mm3],
T2 2Y#2 [3.03 mm3], or T2 6Y [2.88 mm3])
exhibited different transduction volumes
from the WT AAV2 capsid. As expected, no
effect on diffusion was seen with the use of a
self-complementary genome (T2 3Y +T -SC [14.94 mm3] versus
T2 3Y +T [14.1 mm3]).

Next, a regression analysis was performed comparing the number of
transduced cells with the transduction volume (Figure 2B) where a
clear pattern emerged for several of the mutants. For instance, it
was apparent that the HSPG null mutants T2 3Y +dH (Figure 2B,
dark blue circles) and T2 3Y +T +dH (Figure 2B, yellow circles) trans-
duced less cells per volume (R2 = 0.26 and 0.63, respectively). This was
in stark contrast with injection of T2 3Y (Figure 2B, red circles) and
T2 1Y (Figure 2B, green circles), which resulted in an increase in the
number of transduced cells across a smaller volume in closer prox-
imity to the injection site (R2 = 0.90 and 0.87, respectively). In
contrast, several of the other mutants did not exhibit a correlation
between transduction volume and number of cells transduced (e.g.,
T2 3Y +T; Figure 2B, purple circles; R2 = 0.017).

AAV Capsid Tyrosine Mutant Enhances Striatal Levels of the

Therapeutic Transgene GDNF

Quantification of GFP+ neurons as a metric of transduction efficacy is
binary (yes or no) and does not provide information as to how effi-
ciently GFP+ cells are transduced (i.e., how many genome copies



Figure 2. Removal of the Canonical HSPG Binding Site Significantly Improves Viral Vector Spread

The volume of transduction from animals shown in Figure 1 and Figure S1 was estimated using the Cavalieri method. (A) Volumetric measurements of striatal transduction

revealed that the vector spread was significantly enhanced with the T2 3Y +dH and T2 3Y +T +dH capsids as compared with any other capsid (*p < 0.0001). Moreover, all T-V

mutants exhibited significantly enhanced transduction volume (#p < 0.0001 versus T2 WT, T2 1Y, T2 2Y#1, T2 2Y#2, T2 3Y, T2 6Y) compared with other capsids, with the

exception of T2 4Y +T, which was not different from T2 3Y. **p < 0.005 versus T2 WT, T2 2Y#1, and T2 2Y#2, T2 6Y; ##p < 0.05 versus T2 2Y#1, T2 2Y#2, and T2 6Y;

***p < 0.01 versus T2 2Y#1. Error bars represent the mean + SD. (B) Plot of GFP+ cells versus transduction volume. A clear pattern emerged for several of the capsid mutants

tested. For instance, both T2 3Y and T2 1Y infected an increased number of neurons within a limited volume. In contrast, T2 3Y +dH and T2 3Y +T +dH (which transduced a

similar number of neurons as T2 3Y) transduced neurons over a much greater volume.
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have made it to the nucleus in each GFP+ cell) beyond that which is
required to detect a positive GFP signal. Moreover, these measure-
ments do not provide information on the efficiency of transduction
using a mammalian protein normally expressed in the brain that
may represent a potentially therapeutic factor. Thus, we measured
the level of striatal transgene expression of a therapeutic gene (i.e.,
glial cell line-derived neurotrophic factor [GDNF]) using an AAV2
capsid mutant that exhibited dramatically improved transduction of
the striatum to further investigate the potential clinical utility of these
capsid mutants. We chose a capsid with a focal transduction pattern
(T2 1Y) because GDNF readily diffuses away from the injection site,25

and limiting the spread of the vector would allow us to ensure accu-
rate measurements of transgene levels. Using the same injection par-
adigms as described above, animals received intrastriatal injections of
T2 WT or T2 1Y expressing either GFP or GDNF. One month later,
animals were sacrificed and striatal GDNF protein content was
measured via ELISA. As expected, T2 1Y-mediated GDNF expression
(4.0 ng/mg tissue; Figures 3A and 3C) far exceeded that achieved with
T2 WT (1.6 ng/mg tissue; Figures 3B and 3C). Expression of GDNF
was not detectable with either of the GFP control viruses (Figure 3C).

Efficacy of Transduction following Hippocampal Injections of

AAV2 Capsids

We injected a subset of the AAV2 capsid mutants carrying a GFP re-
porter into the hippocampus to determine whether targeting of a
different structure within the CNS would confer similar improve-
ments in transduction to that seen in the striatum. We injected
2 mL of the same vector batches used in the striatum experiments
into the center of dorsal hippocampus and sacrificed the animals
1 month later. All of the viruses tested effectively transduced hippo-
campal neurons, but to varying degrees (Figures 4A–4I). The T2 3Y
virus clearly transduced cells throughout the entire dorsal hippocam-
pus (Figures 4G–4I), while the T2 1Y virus did not appear to spread as
readily (Figures 4D–4F) and the T2WT virus showed the least spread
to regions farther from the injection site (e.g., the CA3 pyramidal cell
layer; Figures 4A–4C). Stereological counts of GFP+ cells showed that
the T2 3Y virus (158,891 GFP+ cells) transduced significantly more
hippocampal neurons when compared with both T2 WT (54,066
GFP+ cells) and T2 1Y viruses (89,095 GFP+ cells), and T2 1Y infected
significantly more cells than the T2 WT virus (p < 0.001; Figure 4J).
Stereological measurement of transduction volume showed a similar
relationship between the viruses (i.e., T2 WT < T2 1Y < T2 3Y) but
did not reach statistical significance (p = 0.065; Figure 4K).

Efficacy of Transduction following Intrastriatal Injections Using

AAV5 Mutant Capsids

AAV5 is a popular serotype of choice for CNS applications and has
been successfully used as a vector to correct lysosomal storage disease
when delivered by intrastriatal injection.26 Moreover, AAV5 is
considered a viable alternative in clinical trials for use in patients
with a pre-existing immunity to rAAV2/2.27 Hence, we evaluated
whethermutations to tyrosine residues (Figures 5C and 5D; Figure S2)
on the AAV5 capsid would enhance transduction akin to that seen
with AAV2. Unexpectedly, Y-F mutations in the AAV5 capsid (T5
1Y: 236,093 GFP+ cells [Figures 5D and 5E]; T5 2Y: 201,127 GFP+

cells [Figures 5B and 5E]) did not increase the number of transduced
cells above the T5 WT capsid (223,658 cells; Figures 5A and 5E), and
in fact, the mutation of five distinct tyrosine residues resulted in
significantly less infectivity of the vector (T5 5Y; 30,561 GFP+ cells;
p < 0.0001; Figures 5C and 5E). Similarly, these AAV5 mutations
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Figure 3. Increase in Transduction Efficacy Is Reflected by Increased GDNF Transgene Levels

An AAV genome containing an expression cassette encoding human glial cell line-derived neurotrophic factor (GDNF) was packaged into T2 WT or T2 1Y, and the same

capsid mutants with a GFP expression cassette were utilized as controls. Adult Sprague-Dawley rats received unilateral intrastriatal injections of either vector (2 mL of

1.2 � 1012 vector genomes/mL for all viruses); 1 month later, the striatum was collected for ELISA protein measurements and histology. (A and B) Representative images of

striatal GDNF immunoreactivity from animals injected with T2 1Y-GDNF (A) or T2 WT-GDNF (B). (C) ELISA protein measurements of the human GDNF transgene levels in the

AAV-injected striatal samples from animals injected with either T2 WT-GDNF (n = 8), T2 WT-GFP (n = 4), T2 1Y-GDNF (n = 7), or T2 1Y-GFP (n = 4). Transduction with T2

1Y-GDNF resulted in significantly higher striatal GDNF levels than that produced by T2 WT-GDNF (#p = 0.01). No GDNF was detected in either GFP control-treated subject.

*p = 0.01 versus T2 WT-GDNF and p = 0.001 versus T2 1Y-GDNF. Error bars represent the mean + SD.
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did not improve the transduction volume following a single intra-
striatal injection (T5 WT: 10.22 mm3, T5 2Y: 9.95 mm3, T5 1Y:
10.46 mm3; Figure 5F), and the quintuple mutant showed a smaller
transduction volume (T5 5Y: 1.35 mm3) compared with WT AAV5
capsid.

AAV8 Capsid Mutants Do Not Improve Overall Transduction

AAV8 is considered another prime candidate for CNS applications.28

Accordingly, we evaluated the impact of several mutations in the
AAV8 capsid (Figure S2). The incorporation of these capsid changes
(T8 2Y: 61,772 GFP+ cells [Figures 5J and 5K]; T8 1Y: 101,923 GFP+

cells [Figures 5G and 5K]; T8 2Y +T: 109,270 GFP+ cells [Figures 5H
and 5K]) did not improve overall transduction compared with the T8
WT capsid (92,722 GFP+ cells; Figures 5G and 5K). On the contrary,
the incorporation of Y4447F+Y733F (T8 2Y; Figures 5J and 5K) re-
sulted in significantly fewer transduced cells (p = 0.02 versus T8
2Y +T) and smaller transduction volume compared with T8WT cap-
sids (Figure 5L; 12.59 mm3; T8 2Y: 10.50 mm3; T8 1Y: 15.67 mm3; T8
2Y +T: 16.75 mm3). Moreover, the spread of transduction
throughout the striatum correlated poorly with the number of trans-
duced cells, and no pattern emerged for either capsid (data not
shown).

Comparison across Serotypes

When comparing all capsids and/or serotypes utilized in this study it
becomes clear that in terms of the number of transduced cells, the
HSPG null capsids T2 3Y +dH and T2 3Y +T +dH, as well as T2
3Y, performed as well as WTAAV5 and the AAV5mutants. Remark-
ably, T2 3Y +dH and T2 3Y +T +dH exhibit a much greater volume of
transduction than any other capsid type analyzed herein (p < 0.001
versus all groups).
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AAV Capsid Modifications Do Not Alter Tropism of the Viral

Vectors

AAV2, AAV5, and AAV8 are known to show neuronal, astrocyte, and
oligodendrocyte tropism.29,30 In contrast, WT AAV capsids typically
do not facilitate microglial transduction, but a recent report described
limited infection of microglia using a modified AAV6 capsid.31 It was
unclear whether the new mutant capsid rAAVs used here alter the
tropism for astrocytes, oligodendrocytes, and/or microglia. We
focused primarily on AAV2 capsids to determine whether these
capsid modifications altered glial tropism using a combination of
RNAscope in situ hybridization to detect rAAV genomes and either
glial fibrillary acidic protein (GFAP; an astrocyte marker), oligoden-
drocyte transcription factor 2 (Olig2; an oligodendrocyte marker), or
ionized calcium binding adaptor molecule 1 (Iba1, a microglial
marker) immunohistochemistry (IHC) to identify glial cells in brain
sections. The T2 WT and T2 3Y capsids displayed clear tropism for
astrocytes (Figures 6A and 6B) and oligodendrocytes (Figure 6E
and 6F), whereas T2 Y3 +dH and T2 Y3 +T +dH did not appear to
transduce astrocytes (Figures 6C and 6D) or oligodendrocytes (Fig-
ures 6G and 6H). All of the other AAV2 mutant capsids tested dis-
played tropism for astrocytes (Figure S3) and oligodendrocytes (Fig-
ure S4), and qualitatively the extent of astrocyte and oligodendrocyte
transduction was associated with the overall level of transduction for
each virus. None of the AAV capsids used here showed an apparent
tropism for microglia, as indicated by the lack of in situ hybridization
puncta within microglia in the striatum of animals injected with T2
WT, T2 3Y, T2 3Y +dH, or T2 3Y +T +dH (Figures 6I and 6L). There
was no apparent transduction of microglia by the other AAV2 mu-
tants (Figure S5), and we confirmed that microglia were not trans-
duced by the AAV5 or AAV8 capsids tested here (Figure S6). Collec-
tively, these data suggest the tropism for glial cells is largely



Figure 4. AAV2 Capsid Mutations Significantly

Improve Transduction of the Hippocampus

Adult Sprague-Dawley rats received unilateral intra-

hippocampal injections of either T2 WT, T2 1Y, or T2 3Y

virus (2 mL of 1.2 � 1012 vg/mL). One month later, the

animals were sacrificed and processed for transgene

(GFP) immunoreactivity. (A–C) Representative micro-

graphs of T2 WT transduction in the hippocampus; white

boxes in (A) are regions shown in (B) and (C). (D–F)

Representative micrographs of T2 1Y mutant AAV

transduction throughout the hippocampus; white boxes

in (D) are regions shown in (E) and (F). (G–I) Representative

micrographs of T2 3Y transduction throughout the entire

hippocampus; white boxes in (G) indicate regions shown

in (H) and (I). Note that all viruses transduce dentate

granule cells (A, D, and G). (J) Unbiased stereological

quantitation of GFP+ neurons showed that the T2 1Y virus

(n = 9) transduced significantly more cells than the T2 WT

virus (n = 8), and the T2 3Y virus (n = 7) transduced

significantly more than T2 WT and T2 1Y in the hippo-

campus (*p < 0.05 versus T2 WT and #p < 0.05 versus T2

1Y, one-way ANOVA, Tukey’s post hoc). (K) Unbiased

stereological quantitation of the transduction volume

showed a trend toward a difference among the T2 WT

(n = 8), T2 1Y (n = 9), and T2 3Y (n = 7) viruses (p = 0.065,

one-way ANOVA) in the hippocampus. Scale bars,

500 mm (G, also applies to A and D); 100 mm (H, also

applies to B and E); 50 mm (I, also applies to C and F).
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unchanged by the mutant AAV capsids tested with the exception of a
lack of astrocytic and oligodendrocytic transduction with T2 Y3 +dH
and T2 Y3 +T +dH capsids.

DISCUSSION
Incorporation of AAV2 Capsid Surface Y-F Substitutions

Significantly Enhances Striatal and Hippocampal Transduction

Here, we demonstrate that the rational reengineering of the AAV
capsid can improve transduction efficacy and volumetric spread
following stereotaxic delivery to the CNS. Previous work demon-
strated that the mutation of specific surface tyrosine residues on
the AAV2 capsid results in significantly augmented transduction ef-
ficiency of similar capsid mutants in cultured cells10 and other organ
systems in vivo such as the eye.11,18 This improvement in transduc-
tion is presumably mediated through an increased number of parti-
cles escaping degradation while traversing the endosomal pathway,
Molecular Thera
ultimately resulting in an increase in genomes
that enter the nucleus.

Several studies in different cell and tissue types
suggest that the effects of capsid mutations on
transduction efficacy may be dependent upon
target cell phenotypes. Here, we found that
increased transduction was not mediated via
a single amino acid substitution per se. Some
of the single amino acid changes tested here,
such as the Y444F substitution, enhanced
transduction compared with the WT capsid, but combination with
other substitutions, such as Y730F, eliminated the enhanced trans-
duction. In contrast, adding the Y500F mutation to the Y444F and
Y730F mutations further enhanced the efficacy of the viral vector
infectivity over Y444F alone. Interestingly, the Y730F mutation
alone significantly improves transduction properties in the retina.11

It was unexpected that triple, but not double, Y to F substitutions
produced an enhancement over a single mutation. In other words,
our results suggest that mutations that increase transduction alone
show differential effects when added in certain combinations, which
is in stark contrast with that seen from in vitro studies.32,33 The
AAV2 Y444, Y500, and Y730 residues are not located adjacent to
each other on the capsid surface (Figure S2A). The in vitro data
thus suggest that there is no requirement for a (functional) interac-
tion between the various surface tyrosine residues in order for trans-
duction to occur. Rather, a possible explanation for our discrepant
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Figure 5. Incorporation of Tyrosine Mutants into

AAV5 and AAV8 Capsids Does Not Improve

Transduction Properties following Intrastriatal

Injections

Adult Sprague-Dawley rats received intrastriatal injections

of either AAV5 or AAV8 vectors (2 mL of 1.2� 1012 vg/mL)

as defined in Table 1. One month later, the animals were

sacrificed and processed for transgene (GFP) immuno-

reactivity. (A–D) Representative micrographs of striatal

GFP immunoreactivity following injection with AAV5

capsid mutants: (A) T5 WT (n = 9), (B) T5 2Y (n = 8), (C) T5

5Y (n = 8), and (D) T5 1Y (n = 8). (E and F) Stereological cell

counts of transduced neurons (E) or transduction volume

(F) suggests that incorporation of these mutations does

not improve transduction compared with WT AAV5. In

contrast, the incorporation of five mutations (T2 5Y) re-

sulted in a dramatic reduction in transduction (*p <

0.0001). (G–J) Representative micrographs of striatal

GFP immunoreactivity following transduction with AAV8-

based capsids: (G) T8 WT (n = 8), (H) T8 2Y +T (n = 7),

(I) T8 1Y (n = 8), and (J) T8 2Y (n = 7). (K and L) As indicated

by the stereological quantification (K) and volumetric

analysis (L), there were no significant differences between

the various mutants except a modest reduction in the

number of transduced cells with the T8 2Y virus as

compared with T8 2Y +T (**p = 0.02). (E, F, K, and L)

Error bars represent the mean + SD.
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findings may be that this phenomenon is target cell specific. In a pre-
vious study, we tested the same capsid tyrosine mutants in neurons
of the enteric nervous system, and no differences in transduction ef-
ficacy were observed.34 Indeed, the Y730 residue is in close prox-
imity to the HS binding motif in AAV2 (Figure S2A), and it is
possible that these mutations have an effect on the binding of spe-
cific co-receptors that may be differentially expressed or regulated
in different cells and/or tissues.35 Moreover, it is possible that muta-
tions in certain tyrosine residues can affect the affinity of the capsid
for HS.18 Together, the divergent effects of various capsid mutants in
different cell types and tissue types suggest that the effects of these
mutations on transduction efficacy are dependent on tissue or target
cell phenotypes.
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Incorporation of an Additional T-V

Substitution in AAV2 Did Not Further

Enhance Transduction

The AAV2 T491V mutation is associated with
improved intracellular trafficking and nuclear
translocation of the viral capsid,15 although it
is unclear whether this threonine is directly
involved in nuclear import of the viral particle.
However, transduction remained the same, or
was impaired, following intrastriatal delivery
of viral mutants containing the T491V muta-
tion. Our findings are discordant with observa-
tions made in cell culture.15 In addition to the
inherent differences between cell culture and
in vivo model systems, there are several poten-
tial explanations for these discrepancies. For instance, as further dis-
cussed below, the T-V mutants exhibited improved diffusion proper-
ties as compared with non-T491V mutants (Figure 2). Thus, it is
possible that the dilution of viral particles due to diffusion away
from the injection site reduced the overall MOI in the region of trans-
duction, effectively reducing the ability to detect transduced cells.

Diffusion Properties in the Parenchymal Space Are Improved

with Altered Receptor Binding Properties

It is evident that certain capsid mutations drastically alter the diffu-
sion of viral particles through the extracellular milieu. In particular,
substitutions of the amino acids that abolish HS binding (Figures
2A and 2B)18 lead to a dramatic increase in transduction spread



Figure 6. AAV2 Capsid Tyrosine Mutations Do Not Alter the Tropism of the Viral Vector, while Deletion of Heparan Sulfate Binding Eliminates Glial Tropism

Adult Sprague-Dawley rats received intrastriatal injections of AAV2 vectors (2 mL of 1.2� 1012 vg/mL) as defined in Table 1. One month later, the animals were sacrificed and

processed for dual-label viral genome in situ hybridization (brown punctate staining) and glial cell IHC (blue-gray staining). (A–D) Representative sections from animals injected

with T2 WT (A) and T2 3Y (B) indicate that both viruses display tropism for astrocytes, as indicated by GFAP+ cells containing brown in situ hybridization puncta (arrows),

whereas T2 3Y +dH (C) and T2 3Y +T +dH (D) do not appear to contain viral genomes, indicating a loss of astrocyte tropism (arrowheads). (E–H) Representative sections from

animals injected with T2 WT (E) and T2 3Y (F) indicate that both viruses display tropism for oligodendrocytes, as indicated by Oligo2+ cells containing brown in situ hy-

bridization puncta (arrows), whereas T2 3Y +dH (G) and T2 3Y +T +dH (H) do not appear to contain viral genomes, indicating a loss of oligodendrocyte tropism (arrowheads).

(I–L) Representative sections from animals injected with T2WT (I), T2 3Y (J), T2 3Y +dH (K), and T2 3Y +T +dH (L) show that Iba1+ cells do not appear to contain viral genomes,

indicating a lack of microglial tropism (arrowheads). Additional in situ hybridization-IHC results with other AAV mutant capsids are in Figures S3–S6. Scale bars, 25 mm

(D, H, and L, and apply to all images in each row).
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with AAV2. This increased spread is not surprising because the extra-
cellular matrix contains high levels of HSPG;36 thus, it is likely that the
removal of HS binding capacity prevented extracellular sequestration
of viral particles. In addition, removal of the HS binding motif also
may reduce the overall neuronal affinity for this capsid, providing
greater ability to diffuse from the injection sphere. Interestingly, we
found that AAV capsids without HS binding ability did not effectively
transduce glial cells, suggesting an alteration in the tropism, and the
subsequent reduction in glial sequestration may contribute to
enhanced spread as well. In contrast, the Y-F mutations only have a
modest effect on HS binding.18 Accordingly, our data show that these
mutants exhibit amore limited spread that was only slightly improved
over the WT capsid. Finally, vectors with the added T-V mutations
also exhibit overall improvements in diffusivity. As is the case with
Y-F substituted amino acids, T491 does not directly interact with
the HS binding residues,18 but instead resides in close proximity to
the HS receptor binding site (R484, R487, R532, R585, R588) (Figures
2A and 2B). Thus, it is possible that mutation of this amino acid alters
the affinity for HS and reduces extracellular capture of viral particles.
Indeed, we did not see an improvement in diffusion when the T-V
mutation was combined with the mutation of HS binding residues,
lending further support to the idea that the T-V mutation increases
spread through the same mechanism (i.e., disruption of HSPG
binding).

Early studies in CHO cells found that HSPG is a crucial receptor for
AAV2, and several studies support a prominent role for this mecha-
nism of entry into multiple cell types.17 However, we found here that
capsids with impaired or abolished HS binding also effectively trans-
duce neurons in the CNS, which mirrors recent findings in the
Molecular Therapy: Nucleic Acids Vol. 8 September 2017 191
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retina18 and other tissue types.19,20,37,38 Together, these studies
suggest that a still unknown receptor may mediate strong neuronal
transduction of AAV2. For instance, the recently identified type I
transmembrane protein KIAA0319L appears to be crucial for
transduction for a number of AAV serotypes in a variety of cell
types.39 Nevertheless, further studies are needed to identify these
non-HSPG-mediated pathways of AAV2 entry into neurons. Inter-
estingly, infection of astrocytes and oligodendrocytes was virtually
abolished with the removal of the HS binding site, supporting the
idea that HSPG binding is required for the infection of certain types
of cells.

Comparison Identifies Serotype-Specific Transduction Property

Differences

WTAAV2 is associated with being a poor gene therapy vector for the
CNS compared with other AAV serotypes.40 Our findings with the
HS binding-site-modified vectors suggest that this, at least in part,
is due to an overabundance of available HSPG in the brain paren-
chyma, acting to sequester virions. In agreement with previous
studies, our data show thatWTAAV5 is more efficient in transducing
striatal neurons when compared with WT AAV2, but when the
AAV2 capsid is altered by site-specific mutations it produces similar,
or significantly improved, transduction. Interestingly, neither WT
nor mutant AAV8 capsid variants exhibited improved transduction
in neurons of the striatum when compared with AAV2 or AAV5,
which contrasts with previous results in rodent studies.24,41–43 One
reason for these discrepancies may be the titers at which the viruses
were used. In this study, we utilized a relatively low dose of virus (total
of 2.4� 109 genome copies injected) to avoid a ceiling effect, whereas
the other studies typically used higher titers. Importantly, work by
Baekelandt and colleagues42 showed that AAV8 is disproportionately
inefficient at lower titers as compared with AAV5 and AAV7, which
may account for the discrepant findings in our study. Alternatively,
the poor relative infectivity observed with AAV8 may also be ex-
plained by the finding that AAV8 exhibited a rather large overall
volume of transduction as compared with AAV5; this increase in
diffusion may have diluted the effective concentration of AAV8
throughout the transduction area to that below the limits of detection.
These studies highlight the importance of viral serotypes and titers in
evaluating transduction in experimental studies, and ultimately, this
information will guide the most efficacious utilization of AAVs in
clinical applications.

Y-F and T-V Mutations Do Not Alter Tropism, But Ablation of

HSPG Binding Restricts Tropism to Neuronal Cells

Following intraparenchymal delivery, AAV primarily infects neu-
rons; however, a small number of astrocytes and oligodendrocytes
are also transduced.24,29,30,44 In contrast, microglia have proven to
be refractory to AAV transduction. However, the incorporation of
different Y-F and T-V mutations in the AAV6 capsid results in
modest microglia transduction,31 suggesting that capsid modifica-
tions such as those utilized here can alter the tropism of the capsid.
To that end, we evaluated whether any of our mutant capsids were
capable of infecting microglia, and whether there were qualitative
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changes in the level of astrocyte or oligodendrocyte transduction
with the AAV2 capsid mutants.

The ability to detect transduction in various cell types depends on de-
tecting transgene production. However, the activity of ectopic pro-
moters differs between different cell populations in the brain,44 and
prior studies have utilized cell-specific promoters to detect transduc-
tion of non-neuronal cells. We took a different approach to analyze
the tropism of our vectors by using a combination of in situ hybrid-
ization against a non-transcribed portion of the viral genome45 com-
bined with IHC for markers specific to each type of glial cell (GFAP
for astrocytes, Oligo2 for oligodendrocytes, and Iba1 for microglia).
This approach allows us to assess transduction of the various cell
types independent of viral transgene expression. We were unable to
find evidence that viral genomes co-localize with Iba1. Thus, the
AAV capsid mutants tested here are not capable of infecting micro-
glia. It remains to be seen whether strong microglial transduction is
at all achievable using AAV, or whether there are significant basic bio-
logical hurdles preventing this from occurring. Moreover, there were
no obvious changes in astrocyte or oligodendrocyte infection for a
majority of the AAV2 mutants. Interestingly, we did not observe viral
genomes in either oligodendrocytes or astrocytes in tissue injected
with the HS binding mutants. This suggests that whereas HSPG bind-
ing is not required for neuronal transduction, it is required for infec-
tion of neuronal support cells.

Translational and Clinical Implications of Observed Improved

Transduction

Gene therapy of the CNS is increasingly of interest to the medical
community. Currently, numerous trials have utilized rAAV in the
treatment of disorders such as Parkinson’s disease, Alzheimer’s dis-
ease, and Canavan disease, among others.46–48 Nevertheless, trans-
duction efficacy has not always translated well from preclinical
studies to clinical trials, and efficacy and spread of the viral vector
has often been disappointing.4 Regardless of the biological origin of
this deficiency, it must be overcome to increase the potential of
rAAV therapies. Indeed, a more comprehensive coverage of the
CNS will be required in diseases where large regions of the brain
are affected, such as lysosomal storage disorders. Numerous consid-
erations, in addition to interspecies scaling, have to be made when
translating rodent studies into the NHP and, ultimately, humans.
For instance, we have established that age is an important covariate
in transduction efficiency, where certain serotypes exhibit deficiencies
in distinct anatomical locations.5,49 Thus, age-matching experimental
subjects in preclinical testing is increasingly important. Moreover,
anatomical differences between species must be considered. For
instance, in this study, we targeted the rodent striatum, which is
one continuous structure enclosed within the corpus callosum and
the lateral ventricles. In NHPs and humans, however, the analogous
structure (the caudate and putamen) is physically separated by the in-
ternal capsule. Thus, future preclinical studies using gene therapy ap-
proaches should include multiple injections sites in the target region
to better replicate the approaches required to translate these therapies
to humans. Finally, the fundamental biology and behavior of AAV in
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the brain does not change to a significant extent when comparing ro-
dents with NHPs; rather, the changes observed in such direct compar-
isons are related to differential promoter activities between species;44

thus, when doing translational work, it is important to optimize
expression for human applications and to consider regulatory compo-
nents within the viral genome.

Our observations suggest that the rational engineering of vector cap-
sids is a relevant component of future therapies and a viable mecha-
nism to improve rAAV infectivity and spread. However, one question
one may ask is, why not simply use a more effective naturally
occurring serotype? Translation of AAV-based therapies requires a
complex decision making process to achieve the therapeutic goals
that this work and others will help facilitate. We did not detect an
appreciable difference in the number of cells transduced by the stron-
gest AAV2 mutants andWT AAV5, but there were substantial differ-
ences in other transduction parameters (i.e., spread of the virus).
Thus, if the clinical goal is to transduce a discrete area at high effi-
ciency, then either AAV5 or Y-F AAV2 mutants are reasonable
choices; however, mutant AAV2 capsids lacking HS binding are a su-
perior choice if large areas must be transduced at high efficiency.
Furthermore, the current findings and previous studies24,40 clearly
indicate differences in cell tropism with different serotypes and
mutant capsids. Removal of HS binding prohibited astrocyte and
oligodendrocyte tropism; thus, applications that may need to avoid
transduction of these cell populations would benefit from the HS
binding mutants. Additional considerations that may warrant the
use of one serotype over another is whether a patient has pre-existing
immunity to a specific serotype. Moreover, various serotypes are
differentially impaired in the aged brain.5,49 Finally, the increased ef-
ficacy of these vectors would also allow the use of lower titers, thereby
lowering the risk of an immune response. Currently, the altered prop-
erties of these Y-F mutant capsids are largely believed to be based on
reduced degradation during intracellular trafficking, making the ki-
netics of capsid breakdown different from WT AAVs. Consequently,
additional work is needed to determine the immunogenicity of these
vectors, particularly using a re-administration paradigm, because this
immune response is specifically guided against the WT capsid and
capsid proteins.50 Nevertheless, the penultimate test of the transla-
tional value of these engineered vectors will be in preclinical models
of neurological disease such as Parkinson’s disease and Huntington’s
disease, among others.

Conclusions

In conclusion, we have shown that the incorporation of rationally
chosen mutations in the AAV2 capsid confers improved infectivity
and spread following stereotaxic delivery into the CNS. The combina-
tion of capsid serotype and various versions of mutant capsid proteins
appears to provide a remarkable level of versatility in altering the
transduction profile of the viruses, which may help to tailor applica-
tions of AAVs in different ways. Importantly, the use of such capsid
mutants results in an increased production of a therapeutic transgene,
thus lending itself to further clinical development for disorders where
the transduction of large structures is required.
MATERIALS AND METHODS
Capsid Clones

AAV2

The packaging plasmid pACG2 for AAV2 (T2 WT) was mutated us-
ing site-directed mutagenesis to generate the capsid mutants as previ-
ously described.6,18,21 Capsid tyrosine mutants (Table 1; Figures 2A
and 2B) were generated by mutating Y444F (T2 1Y), Y444F+Y500F+
Y730F (T2 3Y), Y500F+Y730F (T2 2Y#1), Y444F+Y730F (T2 2Y#2),
Y252F+Y272F+Y444F+Y500F+Y704F+Y730F (T2 6Y), T2 3Y and
T491V (T2 3Y +T), and T2 3Y +T + Y272F (T2 4Y +T), and the hep-
arin sulfate binding mutants were generated by mutating R585S,
R588T, and R487G on the T2 3Y capsid (T2 3Y +dH) or the T2
3Y +T capsid (T2 3Y +T +dH).

AAV5

To generate AAV5 capsid mutants (Table 1; Figures 2C and 2D),
AAV5 capsid containing plasmid pACG2r5c (T5 WT) was mutated
at Y719F (T5 1Y), Y263F+Y719F (T5 2Y), and Y242F+Y263+
Y689F+Y693F+Y719F (T5 5Y) as previously described.21

AAV8

Similarly, the plasmid pE518-VD2/8 encoding the AAV8 cap gene
(T8 WT) was mutated as follows: Y733F (T8 1Y), Y447F+Y733F
(T8 2Y), Y447F+Y733F+T494V (T8 2Y +T) as previously described21

(Table 1; Figures S2E and S2F). All mutations were verified using
standard sequencing of the DNA plasmids containing the cap gene.
Viral Genomes and Vector Packaging

All vectors contained an identical viral genome encoding human-
ized GFP under the control of the hybrid chicken b-actin/cytomeg-
alovirus promoter (CBA). In addition, to test the contribution of a
self-complementary genome to the efficacy of transduction, we
packaged a self-complementary genome encoding a truncated
CBA promoter18 together with GFP into the T2 3Y +T capsid
(referred to as T2 3Y +T -SC). The GDNF genome contained the
same CBA promoter followed by the human GDNF coding
sequence with an N-terminal signal peptide.25 All viral genomes
were flanked by AAV2 inverted terminal repeats. Viral particles
were generated as previously described.51,52 In brief, the viral
genome was co-transfected with a helper plasmid encoding either
cap mutant described above together with plasmids encoding rep
and helper functions. Viral particles were purified using an iodixa-
nol gradient followed by column chromatography. Viral titers were
determined using a qPCR assay, and all vector preparations utilized
in this study were normalized to 1.2 � 1012 vg/mL using a balanced
salt solution (Alcon Laboratories).
Animals and Surgery

Experiments were conducted on young adult (220 g) male Sprague-
Dawley rats (Harlan) in accordance with guidelines of the Michigan
State University Institutional Animal Care and Use Committee
(AUF 10/12-196-00). Rats were housed two per cage, maintained in
a light-controlled (12 hr light/dark cycle, lights on at 6:00 a.m.) and
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temperature-controlled (22 ± 1�C) room, and provided with food and
water ad libitum.

In the striatal injection groups, animals received bilateral injections of
the various vectors.23 The animals in the hippocampal injection
groups received unilateral injections because the decussating fibers
of the hippocampus cause bilateral transduction from a unilateral in-
jection.40 Similarly, animals in the GDNF experiment were injected
unilaterally in the striatum in order to retain the naive hemisphere
as an internal control. All surgery was performed under 2% isoflurane
anesthesia. Rats were placed in a stereotaxic frame and received a 2 mL
injection of either vector. Injection coordinates for the striatum were
AP ± 0.0 mm, ML ± 3.0 mm, DV (from dura)�4.0 mm; injection co-
ordinates for the hippocampus were AP�3.3 mm, ML +2.0 mm, DV
(from dura)�2.6 mm. AHamilton syringe fitted with a glass capillary
needle (Hamilton Gas Tight syringe 80,000, 26 s/2” needle [Hamil-
ton], coated in SigmaCote53) was used for the injection. The needle
was lowered to the site and vector injection began immediately at a
rate of 0.5 mL/min. For striatal injections, the needle remained in place
for 1 min following the injection and then retracted 1 mm, where it
remained in place for an additional 4 min before being fully retracted.
For hippocampal injections, the needle remained in place after the in-
jection for the full 5 min before retraction.

Euthanasia and Tissue Preparation

Euthanasia was performed as approved by the Michigan State Uni-
versity (MSU) Institutional Animal Care and Use Committee
(IACUC), and all euthanasia procedures were consistent with the
recommendations of the American Veterinary Medical Association.
All rats were sacrificed 1 month after the vector delivery. Rats were
deeply anesthetized (60 mg/kg pentobarbital, intraperitoneally [i.p.])
and perfused intracardially with heparinized (10 U/mL) 0.9% saline,
followed by ice-cold 4% paraformaldehyde (PFA). Rat brains were
immediately removed and placed in 4% paraformaldehyde for an
additional 24 hr (4�C) and thereafter transferred to 30% sucrose
(in 0.1 M PO4 buffer) until saturated. Brains in the GDNF experi-
ments were removed immediately following the saline perfusion
and hemisected coronally at the level of the cerebral peduncles.
The anterior striatum (used for GDNF ELISA) was dissected from
the portion anterior to the cut,54 weighed, and immediately frozen
at �80�C. The region posterior to the cut, containing the posterior
striatum, was post-fixed in 4% PFA for 72 hr and thereafter treated
with sucrose as described above. Brains were thereafter cut coronally
into a series of 40-mm-thick (for histology) and 20-mm-thick (for
RNAscope in situ hybridization) sections using a freezing stage
sliding microtome.

Immunohistochemistry

Immunohistochemistry (IHC) was performed on free-floating sec-
tions as previously described.54 Primary antibodies used were rabbit
anti-GFP (Abcam ab290, 1:20,000). Following the primary incuba-
tion, sections destined for stereology (GFP) were incubated in
biotinylated secondary antibodies against rabbit IgG (Millipore
AP132b 1:500; MerckMillipore) for 2 hr at room temperature, treated
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with Vector ABC detection kit using horseradish peroxidase (Vector
Laboratories). GFP expression was visualized by treatment of
0.5 mg/mL 3,30 diaminobenzidine and 0.03% hydrogen peroxide in
Tris buffer. Sections were mounted on subbed slides, dehydrated
with increasing concentrations of ethanol followed by xylene, and
coverslipped with Cytoseal (Thermo Fisher Scientific).

Images were taken on a Nikon Eclipse 90i microscope with a QICAM
camera (QImaging). Images were taken from subjects that displayed
mean transduction as measured by stereological cell counts and
created in Photoshop 7.0, with brightness, saturation, and sharpness
adjusted only as needed to best represent the immunostaining as
viewed directly in the microscope.

Stereology

Striatal and hippocampal GFP+ cells were quantified using unbiased
stereology using StereoInvestigator software (Version 4.03; MBF
Bioscience). Brain sections were visualized using 4� magnification
(Olympus BX53 microscope equipped with a motorized stage
[Olympus] and a QImaging 2000R camera [QImaging]), and the
transduction area was outlined. GFP+ cells from every sixth section,
with six to nine sections per animal, were counted using the optical
fractionator method with a 60� oil objective. The coefficient of error
for each estimate was calculated according to Gundersen and Jen-
sen,55 and was less than 0.1 (Gundersen, m = 1). Transduction volume
was calculated using the Cavalieri estimator in StereoInvestigator
using a grid spacing of 100 mm. The outlined transduction areas of
GFP+ cells from the optical fractionator probe were filled using the
Paint Cavalieri mode.

GDNF ELISA

Dissected striata from AAV-GDNF-treated (or GFP control) animals
were analyzed using a GDNF Emax kit (Promega). Samples were ho-
mogenized in 100 mL of buffer according to the kit protocol using a
300 V/T Ultrasonic homogenizer (BioLogics). Striatal samples were
assayed at 1:50 or 1:100 dilutions and quantified with a Multiskan
spectrophotometer (Thermo Fisher Scientific). Raw plate values
were adjusted for tissue weight, and striatal GDNF protein content
was calculated using a standard curve.

Dual-Label RNAscope In Situ Hybridization and

Immunohistochemistry

To evaluate whether the viruses infected microglial cells, we double-
labeled tissue sections with in situ hybridization using a custom-or-
dered probe against a non-transcribed portion of the viral genome
(probe 408321; Advanced Cell Diagnostics)45 and IHC with either
GFAP antibody (Z0334; Dako), Oligo2 antibody (ab109186; Abcam),
or Iba1 antibody (019-19741; Wako) to detect astrocytes, oligoden-
drocytes, or microglia, respectively. In brief, sections (20 mm thick)
from animals injected with WT and mutant AAVs in the striatum
were first labeled with in situ hybridization following a previously es-
tablished protocol,45 which produces brown punctate signal. After
developing the in situ hybridization labeling, the sections were stained
for IHC using the GFAP (1:20,000 dilution), Oligo2 (1:50 dilution), or
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Iba1 (1:1,000 dilution) using the same protocol as described
previously,45 which produces a blue-gray reaction product using the
VectorSG peroxidase substrate according to the manufacturer’s
instructions (SK-4700; Vector Labs). Images were captured and pro-
cessed for publication as described above.

Visualizing AAV Capsid Surface Residues

The coordinates for the VP3 monomers of AAV2 (accession number
Research Collaboratory for Structural Bioinformatics [RCSB] PDB:
1LP3), AAV5 (accession number RCSB PDB: 3NTT), and AAV8
(accession number RCSB PDB: 2QA0) were used to generate a capsid
(60-mer) by icosahedral symmetry matrix manipulation using the
Oligomer generator subroutine in the VIPERdb online server
(http://viperdb.scripps.edu/oligomer_multi.php).56 The capsid coor-
dinates were used to generate surface density images on which the po-
sitions of the tyrosine (red), threonine (yellow), and basic (blue)
residues mutated in this study (Table 1) were displayed. The surface
image was generated using the PyMOL program (The PyMOLMolec-
ular Graphics System version 1.3; Schrödinger). A two-dimensional
“roadmap” image, showing the positions of the mutated residues on
the capsid surfaces of AAV2, AAV5, and AAV8, was generated using
the RIVEM program57 (Figure S2).

Statistical Analysis

Experimenters were blind to all vector group assignments during
data collection and analysis. All statistical tests and graphs were
done using Statview (version 5.0). All comparisons between
different vector constructs were performed using one-way
ANOVA tests, and p % 0.05 was considered statistically significant.
When overall significance was achieved, Tukey’s post hoc test was
used for pairwise comparisons between groups. A simple linear
regression analysis was performed to detect the relationship between
striatal transduction volume and the number of GFP+ cells. All
AAVs used here showed clear transduction of neurons; thus, any
subject that displayed no obvious transduction was excluded from
all analyses.
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