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ABSTRACT

Adeno-associated viruses (AAVs) currently are being developed to efficiently transduce the retina following noninvasive, intrav-
itreal (Ivt) injection. However, a major barrier encountered by intravitreally delivered AAVs is the inner limiting membrane
(ILM), a basement membrane rich in heparan sulfate (HS) proteoglycan. The goal of this study was to determine the impact of
HS binding on retinal transduction by Ivt-delivered AAVs. The heparin affinities of AAV2-based tyrosine-to-phenylalanine
(Y-F) and threonine-to-valine (T-V) capsid mutants, designed to avoid proteasomal degradation during cellular trafficking, were
established. In addition, the impact of grafting HS binding residues onto AAV1, AAV5, and AAV8(Y733F) as well as ablation of
HS binding by AAV2-based vectors on retinal transduction was investigated. Finally, the potential relationship between thermal
stability of AAV2-based capsids and Ivt-mediated transduction was explored. The results show that the Y-F and T-V AAV2 cap-
sid mutants bind heparin but with slightly reduced affinity relative to that of AAV2. The grafting of HS binding increased Ivt
transduction by AAV1 but not by AAV5 or AAV8(Y733F). The substitution of any canonical HS binding residues ablated Ivt-
mediated transduction by AAV2-based vectors. However, these same HS variant vectors displayed efficient retinal transduction
when delivered subretinally. Notably, a variant devoid of canonical HS binding residues, AAV2(4pMut)�HS, was remarkably
efficient at transducing photoreceptors. The disparate AAV phenotypes indicate that HS binding, while critical for AAV2-based
vectors, is not the sole determinant for transduction via the Ivt route. Finally, Y-F and T-V mutations alter capsid stability, with
a potential relationship existing between stability and improvements in retinal transduction by Ivt injection.

IMPORTANCE

AAV has emerged as the vector of choice for gene delivery to the retina, with attention focused on developing vectors that can
mediate transduction following noninvasive, intravitreal injection. HS binding has been postulated to play a role in intravitre-
ally mediated transduction of retina. Our evaluation of the HS binding of AAV2-based variants and other AAV serotype vectors
and the correlation of this property with transduction points to HS affinity as a factor controlling retinal transduction following
Ivt delivery. However, HS binding is not the only requirement for improved Ivt-mediated transduction. We show that AAV2-
based vectors lacking heparin binding transduce retina by subretinal injection and display a remarkable ability to transduce
photoreceptors, indicating that other receptors are involved in this phenotype.

Adeno-associated viruses (AAVs) are nonpathogenic, single-
stranded packaging DNA dependoparvoviruses within the

family Parvoviridae. As the genus name implies, wild-type (WT)
AAV is dependent on helper viruses, such as those in the Adeno-
viridae and Herpesviridae families, for replication. For its safety
and the availability of a wide variety of naturally occurring sero-
types displaying various tissue tropisms, recombinant AAV
(rAAV) has found wide utility as both a gene therapy vector and
biotechnological tool (1). Capsid crystal structures also have been
determined for many of the AAV serotypes (2–9), leading to a
revolution in identifying the structural determinants of receptor
attachment, tropism, and transduction efficiency and, by exten-
sion, the ability to modify the capsid to generate variants with
desired transduction profiles.

One of the major clinical applications of AAV is as a gene
therapy vector for the treatment of blindness. The eye is a partic-
ularly well-suited organ for gene therapy due to its small size,
compartmentalization, and immune-privileged status (10). Clin-
ical trials for RPE65-Leber congenital amaurosis (LCA2) demon-
strate the ability to deliver a therapeutic transgene to the retinal
pigment epithelium (RPE), thereby restoring retinal function and

visually evoked behavior to patients (11–13). However, the ma-
jority of inherited retinal diseases are caused by defects in photo-
receptors, highlighting the need to identify serotypes capable of
transducing this cell type. We and others have shown that various
subretinally delivered AAV serotypes are capable of efficient trans-
duction of photoreceptors in nonhuman primates (NHP) (14–
19). However, subretinal injection of AAV2 under the fovea of
some LCA2 patients led to central retinal thinning and loss of
visual acuity (20). Similar decreases in retinal thickness were ob-
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served in subretinally injected NHP (21). To address the need for
a safer, less invasive delivery route, attention now is focused on
developing AAV vectors that can transduce outer retina (i.e., pho-
toreceptors/RPE) following intravitreal (Ivt) injection.

There are a number of barriers to the transduction of the outer
retina by Ivt-delivered AAVs, the first of which is dilution effect.
The human vitreous volume is approximately 4 ml. If vitrectomy
is not performed, an injection volume no greater than 100 �l is
considered safe (22). This amounts to a 1:40 dilution of the deliv-
ered vector. Second, the vitreoretinal junction, composed primar-
ily of the inner limiting membrane (ILM), a basement membrane
formed by the end feet of Müller glia, poses both a physical and
biological barrier (23). Lastly, there are several layers of neurons
located in the inner and middle retina, anterior to the photorecep-
tors and RPE, which also pose a barrier. Of the naturally occurring
AAV serotypes tested, only AAV2 leads to significant transduction
of retina when delivered to the vitreous (23). This observation is
likely because AAV2’s primary cellular attachment receptor,
heparan sulfate (HS), is a component of the ILM and is present in
the form of heparan sulfate proteoglycan (HSPG) (24, 25). A
group of basic amino acid residues responsible for HS binding
(R484, R487, K532, R585, and R588) has been identified experi-
mentally and structurally mapped to the wall of the protrusions
surrounding the icosahedral 3-fold axis of symmetry of the capsid
(26–29). It has been established that AAV2 accumulates at the
vitreoretinal junction, presumably via its interaction with HS re-
ceptors within the ILM (23). This scenario is supported by the
observation that AAV serotypes that bind sialic acid (e.g., AAV5),
which is absent from the ILM, do not accumulate (23, 30). AAV5
fails to transduce healthy/intact rodent retina when delivered by
Ivt injection, despite being highly efficient in RPE and photore-
ceptors when delivered directly to the subretinal space (31–33).
Indeed, of the AAV serotypes evaluated in the eye, those that bind
HS transduce retina via the vitreous, suggesting that HS binding

plays a key role in the ability of vectors to mediate transduction
(23, 32, 34).

The rational design of the AAV capsid to avoid proteosomal
degradation enhances transduction efficiencies (30, 35–38). This
is accomplished by the substitution of surface-exposed residues
that otherwise would be phosphorylated and thereby target the
capsid for ubiquitin-dependent proteasomal degradation. AAV2
variants containing surface-exposed tyrosine-to-phenylalanine
(Y-F), threonine-to-valine (T-V), or serine-to-valine mutations
or a combination of these mutations exhibit increased transduc-
tion efficiency in several tissues and organs, including the retina
(30, 35, 38). Figure 1 depicts the various cell types encountered by
intravitreally injected AAVs and the relative ability of the ratio-
nally designed AAV2 mutant vectors to penetrate through the
retina. Initial contact occurs with the end feet of Müller glia
(pink), which form the ILM. Müller glia span the entire thickness
of the neural retina and form the outer limiting membrane (OLM)
barrier at the opposite extreme. Next are retinal ganglion cells,
followed by middle retinal cells, such as bipolars. Finally, in the
outer retina are rod-and-cone photoreceptors and RPE. While
AAV2(tripleY-F) very effectively transduces inner/middle retina
via the vitreous, the AAV2(quadY-F) variant promotes the trans-
duction of distal retinal neurons, including photoreceptors (38).
In addition, the inclusion of a T-V mutation on top of
AAV2(quadY-F) produced a variant, AAV2(quadY-F�T-V),
which was capable of transducing up to 25% of photoreceptors
following Ivt injection (30). Notably, when evaluated in vitro (oc-
ular and nonocular cell lines) or for hepatic gene transfer,
AAV2(quadY-F) has lower transduction efficiency than other
variants containing fewer Y-F mutations (37, 39). The mechanism
for the enhanced retinal penetration of AAV2(quadY-F) and
AAV2(quadY-F�T-V) relative to that of other AAV2-based vec-
tors has yet to be established.

The purpose of this study was to explore how HS binding mod-

FIG 1 Schematic of the eye detailing the position of neural retina in the posterior segment, along with a higher-magnification view illustrating basic retinal
anatomy. The inner limiting membrane (ILM) is a typical basement membrane at the vitreoretinal junction and is created by the end feet of Müller glia (pink).
Müller glia span the entire width of the retina, forming barriers at each end, including the ILM in the inner retina and outer limiting membrane (OLM) in the
outer retina. Between the ILM and OLM exist multiple nuclear and plexiform layers. The relative ability of previously described, AAV2-based vectors to transduce
retinal neurons within these various layers following intravitreal injection is shown on the right. Strong transduction is depicted by large font/boldface letters,
whereas weak transduction is depicted by smaller font/gray letters. While AAV2 transduces primarily ganglion cells within the inner retina, AAV2(quadY-
F�T-V) promotes efficient transduction of middle retina, i.e., Müller cells (pink), bipolar cells (navy blue), horizontal cells (tan), and outer retina, i.e.,
photoreceptors (black/red/blue/green) and RPE (gray), following intravitreal delivery in mouse. GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer
plexiform layer; ONL, outer nuclear layer; IS, inner segments of photoreceptors; OS, outer segments of photoreceptors.
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ulates retinal transduction by AAV vectors. We first investigated
heparin binding of AAV2-based Y-F and Y-F�T-V variants. Sec-
ond, we explored whether HS binding enhanced retinal transduc-
tion from Ivt delivery by engrafting HS binding residues from
AAV serotypes known to interact with HS onto those that do not.
Using structural information, we next created a series of AAV2-
based mutants with altered heparin affinities and determined their
transduction profiles in vitro and following Ivt or subretinal injec-
tion in mice. With a subset of these vectors, we next quantified rod
photoreceptor versus non-rod photoreceptor transduction fol-
lowing either Ivt or subretinal injection. Lastly, we evaluated the
relative thermodynamic capsid stabilities of WT AAV2, a selected
group of AAV2-based capsid mutants, and AAV5. Our results
confirm that AAV variants best suited for retinal transduction via
the vitreous are those that bind HS, including those that display
penetrating ability. Those variants with enhanced photoreceptor
transduction from the vitreous have modestly reduced affinity for
heparin relative to that of WT AAV2. Analyses of the AAV2 capsid
structure reveals that the Y-F and T-V mutations do not interact
with canonical HS binding residues on the AAV2 capsid but are
proximal to this receptor interaction site. Additionally, there was a
correlation between capsid stability and enhanced retinal penetra-
tion by variants. The grafting of HS binding to AAV1 by the singlet
addition of the E531K mutation results in a vector phenotypically
similar to AAV6, i.e., capable of significant Ivt-mediated trans-
duction. However, while grafting of AAV2 HS residues onto other
non-HS binding serotypes [AAV5 and AAV8(Y733F)] confers
binding to heparin, this feature alone does not confer retinal
transduction from the vitreous. We show that AAV2-based vari-
ants deficient in HS binding do not transduce retina via the vitre-
ous. However, they efficiently transduce outer retina when deliv-
ered to the subretinal space, suggesting that another ligand and
receptor are responsible for cellular entry in photoreceptors.
Notably, an AAV2-based vector with multiple Y-F and T-V
mutations and devoid of canonical HS binding residues,
AAV2(4pMut)�HS, was highly efficient at transducing photo-
receptors and displayed the ability to spread across the entire
mouse retina. Together, these results establish that AAV-mediated
retinal transduction via the vitreous is dependent on HS binding
and, for subretinal vector delivery, that the ablation of HS binding
of AAV2-based vectors may be an effective strategy for enhancing
biodistribution to photoreceptors.

MATERIALS AND METHODS
Cell lines. HEK293 cells (originally obtained from Nicholas Muzyczka,
University of Florida) and 661W cells (originally obtained from Muayyad
R. Al-Ubaidi, University of Oklahoma) were passaged by dissociation in
0.05% (wt/vol) trypsin and 0.02% (wt/vol) EDTA, followed by replating
at split ratios from 1:3 to 1:6 in T75 flasks. Experiments were conducted on
cells between passages 37 and 50 for HEK293 cells and 28 to 30 for 661W

cells. Cell morphology and growth rates were closely monitored to ensure
cell line identity throughout passages. Cells were maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) containing 5% fetal bovine se-
rum (FBS) and 50 mg/ml Gentamicin and incubated at 37°C in 7% CO2.

Animals. rAAV-mCherry vectors were injected into 1-month-old
C57Bl/6J mice or Nrl-green fluorescent protein (GFP) mice, and rAAV-
Luc vectors were injected into 6-week-old BALB/c mice. All mice origi-
nated from Jackson Laboratories (Bar Harbor, ME), were maintained in
the University of Florida Health Science Center’s animal care facilities,
and were handled in accordance with the ARVO statement for the use of
animals in ophthalmic and vision research and the guidelines of the Insti-
tutional Animal Care and Use Committee of the University of Florida.
Animal work performed in this study was approved by UF’s IACUC (an-
imal protocols 201207573 and 201408321).

Recombinant WT and mutant AAV vector production and purifica-
tion. Recombinant AAV1-, AAV2-, AAV5-, and AAV8-based capsid mu-
tants were generated by site-directed mutagenesis of the appropriate rep-
cap plasmids, pACG2R1C (AAV1), pACG-2 (AAV2) (40), pACG2R5C
(AAV5) (40), and p5E18-VD2/8 (AAV8) (41), using the QuikChange
multi-site-directed mutagenesis kit (200514; Agilent Technologies, CA)
or by standard molecular cloning of synthetic DNA elements containing
the mutated sequence into the appropriate rep-cap plasmids. For most of
the vectors, site-directed mutagenesis or cloning of synthetic fragments of
cap also introduced silent changes that added or removed restriction en-
donuclease sites, thereby aiding in screening. Mutated or altered cap genes
were fully sequenced prior to vector packaging. Existing AAV2 Y-F and
Y-F�T-V capsid variants have been described in prior publications (30,
37). Specific residues mutated in the AAV2 cap gene and their combina-
tions are presented in Tables 1 and 2. A full summary of all mutants used
in animal studies and their respective titers are presented in Table 3. Self-
complementary rAAV vector constructs containing the small chimeric
cytomegalovirus (CMV)/chicken beta-actin promoter (smCBA) driving
mCherry or standard rAAV constructs containing the photoreceptor-spe-
cific human rhodopsin kinase-1 (hGRK1) driving mCherry were pack-
aged in all or a select group of capsid variants for use in ocular injections.
For intravascular delivery, an rAAV vector construct containing the
smCBA promoter driving the firefly luciferase (Luc) cDNA was packaged
in a select number of variants.

The detailed methodology of vector production and purification has
been described previously (40). Briefly, vectors were packaged using a
plasmid-based system in HEK293 cells by CaPO4 double or triple trans-
fection. Cells were harvested and lysed by successive freeze-thaw cycles.
Virus within the lysate was purified by discontinuous iodixanol step gra-
dients, followed by further purification via column chromatography on a
5-ml HiTrap Q Sepharose column using a Pharmacia AKTA fast pressure
liquid chromatography (FPLC) system (Amersham Biosciences, Piscat-
away, NJ, USA). Vectors then were concentrated and buffer exchanged

TABLE 1 Summary of specific Y-F and/or T-V substitutions in the
AAV2 cap gene

Capsid nomenclature Mutation(s)

AAV2 None
AAV2(tripleY-F) Y444F, Y500F, Y730F
AAV2(quadY-F) Y272F, Y444F, Y500F, Y730F
AAV2(quadY-F�T-V) Y272F, Y444F, Y500F, Y730F, T491V
AAV5 None

TABLE 2 Summary of HS variants engineered and testeda

Capsid nomenclature Mutations

AAV2(tripleY-F�T-V)
[also called AAV2(4pMut)]

Y444F, Y500F, Y730F, T491V

AAV2(4pMut)�R-S Y444F, Y500F, Y730F, T491V,
R585S

AAV2(4pMut)�R-T Y444F, Y500F, Y730F, T491V,
R588T

AAV2(4pMut)�R-S�R-T Y444F, Y500F, Y730F, T491V,
R585S, R588T

AAV2(4pMut)�R-S�R-T�R-G
[also called AAV2(4pMut)�HS]

Y444F, Y500F, Y730F, T491V,
R585S, R588T, R487G

a All variants were built from AAV2(4pMut) capsid containing three Y-F and one T-V
substitution. AAV2 canonical HS binding residues were replaced with structurally
equivalent residues from non-HS binder AAV5. Substitutions of canonical HS residues
are in boldface.
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into Alcon BSS (sodium, 155.7 mM; potassium, 10.1 mM; calcium, 3.3
mM; magnesium, 1.5 mM; chloride, 128.9 mM; citrate, 5.8 mM; acetate,
28.6 mM; osmolality, 298 mOsm) supplemented with Tween 20 (0.014%).
Virus titers were determined by quantitative PCR (qPCR) relative to a
standard and stored at �80°C as previously described (21).

Heparin columns. WT and variant rAAV vectors, at 200 to 400 ng in
PBS-MK buffer (1� phosphate-buffered saline [PBS], 1 mM MgCl2, 2.5
mM KCl), were loaded onto an equilibrated 300-�l heparin column
(H6508; Sigma), and the flowthrough was collected by gravity flow. The
column was washed with 5 column volumes of PBS-MK buffer, and
bound virus was eluted with increasing concentrations of NaCl in
PBS-MK buffer in 50 mM increments. The load, wash, and elution frac-
tions were boiled at 100°C for 10 min and analyzed by dot blotting. The
samples were loaded on a nitrocellulose membrane and immunoblotted
with primary antibody B1 (American Research Products, Inc., Waltham,
MA), which recognizes a linear epitope at the C terminus of the AAV viral
proteins and a horseradish peroxidase (HRP)-linked anti-mouse second-
ary antibody from sheep (GE Healthcare Life Sciences, Pittsburgh, PA).
These experiments were conducted in triplicate. For AAV2-based vari-
ants, column saturation was confirmed by signal in the flowthrough for all

samples. Average pixel intensity within the blot was measured in ImageJ
using a template circle centered over each spot. Arbitrary values ranging
from 0 (white) to 255 (black) were plotted.

Negative-stain electron microscopy of capsids. Five microliters of
the rAAV vectors was loaded onto a carbon-coated copper electron mi-
croscope (EM) grid (Ted Pella, Inc., Redding, CA), incubated for 2 min,
and negatively stained with 2% uranyl acetate. The EM grids were exam-
ined with an FEI Spirit Transmission EM operated at 120 kV, and the
images were collected at �46,000 magnification with a Gatan 2,000- by
2,000-pixel charge-coupled device (CCD) camera.

Differential scanning fluorescence (DSF) stability assay. Approxi-
mately 23-�l aliquots of rAAV vectors at �0.1 mg/ml were incubated with
2.5 �l of 1% Sypro-orange (Bio-Rad Laboratories, Inc., Hercules, CA.) in
96-well format PCR plates for analysis in a myIQ PCR instrument (Bio-
Rad). The temperature was gradually increased from 30°C to 99°C at a rate
of 0.5°C every 10 s, and the rate of change of fluorescence was measured.
The melting temperature (Tm) was determined to be the maximum value
of the first derivative of the rate of change of fluorescence with tempera-
ture. This point represents a stage at which 50% of the sample has dena-
tured.

TABLE 3 Summary of rAAV vectors used in in vivo animal experiments

Capsid name and assessment typea Construct Amt delivered (vg) Mutation(s)

Qualitative assessment of transduction
following Ivt and subret delivery

AAV1 Sc-smCBA-mCherry 1 � 1010

AAV1(E531K) Sc-smCBA-mCherry 2 � 1010 E531K
AAV6 Sc-smCBA-mCherry 2 � 1010 None
AAV5 Sc-smCBA-mCherry 2 � 109 None
AAV5�HS Sc-smCBA-mCherry 2 � 109 S575R, S576G, T577N, T578R
AAV8(Y733F) Sc-smCBA-mCherry 2 � 109 Y733F
AAV8(Y733F)�HS Sc-smCBA-mCherry 6 � 109 Y733F, Q588R, Q589G, T591R
AAV2 Sc-smCBA-mCherry 2 � 109 None
AAV2(quadY-F�T-V) Sc-smCBA-mCherry 1 � 1010 Y272F, Y444F, Y500F, Y730F, T491V
AAV2(tripleY-F�T-V), i.e.,

AAV2(4pMut)
Sc-smCBA-mCherry 1 � 1010 Y444F, Y500F, Y730F, T491V

AAV2(4pMut)�R-S Sc-smCBA-mCherry 2 � 1010 Y444F, Y500F, Y730F, T491V, R585S
AAV2(4pMut)�R-T Sc-smCBA-mCherry 2 � 109 Y444F, Y500F, Y730F, T491V, R588T
AAV2(4pMut)�R-S�R-T Sc-smCBA-mCherry 4 � 1010 Y444F, Y500F, Y730F, T491V, R585S, R588T
AAV2(4pMut)�HS Sc-smCBA-mCherry 1 � 1010 Y444F, Y500F, Y730F, T491V, R585S, R588T,

R487G
AAV2 Sc-smCBA-mCherry 5 � 109 None
AAV2(quadY-F�T-V) Sc-smCBA-mCherry 5 � 109 Y272F, Y444F, Y500F, Y730F, T491V
AAV2(4pMut) Sc-smCBA-mCherry 5 � 109 Y444F, Y500F, Y730F, T491V
AAV2(4pMut)�HS Sc-smCBA-mCherry 5 � 109 Y444F, Y500F, Y730F, T491V, R585S, R588T,

R487G
AAV5 Sc-smCBA-mCherry 5 � 109 None

Quantitative assessment of
photoreceptor-specific
transduction following Ivt and
subret delivery

AAV2(quadY-F�T-V) GRK1-mCherry Multipleb Y272F, Y444F, Y500F, Y730F, T491V
AAV2(4pMut) GRK1-mCherry Multipleb Y444F, Y500F, Y730F, T491V

Quantitative assessment of liver
transduction following
intravascular delivery

AAV2 smCBA-LUC 2 � 1011 None
AAV2(4pMut)MAX �HS smCBA-LUC 2 � 1011 Y444F, Y500F, Y730F, T491V, R585S, R588T,

R487G
AAV2(quadYF�T-V) smCBA-LUC 2 � 1011 Y272F, Y444F, Y500F, Y730F, T491V

a Subret, subretinal.
b For Ivt injection, 4 � 109 and 4 � 1010; for subret injection, 2 � 109 and 1 � 1010.

Boye et al.

4218 jvi.asm.org April 2016 Volume 90 Number 8Journal of Virology

http://jvi.asm.org


Visualization of surface mutations on AAV capsid. To visualize the
location of the residue mutations on the AAV capsid surfaces, the VP3
monomer coordinates for AAV2 (1LP3), AAV5 (3NTT), and AAV8
(2QA0) were downloaded from the RCSB website (www.rcsb.org). The
appropriate residues were interactively mutated in the VP3 coordinates
using the COOT program (42). The mutated monomer coordinates were
used to generate capsid surface icosahedral asymmetric unit “roadmaps”
from a monomer in a standard icosahedral orientation using the RIVEM
program (43). The mutated VP3 monomers also were used to generate
60mer coordinates by icosahedral matrix multiplication in the Vi-
perdb online server (http://viperdb.scripps.edu/oligomer_multi.php).
The 60mer coordinates were used to generate capsid surface images using
the PyMol program (44).

Quantification of rAAV vector transduction in vitro. rAAV infec-
tions of HEK293 and 661W cells followed previously described methods,
with minor variations (39). Cells were plated in 96-well plates at a con-
centration of 20,000 cells/well. The following day, they were infected with
rAAV vectors at 5,000, 10,000, or 50,000 vector particles/cell. Three days
postinfection, cells were dissociated with Accutase solution (MP Biomedi-
cals, Solon, OH), and 10,000 cells per sample were counted and analyzed

using a BD LSR II flow cytometer equipped with BD FACSDIVA 6.2
software (BD Biosciences, San Jose, CA). Uninfected control cells also
were counted and analyzed to establish transduction efficiency baselines.
Data were obtained from three samples for each vector. mCherry fluores-
cence was quantified with a PETexas-Red-A filter with an excitation wave-
length of 532 nm and an emission band pass of 600 to 620 nm. The
transduction efficiency of each AAV serotype then was calculated by mul-
tiplying the percentage of cells positive for mCherry by the mean fluores-
cence intensity. The values of three samples for each vector then were
averaged to obtain a final transduction efficiency value for each serotype.

Ocular injections. Ivt rAAV vector injections were performed as pre-
viously described (30). Extreme care was taken to ensure that the retina
was not perforated during the procedure so as to avoid leakage of vector
into the subretinal space. This was confirmed visually for each injection
using a Nikon SMZ800 dissecting microscope fitted with an Olympus
C-4040 camera and F1.8 super bright zoom lens. If a perforation was
suspected, that eye was excluded from the study. Subretinal injections
were performed as previously described (45). Analysis was carried out
only on animals that received comparable, successful injections (�60%
retinal detachment with no surgical complications). For qualitative exper-

FIG 2 Heparin binding assay and electron micrographs of various AAV2-based recombinant vectors containing tyrosine-to-phenylalanine and/or threonine-
to-valine substitutions. (A) The heparin binding elution profiles of AAV2 (positive control), AAV2 mutants (tripleY-F, quadY-F, and quadY-F�T-V), and AAV5
(negative control) at different salt concentrations. (B) Quantification of HS binding data from panel A. (C) Negative-stain electron micrographs of the
corresponding vectors from panel A observed at �46,000 magnification. White scale bars are 50 nm in length and are located at the bottom left of each
micrograph. L, load; FT, flowthrough; W, wash.

Role of Heparan Sulfate in Retinal Transduction by AAV

April 2016 Volume 90 Number 8 jvi.asm.org 4219Journal of Virology

http://www.rcsb.org
http://viperdb.scripps.edu/oligomer_multi.php
http://jvi.asm.org


iments involving rAAV6, rAAV1, and rAAV1(E531K), 1 �l of vector-
containing solution was delivered subretinally or intravitreally to
C57Bl/6J mice at titers ranging from 1 � 1010 to 2 � 1010 vg/�l. For
qualitative experiments involving Ivt or subretinal injections of rAAV2,
rAAV2(quadY-F�T-V), rAAV2(4pMut), rAAV2(4pMut)�HS, and all
other HS capsid variants containing smCBA-mCherry, 1 �l of vector-
containing solution was delivered to C57Bl/6J mice at titers ranging from
2 � 109 to 2 � 1010 vg/�l. A total of 5 mice were used per vector and per
injection route in the aforementioned experiments. For the quantifica-
tion experiment evaluating Ivt or subretinal injection of rAAV2,
rAAV2(quadY-F�T-V), rAAV2(4pMut), and AAV2(4pMut)�HS vec-
tors, 1 �l of vector-containing solution was delivered at an identical titer
(5 � 109 vg/�l) to all Nrl-GFP mice. All cohorts contained at least three
mice with the exception of mice subretinally injected with AAV5 (n 	 2).
For the quantification experiment evaluating rAAVs containing hGRK1-
mCherrry, 1 �l of AAV2(4pMut)- or AAV2(quadY-F�T-V)-containing
solution was delivered intravitreally at high (4 � 1010 vg/�l) or low (4 �
109 vg/�l) doses or subretinally at high (1 � 1010 vg/�l) or low (2 � 109

vg/�l) doses. Each cohort contained 5 mice. Concentrations for all rAAVs
used in animal experiments are summarized in Table 3.

Intravascular injections of rAAV-Luc and in vivo bioluminescence
imaging. Intravascular delivery of rAAV-Luc was achieved by direct in-
jection of virus-containing solution into the retro-orbital venous sinus of
6-week-old BALB/c mice as previously described (46). Vector (2 � 1011

total vg) was delivered in a 100-�l volume using a 28-gauge needle. Treat-
ment groups were n 	 3 for AAV2, n 	 4 for AAV2(4pMut)�HS, and n 	
3 for AAV2(quadY-F�T-V). Four weeks following rAAV-Luc injection,
mice were anesthetized with 2% isoflurane, administered luciferin sub-
strate (Life Technologies, Grand Island, NY), and imaged 3 min later for
bioluminescence using the Xenogen IVIS Lumina system (Caliper Life
Sciences, Hopkington, MA). The analysis of relative signal intensity
was done using Living Image 3.2 software (Caliper Life Sciences, Hop-
kington, MA).

Quantification of rAAV vector transduction in vivo. Four weeks af-
ter subretinal or intravitreal injection with rAAV2, rAAV2(4pMut)�HS,
rAAV2(4pMut), rAAV2(quadY-F�T-V), or rAAV5 vectors containing
smCBA-mCherry in Nrl-GFP mice, mCherry expression was docu-
mented using a Micron III fundoscope (Phoenix Research Laboratories,
Pleasanton, CA) with a red fluorescent filter. mCherry expression was
similarly documented at 6 weeks after subretinal or intravitreal injection
of AAV2(4pMut) or AAV2(quadY-F�T-V) vectors containing hGRK1-
mCherrry in C57Bl/6J mice. Exposure settings were identical for imaging
all intravitreally or subretinally injected mice, with intravitreally injected
retinas requiring a relatively longer exposure. Immediately following fun-
doscopy, mice were enucleated and eyes from three Nrl-GFP or C57Bl/6J
mice were fixed, dissected, sectioned, and stained as described below. In
addition, neural retinas from between 3 and 6 Nrl-GFP eyes per cohort
were harvested, taking care to remove retinal pigment epithelium, and
dissociated with papain (3150; Worthington Biochemical Corporation,
Lakewood, NJ) as previously described (30). Fluorescence-activated cell
sorter (FACS; BD LSR equipped with FCS Expression, version 4, flow
research edition, software; BD Biosciences, San Jose, CA) was performed
on treated, dissociated retinas from Nrl-GFP mice and untreated controls
to quantify the percentage of cells that were positive for GFP (i.e., rod
photoreceptors), mCherry (non-rod retinal neurons or Müller glia trans-
duced by rAAV), or both (rod photoreceptors transduced by rAAV).
Non-rod transduction percentages were calculated by dividing values
from the lower-right quadrant by the product of the values of the lower
right plus values of the lower left times 100. Rod transduction percentages
were calculated by dividing values from the upper right by the product of
upper-right values plus upper-left values times 100. The percentages of
rods and non-rod neural retinal cells transduced by each vector via each
injection route were separately averaged. Two-tailed, unpaired t tests were
used to statistically compare transduction efficiencies, with significance
defined as a P value of 
0.05. For the quantification of photoreceptor
transduction by the rAAV vectors carrying the photoreceptor-specific

FIG 3 Capsid sequences of rAAV6, rAAV1, and rAAV1(E531K) and their transduction profiles following intravitreal or subretinal injection of rAAV in mouse
retina. (A) rAAV1(E531K) is grafted with the HS binding determinant of AAV6 via a glutamic acid-to-lysine (E-K) substitution at position 531. (B) rAAV6-,
rAAV1-, and rAAV1(E531K)-mediated mCherry expression (red) following Ivt or subretinal injection of between 1 � 1010 and 2 � 1010 vector genomes in
C57BL/6J mice. IS/OS, inner segments/outer segments of photoreceptors; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar,
34 �m.
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hGRK1-mCherry construct, fundus images were taken centered on the
optic nerve. Images of all subretinal or Ivt-injected eyes were taken at the
same exposure, excitation intensity, and gain. Pixel intensity in the red chan-
nel was quantified in each eye using ImageJ (http://imagej.nih.gov/ij/; Na-
tional Institutes of Health) and averaged across the entire fundus image.
These values (arbitrary units of 1 to 255) then were averaged within each
cohort (n 	 3) and compared using two-tailed unpaired t tests, with
significance defined as a P value of 
0.05.

Immunohistochemistry and microscopy. Eyes from Nrl-GFP and
C57Bl/6J mice were enucleated (at 4 and 6 weeks postinjection, respec-
tively) and fixed in 4% paraformaldehyde for �12 h. Eyecups were dis-
sected and prepared for sectioning according to previously described
methods (47). Ten-micron retinal sections throughout the eyecup were
cut and stored at �80°C. Retinal sections were rinsed in 1� PBS (3 times
for 10 min each), incubated in Triton X-100 (30 min) and then 1% bovine
serum albumin (BSA)– 0.3% Triton X-100 (30 min), and rinsed again in
1� PBS (3 times for 10 min each). A subset of retinal sections from treated
Nrl-GFP mice were stained with primary antibodies directed against cone
arrestin (rabbit polyclonal, 1:10; generously provided by Clay Smith),
purkinje cell protein 2 (PCP2) (rabbit polyclonal, 1:200; sc-68356; Santa
Cruz), and calbindin (rabbit polyclonal, 1:750; AB1778; Millipore) to la-
bel cones, ON bipolar cells, and horizontal cells, respectively. Incubation
in primary antibodies (4°C overnight) was followed by a 1-h incubation in
Cy5-conjugated goat-anti rabbit secondary antibody (1:500; A10523; In-
vitrogen). All were counterstained with 4=,6=-diaminio-2-phenylindole
(DAPI) for 5 min. Retinal sections (20� and 40�) were imaged using
spinning-disk confocal microscopy (Nikon Eclipse TE2000 microscope

equipped with the PerkinElmer Ultraview modular laser system and
Hamamatsu O-RCA-R2 camera). All images were analyzed for native
mCherry or Cy5-labeled cone arrestin, PCP2 or calbindin, and DAPI ex-
pression using appropriate laser lines/filter settings. All settings (expo-
sure, gain, and laser power) were identical for each respective magnifica-
tion. Entire eyecups from each mouse were visualized, and representative
images from areas that fairly represented transduction within each cohort
were captured. For subretinally injected eyes, images were acquired within

FIG 4 Capsid sequences, heparin binding, and electron micrographs of AAV5
and AAV8(Y733F) variants designed to bind HS. (A) Residues of AAV2 that
were inserted into AAV5 and AAV8(Y733F) are highlighted in gray, with ad-
ditional residues inserted by Opie et al. highlighted in black (29). (B) The
heparin binding elution profiles of AAV2 (positive control), AAV5, and
AAV8(Y733F) variants compared to those of their parent vectors AAV5 and
AAV8(Y733F) (negative controls) at different salt concentrations. (C) Nega-
tive-stain electron micrographs of the corresponding vectors from panels A
and B are visualized at �46,000 magnification. Scale bar in panel C, 50 nm. L,
load; FT, flowthrough; W, wash.

FIG 5 (A) rAAV5-, rAAV5�HS-, rAAV8(Y733F)-, and rAAV8(Y733F)�HS-
mediated mCherry expression (red) following subretinal or intravitreal injec-
tion of between 2 � 109 and 6 � 109 vector genomes in C57BL/6J mice. The
image of retina receiving AAV5 by subretinal injection was extended vertically
to allow for visualization of transduction of RPE that was detached during the
processing of tissue. IS/OS, inner segments/outer segments of photoreceptors;
ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
Scale bar, 34 �m. (B) Transduction efficiency of unmodified AAV5 and
AAV5�HS in 661W cone photoreceptor cells. Vectors were used at multiplic-
ities of infection (MOI) of 10,000 and 50,000. mCherry expression was calcu-
lated with FACS by multiplying the percentage of positive cells by the mean
fluorescence intensity in each sample. The red line indicates the value under
which all signal is noise (no transduction is observed relative to that of blank
cells).
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the bleb. Care was taken to avoid areas of extremely high or low transduc-
tion, the optic nerve head, or extreme peripheral retina.

RESULTS AND DISCUSSION
AAV2 Y-F and Y-F�T-V variants bind HS. AAV2-based variants
containing multiple Y-F and Y-F�T-V mutations were evaluated
for their affinities to HS by heparin affinity column chromatogra-
phy. All variants tested bound heparin, while AAV5, the negative
control, did not (Fig. 2A and B). The AAV2 variants all bound HS
with slightly reduced affinity relative to that of WT AAV2, includ-
ing the AAV2(quadY-F) and AAV2(quadY-F�T-V) variants
shown previously to be capable of photoreceptor transduction via

FIG 6 Heparin binding of rAAV2 and rAAV2(4pMut) capsids. Heparin bind-
ing elution profiles of AAV2(4pMut) and AAV2 (for comparison) at different
salt concentrations.

FIG 7 (A) Heparin binding elution profiles of the different AAV2 HS variants along with AAV2 (positive control) and AAV5 (negative control) at different salt
concentrations. (B) mCherry expression (red) following Ivt or subretinal injection of between 2 � 109 and 4 � 1010 vector genomes in C57BL/6J mice of
rAAV2(quadY-F�T-V), rAAV2, rAAV2(4pMut), rAAV2(4pMut)�R-S, rAAV2(4pMut)�R-T, rAAV2(4pMut)�R-S�R-T, and rAAV2(4pMut)�R-S�R-
T�R-G [also called AAV2(4pMut)�HS]. (C) Transduction efficiency of AAV2 variants in HEK293 cells. All vectors were used at a multiplicity of infection
(MOI) of 5,000. mCherry expression is shown in arbitrary units on the y axis, calculated by multiplying the percentage of positive cells by the mean fluorescence
intensity in each sample. The red line indicates the value under which all signal is noise (no transduction is observed relative to that of blank cells). (D)
Negative-stain electron micrographs of the corresponding vectors from panel A observed at �46,000 magnification. L, load; FT, flowthrough; W, wash; IS/OS,
inner segments/outer segments of photoreceptors; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bar in panel A, 40 �m. Scale
bar in panel D, 50 nm.
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the vitreous (30, 38). Negative-stain electron microscopy revealed
no gross structural changes in any of the capsid variants (Fig. 2C).
Y-F and T-V mutations on the AAV2 capsid have surface prox-
imities of T/V491 and Y/F730 to the HS binding residues (28, 29),
while the other residues are distributed throughout the capsid
surface. The slight reduction in heparin binding compared to that
of WT AAV2 suggests a minor but noticeable effect on the func-
tion of the HS residues on the capsid by the Y-F and/or T-V sub-
stitution. The specific effect each mutation has on HS affinity
requires further investigation. It is worth noting that the AAV2-
based variant, AAV7m8, selected for its ability to transduce pho-
toreceptors via the vitreous by Schaffer et al. (like the AAV2 Y-F
and T-V variants), also binds heparin but with lower affinity than
that of WT AAV2 (48). In the case of AAV7m8, it is presumed that
the insertion of the 9mer peptide at position 587/588 leads to steric
hindrance of the HS binding residues clustered within this capsid
vicinity.

Grafting of HS affinity onto AAV1 confers efficient intravit-
real transduction. To probe the effect of HS binding on retinal
transduction when vector is delivered via the vitreous, two closely
related AAV serotypes, AAV1 and AAV6, which differ by 6/736

residues, including E531K, an HS binding determinant for AAV6
(34), were compared (Fig. 3). AAV6 previously has been reported
to efficiently transduce inner retina via the vitreous, while AAV1
promotes only limited transduction when delivered via this route
(32). In this study, Ivt delivery of rAAV1, an rAAV1(E531K) mu-
tant (grafted with the AAV6 HS determinant), and rAAV6 vectors
expressing mCherry into C57BL/6J mice showed similar retina
tropism between rAAV1(E531K) and rAAV6, with transduction
observed predominantly in Müller glia (Fig. 3B). The subretinal
delivery of all three vectors resulted in the robust transduction of
the outer retina (Fig. 3B). It was previously reported that shH10,
an AAV6-based variant mined from an AAV library by screening
in human astrocytes in culture, efficiently transduces Müller glia
following Ivt injection (49). The conclusion made by authors after
analyzing the relative transduction of capsid variants containing
individual residues and combinations of residues differing be-
tween AAV6 and ShH10 was that improvements in the latter re-
sulted from an increase in HS affinity of ShH10 relative to AAV6
(49). Thus, the AAV1(E531K) phenotype likely is due to a gain of
HS binding ability.

Effects of grafting HS affinity on photoreceptor-philic sero-
types. We next asked whether the grafting of HS binding onto
AAV serotypes that display strong photoreceptor transduction via
subretinal delivery would result in transduction from Ivt delivery.
AAV5- and AAV8-based vectors mediate the robust transduction
of photoreceptors by subretinal injection but do not effectively
transduce retina when injected intravitreally (30, 50). Previously,
it was shown that the substitution of key canonical HS binding
residues of AAV2 into AAV5 and AAV8 capsids conferred binding
to HS (29, 51). We replaced the structurally equivalent residues in
AAV5 and AAV8(Y733F) with amino acids 585 to 588 of AAV2
(RGNR) (Fig. 4A) and confirmed their ability to bind heparin by
column chromatography (Fig. 4B). We also determined that there
were no gross structural abnormalities of the capsid by negative-
stain electron microscopy (Fig. 4C). The evaluation of the trans-
duction efficiencies of WT rAAV5, rAAV5�HS, rAAV8(Y733F),
and rAAV8(Y733F)�HS in vivo showed no retina transduction
for the WT and HS variants when delivered intravitreally (Fig.
5). While the AAV5 and AAV8(Y733F) data were expected, the
observations for the HS variants were contradictory to the pre-
diction that HS binding would facilitate retinal transduction
from the vitreous. Subretinally delivered AAV8(Y733F) and
AAV8(Y733F)�HS transduced both photoreceptors and RPE
equally, whereas AAV5�HS transduction by subretinal injection
was reduced relative to that of AAV5 (Fig. 5). We note that previ-
ous attempts at grafting HS binding onto AAV5 have resulted in
virus deemed to be noninfectious (29). In this study, we limited
the number of substitutions to the core RGNR residues, where
Opie et al. replaced RGNRQA (Fig. 4A) (29). While we did observe
clear evidence of transduction mediated by subretinal delivery of
the rAAV5�HS vector, the levels were far below that observed for
the unmodified rAAV5 (Fig. 5). To confirm that rAAV5�HS was
indeed infectious, we infected 661W cells, a cone photoreceptor
cell line previously shown to be permissive to AAV5 (39), with
rAAV5�HS and rAAV5 carrying mCherry and quantified trans-
duction via FACS. Our results confirmed that the rAAV5�HS
vector was infectious; however, transduction efficiency was re-
duced relative to that of WT AAV5 (Fig. 5B).

HS affinities of AAV2-based vectors with mutations to ca-
nonical HS residues. In previous studies, it was shown that

FIG 8 In vivo imaging of luciferase gene expression at 4 weeks postintravas-
cular delivery of AAV2, AAV2(4pMut)�HS, or AAV2(quadY-F�T-V). All
vectors were delivered by injection to the retro-orbital venous sinus at a dose of
2 � 1011 vector genomes. (A) Comparison of live images of bioluminescence
from two representative mice (ventral position) per cohort. (B) Relative signal
intensities. The values are means from the log base 10 value of flux relative to
results for the non-luciferase-expressing control; the error bars represent stan-
dard deviations. p/s, photons per second.
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rAAV2(quadY-F) and rAAV2(quadY-F�T-V) vectors promoted
significant transduction of photoreceptors from Ivt injection in
both small- and large-animal models (30, 38, 52). Of the AAV2-
based variants to be tested, rAAV2(tripleY-F�T-V) has the stron-
gest liver transduction following intravascular delivery and exhib-
its maximal nuclear translocation (35). We rationalized that a
variant with maximal proteasome avoidance and similar HS affin-
ity relative to that of AAV2 would make a good template for mu-
tagenesis. For the sake of simplicity, we refer to AAV2(tripleY-
F�T-V) as AAV2(4pMut), in reference to the four proteosome
avoidance mutations on the capsid. We confirmed that
AAV2(4pMut) bound heparin with affinity similar to that of WT
AAV2 (Fig. 6). We then sought to modulate the HS binding
of AAV2(4pMut) via selective mutagenesis of AAV2 canonical HS
binding residues by replacement with structurally equivalent res-
idues from non-HS binder AAV5 (Table 2) with the goal of further
characterizing the effect of HS binding on retina transduction from

Ivt delivery. Three substitutions were made in AAV2(4pMut), R487G
(R-G), R585S (R-S), and R588T (R-T), yielding a total of 4 variants,
AAV2(4pMut)�R-S, AAV2(4pMut)�R-T, AAV2(4pMut)�R-S�
R-T, and AAV2(4pMut)�R-S�R-T�R-G [which we refer to as
AAV2(4pMut)�HS] (Table 2). Collectively, we refer to this group of
vectors as the HS variants. The capsid integrity of AAV2(4pMut) and
the HS variants was confirmed by EM, and heparin binding was eval-
uated by column chromatography (Fig. 7A and D). None of the HS
variants tested bound heparin to any significant extent. They all
produced intact particles (Fig. 7D).

Intact HS residues are required for retinal transduction by
AAV2-based vectors via the vitreous. The goal of this set of ex-
periments was to determine if Ivt delivery of the HS variants facil-
itated transduction. To this end, HS variant vectors were injected
at the highest available titer, except for rAAV2(4pMut), which was
diluted and delivered at 1 � 1010 vg/�l. The evaluation of trans-
duction by intravitreally delivered rAAV2(4pMut) and the

FIG 9 Transduction profiles of rAAV2-based vectors with various HS affinities following subretinal or intravitreal injection in Nrl-GFP mice. rAAV2,
rAAV2(quadY-F�T-V), rAAV2(4pMut), and rAAV2(4pMut)�HS vectors were delivered at a dose of 5 � 109 vector genomes. Both in-life fundus images and
representative retinal sections are shown. IS/OS, inner segments/outer segments of photoreceptors; ONL, outer nuclear layer; INL, inner nuclear layer; GCL,
ganglion cell layer. Scale bar in panel A, 50 �m. (B) AAV2(4pMut)�HS-mediated mCherry expression in non-rod neural retinal cells. Costaining with antibodies
against cone arrestin (left), purkinje cell protein (PCP2) (middle), or calbindin (right) reveal the transduction of cone photoreceptors and, to a much lesser
extent, bipolar cells (white arrows), horizontal cells (white arrows), and Muller cells (yellow arrows in the middle panel). IS/OS, inner/outer segments; ONL,
outer nuclear layer; INL, inner nuclear layer; GC, ganglion cell layer. Scale bar in panel B, 12 �m.
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FIG 10 Relative transduction efficiencies of unmodified rAAV2, rAAV2(quadY-F�T-V), rAAV2(4pMut), rAAV2(4pMut)�HS, and rAAV5 in rod photore-
ceptors and non-rod neural retina and glia following intravitreal or subretinal injection in Nrl-GFP mice. (A, B, and D) FACS analysis was used to quantify the
percentage of cells that were GFP positive (rods), mCherry positive (neural retinal cells/glia transduced by rAAV), and both GFP and mCherry positive (rods
transduced by rAAV). Plots from pooled treated and untreated retinas are shown in panels A, B, and D. (C) Quantification of the percent transduction by
rAAV2-based vectors, as determined by mCherry expression, of non-rod neural retina and rods in intravitreally (left) and subretinally (right) injected Nrl-GFP
mice. Differences between cohorts were significant in all cases except those labeled NS (not significant). (D) Quantification of the percent transduction by rAAV5,
as determined by mCherry expression, of non-rod neural retina and rods in subretinally injected Nrl-GFP mice. Error bars represent � one standard deviation.
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HS variants revealed that AAV2(4pMut) strongly transduced
inner retina following Ivt injection. The observed tropism of
AAV2(4pMut) was consistent with the pattern of transduction
previously reported for AAV2(tripleY-F) (38). Mutations to any
or all of the canonical HS residues resulted in the failure of the HS
variants to transduce retina by Ivt injection (Fig. 7B). The HS
variants also failed to transduce HEK293 cells in vitro (Fig. 7C).
However, subretinal injection of all HS capsid variants resulted in
clear and robust retinal transduction (Fig. 7B).

Intravascular delivery of AAV2(4pMut)�HS does not result
in liver transduction. Given the robust transduction of photore-
ceptors by AAV2(4pMut)�HS and the fact that the parent capsid
with intact HS binding, AAV2(4pMut), has been shown to be the
most efficient AAV2-based capsid for transducing liver (35), we
sought to verify that AAV2(4pMut)�HS, like other AAV2 capsids
deficient in HS binding (53), was detargeted from liver. We com-
pared transduction after intravascular delivery through the retro-
orbital venous sinus of AAV2(4pMut)�HS relative to AAV2. In
addition, we tested the AAV2(quadY-F�T-V) variant, as it has
not previously been evaluated via this delivery route. Delivery of
2 � 1011 vg of rAAV2(4pMut)�HS did not result in appreciable
expression (Fig. 8). In contrast, the typical pattern of liver-re-
stricted expression was observed for AAV2. Despite containing
the same 4 mutations (Y444F, Y500, Y730F, and T491V) in
AAV2(4pMut) that confer greatly improved liver transduction
when multiplexed (35), AAV2(quadY-F�T-V) transduced liver
only modestly better than AAV2 (Fig. 8). This is in agreement with

the reduced HS affinity of AAV2(quadY-F�T-V) relative to that
of AAV2 and HS binding being the main determinant of liver
transduction (53). Empty AAV2 capsid with mutations to disrupt
HS binding (AAV585/588) has been used as a decoy to adsorb
neutralizing antibodies to AAV capsid (54). Additionally, AAV2
Y-F vectors have been shown to reduce T-cell-mediated hepato-
toxicity by minimizing cross-presentation through avoidance of
the proteasome (55). Significantly, AAV2(4pMut)�HS possesses
mutations from both classes of variants and thus seems well suited
for use as a capsid decoy, because what small fraction of capsid that
could achieve cellular entry presumably would be less likely to be
processed for cross-presentation.

HS affinity impacts photoreceptor transduction efficiency.
Building on the qualitative assessment of transduction by rAAVs
described above, we selected a group of AAV2-based variants with
which to quantify rod photoreceptor and non-rod transduction
following Ivt or subretinal injection. This was accomplished using
Nrl-GFP mice, a model with constitutively GFP-expressing and,
thus, sortable rod photoreceptors (56). Because rods comprise
�95 to 97% of all photoreceptors in mouse (cones are 3 to 5%),
this population of GFP� cells nicely represents outer neural retina.
Prior to dissociation, the easily visible pigmented RPE is carefully
removed from the retina. Therefore, contained within the GFP-
negative population are cones, middle/inner retinal neurons (bi-
polar cells, horizontal cells, astrocytes, amacrine cells, and retinal
ganglion cells), and Müller glia. Nrl-GFP mice were injected with
equal amounts (5 � 109 vg) of rAAV2, rAAV2(quadY-F�T-V),

TABLE 4 Comparison of transduction of non-rod neural retinal cells and rod photoreceptors across rAAVs

Cell type and route of infection

Transduction levela

AAV2(4pMut)�HS AAV2 AAV2(4pMut) AAV2(quadY-F�T-V)

Ivt
Non-rod neural retina

Control uninjected NS ** ** **
AAV2(4pMut)�HS — ** ** **
AAV2 — NS **
AAV2(4pMut) — *
AAV2(quadY-F�T-V) —

Rods
Control uninjected NS ** ** **
AAV2(4pMut)�HS — NS * **
AAV2 — * *
AAV2(4pMut) — NS
AAV2(quadY-F�T-V) —

Subretinal
Non-rod neural retina

Control uninjected **** **** *** ****
AAV2(4pMut)�HS — **** **** ****
AAV2 — NS ****
AAV2(4pMut) — ****
AAV2(quadY-F�T-V) —

Rods
Control uninjected **** *** **** ***
AAV2(4pMut)�HS — **** **** ****
AAV2 — NS ****
AAV2(4pMut) — **
AAV2(quadY-F�T-V) —

a Statistical comparison of the percent transduction of non-rod neural retinal cells and rod photoreceptors was performed across rAAVs. *, **, ***, and **** indicate statistical
significance at P values of 
0.05, 0.01, 0.001, and 0.0001, respectively, according to the two-tailed unpaired t test. NS, not significant. —, not applicable.
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rAAV2(4pMut), or rAAV2(4pMut)�HS carrying the mCherry
transgene. As expected, fundoscopy and immunohistochemistry
of retinal cross sections at 6 weeks postinjection revealed strong
transduction by AAV2(quadY-F�T-V) and AAV2(4pMut) fol-
lowing either Ivt or subretinal delivery (Fig. 9A). AAV2 weakly
transduced retina via both routes. While AAV2(4pMut)�HS
failed to transduce retina by Ivt injection (Fig. 9A and B), it
strongly transduced outer retina following subretinal delivery and
exhibited greater lateral spread than all other vectors tested, as
evidenced by the wider relative area of mCherry fluorescence in

fundus images (Fig. 9A). This is unlike AAV2, AAV2(quadY-
F�T-V), and AAV2(4pMut), which exhibited maximal transduc-
tion that was restricted to the area of maximal vector exposure
(i.e., within the core of the bleb/retinal detachment) (Fig. 9A).
IHC confirmed the strong transduction of cone photoreceptors by
AAV2(4pMut)�HS. The transduction of Müller glia, bipolar cells,
and horizontal cells, while observed, was less common (Fig. 9B).

FACS analysis of dissociated Nrl-GFP retinas was used to
quantify the percentage of cells that were GFP� (rods), mCherry�

(non-rod retinal neurons and Müller glia transduced by rAAVs),

FIG 11 Transduction of rAAV2(4pMut) and rAAV2(quadY-F�T-V) vectors containing a photoreceptor-specific hGRK1 promoter and mCherry transgene
following either subretinal or intravitreal injection at two doses in C57BL/6J mice. mCherry expression in representative fundus images (A) and retinal sections
(B) reveals relatively higher transduction of photoreceptors (PRs) by AAV2(quadY-F�T-V) following either subretinal or intravitreal injection at both doses. (C)
Transduction was quantified using relative mCherry-mediated pixel intensity in fundus images such as those seen in panel A (three per cohort). LD, low dose;
HD, high dose; IS/OS, inner/outer segments; ONL, outer nuclear layer; INL, inner nuclear layer; AU, arbitrary units. Scale bar in panel B, 20 �m.
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or both GFP� and mCherry� (rods transduced by rAAVs) (Fig.
10). While the amount of rods transduced by Ivt-delivered
AAV2(quadY-F�T-V) or AAV2(4pMut) did not significantly differ,
the former transduced significantly more non-rod retinal neurons/
glia following Ivt delivery than all other vectors tested (P 	 
0.05)
(Fig. 10C and Table 4). Significantly higher retinal transduction
was achieved with subretinally delivered AAV2(4pMut)�HS than
with all other vectors tested (P 	 
0.0001) (Fig. 10C and Table 4).
FACS confirmed that AAV2(4pMut)�HS transduced �75%
of rods, which represents �6- and �2.5-fold increases over
AAV2(4pMut) and AAV2(quadY-F�T-V), respectively. It is
worth noting that subretinal injection blebs of 1 �l in an adult
mouse retina cover approximately 60% to 80% of the retina.
Therefore, AAV2(4pMut)�HS transduced all rods within the
bleb, and likely those outside the bleb as well. Notably, using this
method, we found photoreceptor transduction by subretinally de-
livered AAV2(4pMut)�HS to be more robust than that achieved
by AAV5, a known photoreceptor-philic serotype (Fig. 10D and
E). Subretinal AAV2(quadY-F�T-V) transduced significantly
more photoreceptors than AAV2(4pMut) (P 	 
0.0001). Taken
together, these results indicate that HS affinity is a key determi-
nant of photoreceptor transduction efficiency for subretinally de-
livered rAAVs. The lack of HS binding of the other photoreceptor-
philic serotypes, AAV5 and AAV8, is consistent with this. Because
the vast majority of inherited retinal diseases are caused by pho-
toreceptor-specific defects, interest in identifying the most effi-
cient AAV vectors with which to target these cells remains high.
The ideal vector will affect therapy with the fewest number of
capsid particles. The high efficiency and enhanced biodistribution
for photoreceptors by AAV2(4pMut)�HS suggests it is a promis-
ing candidate for use in photoreceptor-targeted gene therapies.
The ability to transduce areas outside the retinal detachment is
advantageous, particularly if it enables the transduction of the
macula and fovea without detachment of the structures.

Comparison of photoreceptor-specific transduction by
AAV2(quadY-F�T-V) and AAV2(4pMut) following Ivt deliv-
ery. Data described above revealed that both AAV2(quadY-
F�T-V) and AAV2(4pMut) transduce rod photoreceptors fol-
lowing Ivt injection. We next quantified the relative performance
of these variants by utilizing a construct containing the photore-
ceptor-specific human rhodopsin kinase (hGRK1) promoter driv-
ing mCherry in C57Bl/6J mice (14, 57). Mice were injected intra-
vitreally with 4 � 1010 vg (high dose) or 4 � 109 vg (low dose) or
subretinally with 1 � 1010 vg (high dose) or 2 � 109 vg (low dose).
Although C57Bl/6J mice do not have sortable photoreceptors and,
thus, FACS cannot be used as described above, hGRK1 has been
shown to restrict transgene expression to rods and cones following
subretinal injection (14, 57). Representative fundus images and
retinal cross sections revealed a clear dose response for each vector
following either injection route (Fig. 11A and B). Retinal cross
sections confirmed that mCherry expression was limited to pho-
toreceptors for both vector doses and injection routes. Represen-
tative images revealed that AAV2(quadY-F�T-V) transduced
more photoreceptors than dose-matched AAV2(4pMut). The
photoreceptor-restricted expression of mCherry allowed for the
quantification of fluorescence intensities in fundus images and
thereby a comparison of relative transduction efficiencies (Fig.
11C). Significantly higher transduction was observed for
AAV2(quadY-F�T-V) than for AAV2(4pMut) following Ivt in-
jection at the high dose (P 	 
0.01) (Fig. 11C).

AAV2 variants show altered capsid stability with respect to
the WT. The capsid stability of AAV2 Y-F/T-V and HS variants, as
evaluated by DSF, showed a difference from WT AAV2. All of the
Y-F/T-V capsid variants were more stable than WT AAV2, with
the T-V change increasing stability by �3°C more than the Y-F
variants (Fig. 12). Of note, the two variants observed to transduce
photoreceptors by Ivt injection, AAV2(4pMut) and AAV2
(quadY-F�T-V) (Fig. 12), clustered together in regard to their
stability. Further investigation is required to definitively deter-
mine whether capsid stability contributes to increased retinal
transduction via the vitreous for these vectors. Interestingly, while
AAV2(4pMut) was found to be more stable than WT AAV2, the
removal of HS residues from AAV2(4pMut) reverted stability to
the WT AAV2 level.

Conclusions. In this study, we established that HS binding is a
determinant of retinal transduction for AAV1/6 and AAV2. For
AAV2-based vectors, the observation that the mutation of estab-
lished HS binding residues (R487, R585, and R588) produced vec-
tors completely incapable of transducing retina by Ivt injection or
HEK293 cells in vitro supports the current understanding that
AAV2 is dependent on HS as a primary receptor for infection (24).
However, the observation of efficient photoreceptor/RPE trans-
duction following subretinal injection of all HS binding-deficient
vectors, most notably AAV2(4pMut)�HS, provides strong evi-
dence that another receptor, not HS, is mediating infection in
these cells. Further characterization of AAV2(4pMut)�HS by gly-
can array analysis, for example, will be required to determine if a
gain in receptor utilization has been acquired. In the context of
strategies for further enhancing AAV for retinal transduction via
the vitreous, it is clear that the maintenance of HS binding is
important. The fact that no retinal transduction was observed
following intravitreal injection of AAV2(4pMut)�HS, and that
AAV1(E531K), but not AAV1, is able to transduce the retina via
this route suggests that HS binding is required in the early stages of

FIG 12 Thermal profile of wtAAV2, AAV2-based capsid mutants, and AAV5
vectors which were determined by DSF. The peak temperature or melting
temperature of each vector is recorded in the table and the standard deviation
calculated from the experiments, all of which were done in triplicates.
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the process, where capsid first must associate with the vitreoretinal
junction. The observation that AAV5�HS and AAV8(733F)�HS
bind heparin but fail to promote retinal transduction via the vit-
reous indicate that the ability to bind HS is not the only require-
ment for Ivt-mediated transduction. Alternatively, the overly
strong affinity to heparin by AAV5�HS and AAV8(Y733F)�HS
vectors may prevent them from moving beyond the ILM. Taken
together, it is reasonable to suggest that the first step of retinal
transduction by intravitreally injected AAV2-based vectors in-
volves HS binding which promotes cellular entry upon contact
with the ILM, regardless of the ultimate cell type to be transduced.
Furthermore, to improve the photoreceptor transduction efficacy
of these vectors, a balancing act likely is required to reduce HS
affinity (thereby increasing photoreceptor tropism) in a way that
does not interfere with the ability of the capsid to utilize HS for
cellular entry at the ILM. Lastly, the observation of increased sta-
bility for the capsids that mediate photoreceptor transduction by
Ivt injection suggests that this is an area for future exploration.
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