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Adeno-associated virus (AAV)-based vectors have emerged as an effective and widely used technology for so-
matic gene therapy approaches, including those targeting the retina. A major advantage of the AAV technology is
the availability of a large number of serotypes that have either been isolated from nature or produced in the
laboratory. These serotypes have different properties in terms of sensitivity to neutralizing antibodies, cellular
transduction profile and efficiency. The infectivity of AAV vectors depends on the affinity to certain molecules on
the cell surface, in particular to cellular glycosaminoglycans (GAGs) such as heparan sulfate proteoglycans
(HSPGs). Here, we tested how altering HSPG affinity in AAV vectors affects cellular tropism and transduction
efficiency. The previously developed AAV2.GL variant was used as a starting variant to alter or disrupt HSPG
affinity. The HSPG-independent AAV9 serotype was used to introduce different HSPG-binding sites. As an in-
dicator of HSPG affinity, we measured the binding strength of the vector variant on a heparin chromatography
column. We show that modification of capsid-exposed residues has a strong impact on HSPG affinity, cellular
tropism and transduction efficiency in HeLa cells and in vivo in mouse retina. Our study shows that key prop-

erties of AAV vectors can be tailored in different directions and used to improve tropism and efficiency.

1. Introduction

Adeno-associated viruses (AAV) are small non-enveloped viruses
that belong to the Parvoviridae family. Because of their efficiency in
transducing cells, lack of pathogenicity, and favorable immune response
profile, they have become promising vectors for gene therapy (Berns and
Muzyczka, 2017; Wang et al., 2019). The AAV vectors contain a
single-stranded DNA genome that is packaged into a capsid, made of
three structural viral proteins (VP1, VP2, VP3) (Xie et al., 2002). The
three viral proteins share a common VP3 region but differ in their
N-terminal length. The icosahedral capsid is assembled by 5 VP1, 5 VP2
and 50 VP3 proteins. Various AAV serotypes exist (e.g. AAV1, AAV2,
AAV9) that differ in the primary sequence of VP1-3 and therefore
display varying sensitivity to neutralizing sera (Berns and Muzyczka,
2017; Wang et al., 2019).

A crucial step in AAV infection is the initial binding of the viral
capsid to surface molecules of the target cells. The attachment of AAV
particles to the cell occurs through the interaction of surface-exposed

residues of the capsid with cellular glycosaminoglycans (GAGs), such
as heparan sulfate proteoglycans (HSPGs) (Bartlett et al., 2000; Meyer
and Chapman, 2022). HSPGs are composed of a protein core with
attached heparan sulfate chains. These chains facilitate interaction with
various ligands, including the capsid of the most commonly used sero-
type, AAV2 (Summerford and Samulski, 1998). The key residues for
HSPG binding in AAV2 have been identified as amino acids R484, R487,
K532, R585 and R588 of VP1 (Kern et al., 2003). These residues are
mostly surface-exposed and positively charged, which suggests that
electrostatic interactions between positively charged amino acids and
negatively charged heparan sulfate may be the key contributor to
HSPGbinding of AAV2. Other serotypes such as AAV9 lack the ability to
bind HSPG. Instead, the infectivity of AAV9 relies on
galactose-containing receptors (Bell et al., 2011; Shen et al., 2011).
Mechanistic knowledge of receptor-capsid interactions is crucial not
only for understanding virus behavior, but also for the optimization of
viral vectors. Targeted modifications of receptor-binding motifs can
enhance transduction efficiency, stability, and tissue specificity (Bennett
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et al.,, 2021). In this context, heparin affinity chromatography is an
important tool for characterization of receptorbinding of viral vectors.
Heparin, a highly sulfated GAG, is structurally very similar to heparan
sulfate, and can be used as an affinity resin to purify and characterize
AAV particles that bind to HSPG (van Lieshout et al., 2023).

In the present study, we investigated the impact of the HSPG-binding
motif RGNR (585-588 in VP1) of AAV2 on transduction efficiency and
tropism. For this, we used our previously developed AAV capsid variant
AAV2.GL, which contains a 12 amino acid peptide insertion within the
HSPG-binding motif (Pavlou et al., 2021). Here, we show that we can
alter the HSPG affinity of AAV2.GL by rational design and evaluated
how this affects transduction efficiency. Additionally, we artificially
introduced an HSPG-binding motif into AAV9 and determined the
impact on HSPGbinding and transduction. The presence of the motif
correlated with increased HSPG affinity and transduction efficiency.
Together our data suggest that modifying, disrupting, or introducing
HSPG affinity in AAV vectors can be used to optimize transduction and
tailor tropism in cells displaying HSPG.

2. Material and methods
2.1. Cell culture

HEK293T and HeLa cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10 % heat-inactivated fetal calf
serum (FCS), 2 mM 1-glutamine, and 100 pg each of penicillin and
streptomycin/ml at 37 °C in 5 % or 10 % CO,. Cell counts were per-
formed using the Countess™ II FL and Countess™ cell counting chamber
slides (Invitrogen, ThermoFisher Scientific, Germany).

2.2. AAV production and cloning of AAV capsid variants

AAV vectors were produced using a triple plasmid transfection
method as previously described (Rieser et al., 2021). All vectors used
carried a self-complementary AAV vector genome with a CMV-eGFP (sc.
CMV.eGFP) expression cassette as described in (Pavlou et al., 2021).
HEK293T cells were cultured in T75 flasks and transfected with AAV
vector and helper plasmids using polyethyleneimine (PEI). After 48 h,
the cells were removed from the culture dish using a cell scraper and the
cell suspension was centrifuged at 4000 x g. Only the pellet was retained
for further AAV production according to (Rieser et al., 2021), while the
PEI-containing supernatant was discarded to avoid contamination of the
chromatographic system. Initial purification was performed via cation
exchange chromatography (1mL SO3 column, Sartorius BIA Separation,
Slovenia) on an AKTA Pure FPLC system, with elution monitored by UV
absorbance at 280 nm. The collected fractions were concentrated using
Amicon centrifugal filter units with a 100 kDa cutoff to reduce volume
and further concentrate AAV particles. This approach effectively sepa-
rated AAV particles from contaminants, producing high-purity vectors
suitable for research applications. Vector genome titers were determined
by quantitative PCR (qPCR) as described in (D’ Costa et al., 2016). Novel
capsid variants have been designed based on previously characterized
vector AAV2.GL (Pavlou et al., 2021), and AAV9.WT. Plasmids were
produced by either Gibson assembly or site directed mutagenesis of
PRCI9 (Girod et al., 1999; Nicklin et al., 2001) and prAAV9 (Volkner
et al., 2021) plasmids containing the AAV2.GL cap (Pavlou et al., 2021)
or AAV9.WT cap, respectively.

2.3. Heparin affinity chromatography

The Heparin Sepharose column (1mL, Sigma, Germany) was equili-
brated by washing with 5 column volumes (CV) of binding buffer (100
mM NaCl, pH 7.4) at a flow rate of 1 mL/min using the Patfix system
(Sartorius BIA Separations, Slovenia). AAV elution was detected at
excitation and emission wavelengths of 280 nm and 350 nm, respec-
tively, using a fluorescence detector (200-650 nm, Satorius, Germany).
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Vectors were diluted in binding buffer to a concentration of approxi-
mately 1 x 10'° viral genomes (vg) per uL. AAV9 variants had to be
injected with a titer of 5 x 10° “8 for an equal fluorescence signal. 4 mL
of the diluted viral vector solution was loaded onto the equilibrated
Heparin Sepharose column at a flow rate of 0.5 mL/min. This step
allowed for efficient interaction between the AAV particles and the
heparin ligands on the resin. Following sample application, the column
was washed with 10 CV of binding buffer at 1 mL/min to remove un-
bound and loosely bound materials. The column was eluted with
increasing NaCl concentrations in the elution buffer, starting from 100
mM NaCl and progressing to 1 M NacCl for 5CV.

2.4. Transduction efficiency assay

HelLa cells were seeded in a 24 well plate (50.000 cells/well) 24 h
before the infection. All viral vectors carried a sc.CMV.eGFP expression
cassette and were applied in 500 pL and 1000 pL fresh media with a MOI
(multiplicity of infections) of 1000 and 10,000 vg/cell (for AAV2 and
AAV9 vectors, respectively). The transduction efficiency was calculated
as the ratio of the number of eGFP-expressing cells to the number of total
cells. Both numbers were counted using the Countess™ II FL and
Countess™ cell counting chamber slides (Invitrogen by Thermo Fisher
Scientific, Germany).

2.5. Heparin competition assay

HeLa cells were seeded in 24-well plates (50.000 cells/well) 24 h
before the infection. AAV2 and AAV9 vectors were pre-incubated with
varying concentrations of heparin for 30 min and subsequently applied
to the cells at a MOI of 1000 (AAV2) or 10,000 (AAV9). Transduction
efficiency was assessed 24 h after infection by quantifying the propor-
tion of eGFP-positive cells using the Countess™ II FL and Countess™ cell
counting chamber slides (Invitrogen, ThermoFisher Scientific,
Germany).

2.6. Intraocular injections

All animal experiments in this study were conducted in accordance
with German laws and were approved by the local authorities (Regier-
ung von Oberbayern). In vivo experiments involving mice were per-
formed under anesthesia induced by a combination of ketamine (100
mg/kg body weight; Medistar GmbH, Germany) and xylazine (10 mg/kg
body weight, Xylariem®; Ecuphar GmbH, Germany), diluted in 0.9 %
sodium chloride (NaCl 0.9 %, B. Braun, Germany). Anesthesia was
administered via intraperitoneal injection.

Adult male and female C57BL6/J mice aged 6 weeks to 3 months
were utilized in this study. Pupil dilation was achieved using 0.5 %
tropicamide eye drops (Mydriaticum Stulln, Pharma Stulln GmbH,
Germany). Injections were performed either freehand or with the
UMP3T-1 Microinjection Syringe Pump using the Nanofil Sub-Microliter
Injection System (World Precision Instruments, US), equipped with a 34-
gauge beveled needle under an Opmi 1 FR pro surgical microscope (Carl
Zeiss, Germany).

For intravitreal injections, 1 uL of viral vectors at a dose of 5 x 10°
vg, diluted in PBS-MK (1 mM MgCl,, 2.5 mM KCl, 1 M NaCL in PBS), was
carefully injected into the vitreous body of the mouse eye. For subretinal
injections, 1 pL of viral vectors at the same dose were administered.

2.7. Immunohistochemical analysis

Following cervical dislocation, mouse eyes were enucleated and
fixed in 4 % paraformaldehyde in phosphate buffer (PB) for 1 hour at
room temperature. Subsequently, the eyes were incubated overnight in
30 % sucrose in PB and embedded in optimal cutting temperature
compound. The primary antibody used was an anti-GFP chicken poly-
clonal antibody (1:500; GFP-1020, Aves Labs, USA). Cell nuclei in all
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sections were stained with DAPI (1:2000; D1306, Thermo Fisher, Ger-
many). Confocal images were acquired using a Leica SP8 confocal laser
scanning microscope (Leica Microsystems, Germany), and technical
replicates were obtained from different sections. AAV-mediated eGFP
transduction was quantified by analyzing the eGFP-positive pixel area in
the inner nuclear layer (INL) and outer nuclear layer (ONL) using
ImageJ (U. S. National Institutes of Health, Bethesda, USA).

2.8. Statistics

Graphs and statistical analyses were performed using Prism 10
(GraphPad, USA). Results are presented as mean + SEM. Unpaired
Student’s t-test was used to compare two sample populations. Ordinary
one-way ANOVA with Sidék’s multiple comparison was used to compare
grouped datasets of more than two populations. A significance level of a
= 0.05 was accepted (P < 0.05 *, P < 0.01 **, P < 0.001 ***, P < 0.0001

7‘:‘«‘:7‘“‘(’:)

3. Results
3.1. Modifications of HSPG affinity in AAV2

HSPG is the primary receptor of AAV2, and its capsid binds HSPG on
cellular surfaces as the first step of infection (Summerford and Samulski,
1998). Key for this affinity is the arginine-glycine-asparagine-arginine
(RGNR) motif (amino acids 585-588 in VP1), which is located in the
loop of VR (variable region) VIII of each of the viral proteins and is found
60 times on the capsid surface (Fig. 1A) (Kern et al., 2003). To investi-
gate the impact of this motif on the tropism and transduction efficiency
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of the viral vector, we created three AAV2 variants by replacing R588
with a chain of 13 amino acids, thereby disrupting the RGNR motif
(Fig. 1B). At the same time, we reintroduced slightly modified versions
of this motif in the respective insertions. AAV2.GL retains some
HSPG-affinity presumably through a new RAAR motif in which two al-
anines serve as a spacer between the two arginines (Fig. 1C) (Pavlou
et al., 2021). In AAV2.GL.RK, this RAAR motif was altered to RAAK
(Fig. 1D). Since lysine (K, pKs = 10.28) has a slightly less positively
charged sidechain than arginine (R, pKg = 12.1), we hypothesized that
this variant might have a slightly lower affinity for HSPG than AAV2.GL.
Lastly, in AAV2.GL.RG, we mutated the RAAR motif to RAAG (Fig. 1E).
Glycine (G) is a neutral amino acid without a sidechain. We postulated
that this variant exhibits significantly impaired HSPG binding due to
disruption of the RAAR HSPG-binding motif.

To test the HSPG affinity of these AAV capsid variants, we performed
heparin affinity chromatography, using the heparin resin of the column
as a surrogate for HSPG (Xu and Esko, 2014). Wildtype AAV2 (AAV2.
WT) exhibited strong binding to the heparin column, with an elution
peak at around 40 mS/cm conductivity (Fig. 2A). This result is in line
with previous studies (Arnett et al., 2013). AAV2.GL eluted at around 32
mS/cm, whereas AAV2.GL.RK eluted earlier at around 26 mS/cm.
Conversely, AAV2.GL.RG did not bind to the column in the application
step, suggesting elimination of HSPG affinity when RAAR is changed to
RAAG. Overall, these results indicate a weakened interaction between
the mutant capsids and heparin and emphasize the strong affinity of the
naturally occurring RGNR motif of AAV2.WT for HSPG.

HSPG binding is important for host cell transduction (Summerford
and Samulski, 1998). To investigate the effect of the RGNR motif on
transduction, we measured the eGFP signal in HeLa cells, after

VP1-3 VR VIII

Electrostatic
potential:

Negative
Neutral

Positive

Replaced by insertion: | AAAGLSPPTRAAX

AAV2.GL
Insertion{ AAAGLSPPTRAAR]

AAV2.GL.RK AAV2.GL.RG
Insertion: AAAGLSPPTRAAK | Insertion{ AAAGLSPPTRAAG|

Fig. 1. Overview of AAV2 variants. A: Cryo-EM structure of AAV2 zoomed on variable region (VR) VIII (PDB: 8FZ0 by Bennet and McKenna). The surface is colored
by coulombic electrostatic potential. B: Illustration of the modifications. R588 of AAV2.WT was replaced by the indicated insertion sequence. Underlined sequences
represent the (modified) HSPG-binding motif C-E: AlphaFold 3 (Abramson et al., 2024) predictions of VR VIII of AAV2.GL (C), AAV2.GL.RK (D) and AAV2.GL.RG (E)
variants. Amino acid sequence inserted into wildtype viral protein is indicated. Coloring is the same as in A.
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Fig. 2. Evaluation of AAV2 variants in vitro. A: Heparin affinity chromatography. AAV2 vector variants were applied onto a heparin affinity resin, washed, and then
eluted using a sodium chloride gradient. The fluorescence signal was normalized to the baseline and the maximum value. B: In vitro transduction efficiency of AAV2
variants. HeLa cells were transduced with indicated eGFP-expressing AAV2 vectors at an MOI of 1000. Transduction efficiency was determined by counting the
percentage of eGFP-positive cells. Biological replicates n = 3. Bars show mean 4+ SEM. One-way ANOVA was used to compare datasets. (P < 0.05 *, P < 0.01 **, P <
0.001 ***, P < 0.0001 ****) C: HeLa cells were transduced with the indicated eGFP-expressing AAV2 vectors (MOI = 1000 vg/cell) that have been pre-incubated
with increasing concentrations of heparin. Heparin-dependent transduction efficiency was determined by normalizing the GFP signal to that of the sample without

heparin. Biological replicates n = 3. Dots show mean + SEM.

incubation with viral vectors carrying an eGFP-reporter gene (Fig. 2B).
Interestingly, we could detect a significant increase in transduction ef-
ficiency of AAV2.GL.RK compared to AAV2.WT and AAV2.GL. However,
AAV2.GL.RG completely lost the ability to transduce HeLa cells under
these conditions. To further analyze the effect of heparin affinity on
transduction efficiency, we performed a heparin competition experi-
ment in which eGFP-expressing AAV2.WT, AAV2.GL and AAV2.GL.RK
vectors were incubated with different concentrations of soluble heparin
before being applied to HeLa cells. Since AAV2.GL.RG is not able to
transduce HeLa cells (Fig. 2B), this variant could not be tested together
with the other vectors. We normalized the GFP-signal to that of the
sample without soluble heparin, to obtain the heparin-dependent
transduction efficiency. With increasing concentrations of heparin, the
transduction efficiencies of AAV2.WT, AAV2.GL and AAV2.GL.RK
decreased (Fig. 2C). In the presence of 0.8 IU/ml heparin, all three
vectors showed a decrease of transduction efficiency of >90 % (Fig. 2C).
AAV2.GL transduction was significantly more affected by heparin with
an IC50 of 0.140 + 0.01 IU/ml compared to both, AAV2.WT (0.229 +
0.005 IU/ml, adjusted p-value: 0.0009, one-way ANOVA) and AAV2.GL.
RK (0,235 + 0,008 IU/ml, adjusted p-value: 0.8768, one-way ANOVA).

Whereas AAV2.WT and AAV2.GL.RK transduction in the presence of
heparin did not differ significantly from each other (adjusted p-value: 0,
0006, one-way ANOVA).

The interaction between the viral capsid and cellular receptors de-
termines the tropism, i.e. which cell types a virus can transduce. To test
if the RAAR HSPG-binding motif is important for viral tropism, we
injected AAV2.GL and AAV2.GL.RG into the eyes of wildtype mice. In-
jections were done either by subretinal or by intravitreal injection, two
common ways of administrating ophthalmic drugs and gene therapies
(Fig. 3A). After three weeks, the mice were euthanized, and the retina
was processed for immunohistochemistry. Cross-sections of the retina
were examined under a confocal microscope and the eGFP signal in-
tensity was quantified. AAV2.GL showed the previously described strong
transduction pattern of retinal cells (Pavlou et al., 2021) (Fig. 3B).
Subretinal injection resulted in slightly better transduction of the ONL
and slightly worse transduction of the INL compared to intravitreal in-
jection (Fig. 3C). Interestingly, we observed a profound difference in the
performance of AAV2.GL.RG between the two injection methods. The
ratio of intravitreal to subretinal transduction efficiency of AAV2.GL.RG
was 0.10 + 0.052 for ONL and 0.16 + 0.036 for INL. These results
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Fig. 3. AAV2 variants perform differently in vivo A: Illustration of the subretinal and intravitreal injection method. B: In vivo performance of AAV2.GL and AAV2.
GL.RG vector variants in the mouse retina. Confocal microscopy images of retinal cross sections three weeks after either intravitreal or subretinal injection of AAV2
variants. Cells were stained with DAPI (blue, nuclei) and immunolabeled for GFP (green, viral reporter). ONL: outer nuclear layer. INL: inner nuclear layer. Scale bar:
20 um. Biological replicates n = 3. C: Ratio of AAV vector-mediated eGFP expression after intravitreal and subretinal injection in the inner nuclear layer (INL) and

outer nuclear layer (ONL). Biological replicates n = 3. Bars show mean + SEM.

confirm that AAV2.GL.RG is in principle able to transduce retinal cells,
but its tropism is highly dependent on the route of administration.

3.2. Introduction of HSPG affinity into HSPG-inert AAV9

In contrast to AAV2, AAV9 possesses no natural affinity for HSPG.
Here, we replaced A589 (VP1 of the wildtype AAV9) with the 4 amino
acid long RAAR HSPG-binding motif of AAV2.GL (Fig. 4A-B). The aim
was to test if we could introduce an HSPG affinity into AAV9 and how
that would impact the transduction efficiency. For this, we created two
AAV9 variants: AAV9.RAAR contains the RAAR motif (Fig. 4C) whereas
AAV9.RAAK contains the slightly less basic RAAK motif (Fig. 4D).
Notably, both variants, particularly AAV9.RAAR, exhibited lower pro-
duction yields than the wild type, which limited our ability to perform
biological assays.

Nevertheless, we were able to test the heparin affinity using heparin
chromatography. Wildtype AAV9 (AAV9.WT) did not bind to the col-
umn and eluted during the application phase (Fig. 4E). While both
AAV9.RAAR and AAV9.RAAK also eluted during application, they
partially bound to the column and eluted at around 20 mS/cm. Hence,
both variants exhibited heparin binding while the wild type does not.

To evaluate the impact of the introduced motif on transduction ef-
ficiency, we transduced HeLa cells with AAVO.WT and AAV9.RAAK.
Other than the AAV2 variants, these variants required an MOI of 10,000
for efficient transduction of HeLa cells. The low titer of AAV9.RAAR did
not allow testing transduction in HeLa cells. Interestingly, we observed a
significant increase in transduction efficiency of AAV9.RAAK compared
to the wild type (Fig. 4F). This is in line with the observation that the
strong HSPG binder AAV2.WT very efficiently transduces HeLa cells at a
lower MOI of 1000 (see Fig. 2B). If this increased transduction efficiency
of AAV9.RAAK indeed results from the ability to bind HSPG, soluble
heparin should act as a competitive inhibitor of transduction
(Summerford and Samulski, 1998). To test this, we performed a heparin
competition transduction assay. Here, we measured the transduction
efficiency of AAVO.WT and AAV9.RAAK in the presence of increasing
concentrations of soluble heparin. While the transduction efficiency of
AAV9.WT was hardly impacted by soluble heparin, the AAV9.RAAK
variant showed a clear dose-dependent decrease in transduction
(Fig. 4G). Notably, this effect did not merely compensate for the increase
of transduction efficiency of AAV9.RAAK measured in Fig. 4F. Instead,
high concentrations of soluble heparin reduced the transduction of
AAV9.RAAK to a level significantly lower than AAV9.WT.

4. Discussion

This study explored different modifications of HSPG-binding motifs
in the capsid of AAV vectors. We created variants with an altered motif
(AAV2.GL), a slightly less basic motif (AAV2.GL.RK), a disrupted motif
(AAV2.GL.RG) and a newly introduced motif (AAV9.RAAK and AAV9.
RAAR). We tested the AAV capsid variants for HSPG affinity, trans-
duction efficiency and tropism and found that not only the ability to
bind HSPG but also the strength of the affinity greatly impacts the
performance of AAV vectors.

Using heparin affinity chromatography, we measured heparin af-
finity as a proxy for HSPG affinity. Although not identical, heparin and
heparan sulfate are structurally very similar and heparin is used as a
surrogate for heparan sulfate binding due to its broad availability (Xu
and Esko, 2014). We designed the variants rationally according to the
principle of increasing degrees of alteration. As a starting point, we used
AAV2.GL, which was developed earlier in an iterative screening process
of an AAV2-peptide display library aiming for improved retinal trans-
duction (Pavlou et al., 2021). AAV2.GL contains a RAAR motif
compared to the RGNR motif of AAV2.WT. Since the two crucial argi-
nines are still present we consider this the first degree of alteration of the
AAV2.WT HSPG-binding motif. In AAV2.GL.RK, additionally, the sec-
ond arginine was replaced by a lysine. Lysine is still a positively charged
amino acid. Therefore, this variant poses the second degree of alteration.
In AAV2.GL.RG the second arginine was replaced by a glycine, which is
not charged. We consider this variant the third degree of alteration. In
AAV9, the wildtype that hardly possesses natural affinity for HSPG was
used as a starting point. Here, we designed our variant sequences to be
increasingly similar to the 4 amino acid HSPG-binding motif of AAV2.
GL. AAV9.RAAR contains the RAAR motif that poses a first-degree
alteration and AAV9.RAAK contains the RAAK motif which is a
second-degree alteration of the AAV2.WT. Interestingly, we observed a
correlation between the degree of alteration of the AAV2 HSPG-binding
motif and the measured heparin affinity. This validates our rational
design approach and provides a foundation for more extensive modifi-
cations of AAV vectors.

When testing transduction efficiency, we measured no significant
changes between AAV2.WT and AAV2.GL. Interestingly, AAV2.GL.RK
transduced cells significantly better than AAV2.WT and AAV2.GL,
despite showing a lower affinity for heparin. This is not entirely sur-
prising, since (i) viral cell entry is multifactorial and (ii) the relationship
between receptor affinity and transduction efficiency is complex.
Reducing receptor affinity has been previously shown to enhance
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and then eluted using a sodium chloride gradient. F: Transduction efficiency of AAV9.WT and AAV9.RAAK. HelLa cells were transduced with AAV9 vector variants
carrying a genome with a sc.CMV.eGFP reporter gene expression cassette at a MOI of 10,000. Efficiency of transduction was determined by quantification of the
relative number of GFP-positive cells. Bars represent mean + SEM. Significance determined via unpaired t-test (**: P < 0.01). G: HeLa cells were transduced with the
indicated eGFP-expressing AAV9 vectors that have been pre-incubated with increasing concentrations of heparin. Heparin-dependent transduction efficiency was
determined by normalizing the GFP signal to that of the sample without heparin.
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transduction efficiency in liver (Cabanes-Creus et al., 2020) and
co-infusion of soluble HSPG enhanced transduction in the CNS
(Mastakov et al., 2002). However, loss of HSPG affinity in AAV2.GL.RG
also resulted in an inability to transduce HeLa cells. This suggests that
optimal transduction efficiency requires a fine-tuned receptor affinity.

Soluble heparin inhibits the transduction of certain AAV serotypes in
cells by competing with heparan sulfate receptors. This has been used
previously to determine whether an AAV variant utilizes heparan sulfate
receptors for transduction (Halbert et al., 2001; Schmidt et al., 2008;
Summerford and Samulski, 1998). We therefore tested AAV2.WT,
AAV2.GL and AAV2.GL.RK in heparin competition experiments. The
transduction-deficient variant AAV2.GL.RG could not be evaluated in
this test, which relies on transduction. Despite the differences observed
in heparin affinity chromatography, all three variants showed >90 %
inhibition in the presence of 0.8 IU/ml soluble heparin, confirming that
they use heparan sulfate receptors for transduction. Interestingly, the
transduction efficiency of the AAV2.GL variant, which has a heparin
affinity between AAV2.WT and AAV2.GL.RK, was slightly but signifi-
cantly more sensitive to heparin (IC50 of 0.140 IU/ml) compared to the
other two vectors (IC50 of 0.229 and 0.235 IU/ml, respectively). AAV2.
WT and AAV2.GL.RK, which showed a stronger divergence on the
heparin affinity column, did not differ in the heparin competition assay.
This observation emphasizes that cell transduction by AAV vectors is a
complex process that depends on multiple factors and cannot be
explained by individual receptor affinities, such as HSPG affinity, alone.

When comparing AAV9.WT and AAV9.RAAK regarding their trans-
duction efficiency, we noticed a significant increase in transduction ef-
ficiency for AAV9.RAAK. AAVO.WT uses galactose-containing receptors
for infection (Shen et al., 2011), and its galactose-binding domain
(residues N470, D271, N272, Y446, W503, corresponding to VP1
numbering) is not located in variable region VIII (Bell et al., 2012). We
therefore assume that AAV9.RAAK, which we have endowed with an
artificial affinity for HSPG receptors, retains the natural affinity for
galactose-containing receptors. It is possible that the increased trans-
duction efficiency is due to the additional affinity to heparan sulfate
receptors. To test this, we performed a heparin competition assay and
observed a dose-dependent inhibition of transduction efficiency of
AAV9.RAAK but not AAVO. This result suggests that AAV9.RAAK uses its
gained affinity for HSPG for transduction. Compared to the heparin
competition assay performed with the AAV2 vector variants, the
outcome of this experiment was in better agreement with the predictions
based on the heparin affinity chromatography data. However, the
observed inhibition by heparin overcompensated the increase of trans-
duction efficiency observed in the absence of soluble heparin. This is
possibly caused by heparin blocking interaction sites for other receptors.

AAV2.GL was developed for improved retinal transduction and holds
promise to be used for future gene therapies (Pavlou et al., 2021).
Disruption of the RAAR HSPG-binding motif in AAV2.GL.RG completely
abolished the ability to transduce HeLa cells. The effect of loss of HSPG
affinity on retinal transduction in vivo was highly dependent on the
route of administration. Transduction efficiency via subretinal injection
was not substantially impacted by disruption of the RAAR HSPG-binding
motif. However, when delivered via intravitreal injection AAV2.GL.RG
was hardly able to transduce the retina. These results are in line with
previous findings obtained with a variant of AAV2 (AAV2-HBKO) in
which the two arginines in the RGNR have been mutated to alanines
(Sullivan et al., 2018). Like AAV2.GL.RG, AAV2-HBKO vector displayed
low-transduction activity following intravitreal delivery to the mouse
eye and greater photoreceptor transduction following subretinal
delivery.

Our study characterizes the role of HSPG in AAV transduction, which
is the primary receptor used by AAV2 (Summerford and Samulski,
1998). The only marketed retinal gene therapy to date, voretigene
neparpovec, and several other clinical-stage retinal gene therapy pro-
grams use vectors based on the AAV2 capsid or derivatives thereof. In
the context of ocular gene therapy, it is of relevance that the retina and
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adjacent structures are decorated with HSPG (Halfter et al., 2008; Zhang
and Johnson, 2021), which affects the distribution of AAV2-based vec-
tors (Boye et al., 2016; Woodard et al., 2016). In particular, the levels of
HSPG might change in the diseased eye (Bollineni et al., 1997). Thus,
improving our understanding of the role of HSPG in AAV transduction
may have clear implications for developing future ocular gene therapies.
Taken together, our data provides additional evidence that rational
engineering of the AAV capsid provides a powerful approach to modify,
disrupt, or introduce HSPG affinity and thereby customize the tropism
and function of AAV vectors. The opportunities to optimize viral vectors
are vast and still largely unexplored. As gene therapy becomes more and
more established, demand for specific clinical applications will grow.
Fine-tuning viral vectors can help in optimizing target cell transduction
while simultaneously minimizing off-target effects and immune re-
sponses. Therefore, capsid engineering will be an important factor in
expanding the range of therapeutic gene therapy applications.
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