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cation of the adeno-associated
virus capsid to improve gene delivery†
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Laurence Dubreil,b Sébastien G. Gouin, c Jean Philippe Combal,d Mirja Hommel,e
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Gene delivery vectors based on adeno-associated virus (AAV) are highly promising due to several desirable

features of this parent virus, including a lack of pathogenicity, efficient infection of dividing and non-dividing

cells and sustained maintenance of the viral genome. However, the conclusion from clinical data using

these vectors is that there is a need to develop new AAVs with a higher transduction efficiency and

specificity for relevant target tissues. To overcome these limitations, we chemically modified the surface

of the capsid of AAV vectors. These modifications were achieved by chemical coupling of a ligand by the

formation of a thiourea functionality between the amino group of the capsid proteins and the reactive

isothiocyanate motif incorporated into the ligand. This strategy does not require genetic engineering of

the capsid sequence. The proof of concept was first evidenced using a fluorophore (FITC). Next, we

coupled the N-acetylgalactosamine ligand onto the surface of the AAV capsid for asialoglycoprotein

receptor-mediated hepatocyte-targeted delivery. Chemically-modified capsids also showed reduced

interactions with neutralizing antibodies. Taken together, our findings reveal the possibility of creating

a specific engineered platform for targeting AAVs via chemical coupling.
Introduction

Adeno-associated virus (AAV) is a small non-enveloped single
stranded DNA (ssDNA) virus whose capsid is composed of 60
viral proteins (VP1, VP2 and VP3 with an average ratio of around
1 : 1 : 10).

Viral vectors derived from AAV have become the tool of
choice for gene transfer, mainly because of their greater in vivo
efficiency compared to other vectors, their tropism for a broad
variety of tissues, and their excellent safety prole.1 Therapeutic
efficacy following AAV vector gene transfer has been reported in
several preclinical studies and, over the past decade, some of
these approaches have been successfully transferred to clinical
practice, leading to exciting results in the eld of gene therapy.2
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tion (ESI) available. See DOI:
Market approval of two AAV-based gene therapy products
(Luxturna® and Zolgensma®) in Europe and the USA consti-
tutes additional evidence that the eld is progressing from
proof-of-concept studies toward clinical development.3–5

Nonetheless, clinical human trials have shed light on the
limitations of using AAV vectors as therapeutics due to their
broad tropism, which results in transgene expression in off-
target tissues.1 It is also well recognized that host- and vector-
related immune challenges need to be overcome for long-term
gene transfer.6,7

Most gene therapy applications to date have used the sero-
type 2 (AAV2) due to its high in vivo level of transduction in
a wide range of mammalian post-mitotic cells, including
muscle cells, hepatocytes and neurons.8–12 This serotype has
also been used for gene transfer to the muscle and liver in
clinical trials for hemophilia B13 and has been approved to be
used in the retina for the treatment of Leber congenital amau-
rosis.5 The discovery of naturally occurring AAV isolates (>100
serotypes)14 in humans and animals species and genetic
modication of the capsid of these AAV serotypes using
molecular tools15–17 resulted in promising results in preclinical
animal models and phase I/II clinical trials, which foster
exciting clinical translation in the near future. However, their
therapeutic index remains low, which implies that high
concentrations have to be administered (>1014 AAV particles per
This journal is © The Royal Society of Chemistry 2020
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kg) with the risk of adverse effects such as immunogenicity and
toxicity.18,19 Moreover, a large part of the human population is
also seropositive for AAV and has developed neutralizing anti-
bodies (NAb) impairing gene delivery.20 Thus, the current
technology delivers recombinant AAV with a perfectible low
therapeutic index.

Recently, the graing of a functionalized RGD peptide onto
the capsid of a genetically modied AAV to specically target
tumor cells was reported.21,22 The results showed the possibility
of attaching a ligand onto the capsid of AAV in order to improve
its transduction efficiency for tumor cells. However, this
approach required the introduction of an azide moiety into the
AAV capsid by mutating the VP3 sequence and introducing
unnatural amino acids. Consequently, the manufacturing of
genetically modied AAV with this specic coupling function-
ality remains very demanding because it requires optimization
of each step of production and purication, followed by
complex characterization of the particles.

An alternative approach is to develop engineered AAV
through chemical strategies without the need to modify the
amino acid composition of the AAV capsid. Lysine residues on
the viral surface are most commonly exploited as a molecular
anchor for conjugating amine-reactive molecules. For example,
amine-reactive taxol has already been conjugated to the amino
groups of the AAV surface, as conrmed qualitatively by dot blot
analysis.23 The resulting taxol-AAV particles did not effectively
eradicate cancer cells in vitro, possibly due to the limited drug
conjugation and its low release from the virus.23 PEGylated AAV
particles via amine functionalities have also been developed to
protect the virus from neutralization and enable signicant
levels of gene expression upon re-administration without
compromising the patient's immune system.24,25 While these
examples from the literature are very promising and encour-
aging, there is still the need of improvement to increase the
therapeutic index of AAVs.

The liver remains a main target for gene therapy. Successful
long-term gene transfer to the liver has the potential to treat not
only various plasma protein deciencies, including hemophilia,
but also metabolic disorders such as ornithine trans-
carbamylase (OTC) deciency,26 methylmalonic acidaemia,27

familial hypercholesterolaemia syndromes, and the biochem-
ical effects of a number of lysosomal storage disorders.
Receptor-mediated endocytosis is one of the most attractive
approaches to deliver drugs to specic cell types, particularly
hepatocytes. The asialoglycoprotein receptor (ASGP-R), highly
expressed on the hepatocytes, is a carbohydrate-binding protein
that recognizes and binds N-acetylgalactosamine (GalNAc) or
galactose residues. The efficient endocytosis of appropriate
ligands, i.e. GalNAc, has long been a validated strategy in
medicinal chemistry for liver-specic drug and gene delivery.28

Here, we have used targeting ligands with a reactive iso-
thiocyanate coupling functionality for chemical modication of
the AAV capsid. The proof of concept was rst validated with the
uorophore FITC to nd the optimal conditions (buffer and pH)
of covalent coupling on the surface of the AAV capsid, avoiding
the degradation of the virus during the process. Next, we
developed a viable and easy method to chemically modify the
This journal is © The Royal Society of Chemistry 2020
AAV with hepatocyte-targeting ligands (GalNAc) and demon-
strated a signicant increase in hepatocyte transduction in vitro
compared to the non-modied AAV. Interestingly, when injec-
ted into mice, chemically modied AAV generated less anti-
capsid antibodies compared to natural AAV2 vectors. This
versatile bioconjugation method will be of high interest to tune
AAV capsid immunoreactivity and tropism in multiple thera-
peutic applications.

Results and discussion

We rst investigated the optimal buffer and pH conditions for
bioconjugation, which are key factors impacting both the viral
vector stability and the chemical coupling yields. Classically, for
the modication of amino groups of proteins by nucleophilic
addition, it is recommended to work with Na2CO3/NaHCO3

buffer at pH ¼ 9.3. The AAV2 capsid is not altered when
formulated in the following buffers: Na2CO3/NaHCO3 pH ¼ 9.3
(ref. 29–31), PBS,32,33 dPBS23 or HEPES at pH ¼ 7.4 (ref. 24).
However, it is well established that buffer pH and composition
can affect infectivity. In this work, we rst screened different
buffers and showed that incubation of AAV2 in TBS buffer at pH
¼ 9.3 for 4 h had no harmful effect on the transduction effi-
ciency of HEK293 cells measured by green forming units (GFU),
contrary to the use of PBS or, to a lesser extent, dPBS (Fig. S1-
A†). Surprisingly, the infectivity of AAV2 in Na2CO3/NaHCO3

buffer at pH ¼ 9.3, Fig. S1-B,† was reduced in a log scale
compared to AAV2 in TBS buffer at the same pH.

These results clearly demonstrate that the impact of the
buffer composition is an important factor to consider in
developing a technological platform for AAV capsid modica-
tions with chemical compounds.

Using the available crystallographic data on the AAV2
structure, we have determined the surface exposed amino acid
residues on the capsid and the number of reactive functional-
ities available for chemical modications. We focused our study
on lysine residues bearing the reactive primary amino group
involved in chemical coupling. Crystallographic data are only
available for the VP3 subunit and not for VP1 and VP2.34 VP2
and VP3 share a common C-terminal amino-acid sequence with
VP1 and are shortened by 67 and 137 residues, respectively, in
their N-terminus part compared to VP1. Thus, only the amino
acids located in the VP1/VP2/VP3 overlapping sequence were
incorporated into our analysis. Nonetheless, VP1/2 N-terminal
domains are thought to be inside the capsid under physiolog-
ical conditions, potentially limiting their accessibility for
chemical modication.

According to the AAV2 sequence, there are 18 lysine residues
(out of 34) located in VP3, eight of them being exposed on the
capsid external surface (Fig. S2†). Considering that there are 60
VP3 proteins per particle, this gives a total of 480 amino groups
potentially accessible for chemical coupling on the AAV2 capsid.

Fluorescein isothiocyanate (FITC) was rst used to prove the
feasibility of covalent graing on the capsid surface. We antic-
ipated that isothiocyanate-armed compounds would form
a covalent thiourea bond with the amino groups of the lysine on
the AAV surface.
Chem. Sci., 2020, 11, 1122–1131 | 1123
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Fluorescein, a chemically related uorophore without the
reactive isothiocyanate functionality, was used as a control to
prove the covalent linkage of FITC and to exclude the physical
adsorption of the molecule on the AAV2 surface (Fig. 1A and B).

Dot blot analysis using the A20 antibody, which recognizes
assembled AAV capsids, indicated that AAV particles remained
intact aer undergoing the reaction and subsequent dialysis
(Fig. 1C). Notably, positive FITC and negative uorescein dots
(Fluo) demonstrated the covalent coupling of FITC onto the
virus capsids and not its adsorption (Fig. 1D and E). Indeed,
dialysis treatment of the samples and extensive washing during
dot blot experiments should remove free molecules that are not
covalently bond to the capsid. Western blot analysis was per-
formed to further conrm the successful conjugation of FITC to
the AAV capsid subunits. A polyclonal antibody was used to
detect the denatured capsid proteins. As subunits are incorpo-
rated into the AAV capsid in a 1 : 1 : 10 ratio (VP1 : VP2 : VP3),
a more intense VP3 band compared to VP1 and VP2 was
observed under all the conditions tested. This also indicated
that the AAV2 capsid subunits remained intact aer undergoing
the reaction and subsequent dialysis against dPBS + pluronic
(Fig. 1F). An anti-FITC antibody was used to detect the presence
of FITC covalently linked to the AAV capsid subunits. As shown
in Fig. 1G, the capsid subunits from AAV2 and AAV2 incubated
with uorescein did not yield any positive bands. However,
Fig. 1 Covalent coupling of FITC onto the capsid of AAV2 via primary
amino groups. (A) 1012 vg of AAV2-GFP vectors were added to
a solution of FITC (3� 105 eq.) in TBS buffer (pH 9.3) and incubated for
4 h at RT. (B) The procedure was carried out with fluorescein (3 � 105

eq.) as a control. (C–E) 109 vg of each condition was analyzed by dot
blot using the A20 antibody that recognizes the assembled capsid (C)
or using an anti-FITC antibody (D) or by direct fluorescence emission
(E). (F and G) 5� 108 vg of the same samples were analyzed by western
blot using a polyclonal antibody to detect denatured AAV capsid
proteins (F) or using an anti-FITC antibody (G). (H) 1010 vg of each
condition was analyzed by silver nitrate staining.

1124 | Chem. Sci., 2020, 11, 1122–1131
AAV2 incubated with FITC showed positive bands at appro-
priate molecular weights of VP1, VP2, and VP3, unambiguously
demonstrating the covalent coupling of FITC onto the three
subunits of the AAV capsid.

In order to visualize all the proteins and to conrm that there
was no degradation during the chemical process, silver staining
of the different conditions was also carried out.

As shown in Fig. 1H, the expected ratio of VP1 : VP2 : VP3
was observed under all the conditions tested.

All the analytical methods used in this study proved the
covalent coupling of FITC onto the surface of the AAV2 capsid
while maintaining the integrity of the virus capsid. Further-
more, we showed that TBS buffer can be used for the chemical
modication of amino groups on the AAV capsid by the
formation of a thiourea bond.

It is well established that genetic mutations of specic
surface-exposed amino acids have an impact on AAV2 infec-
tivity. Li et al. showed that the substitution of surface-exposed
lysine residues increased the transduction efficiency of geneti-
cally modied AAV2 for murine hepatocytes in vivo.35 Lee et al.24

and Le et al.25 reported that chemical modications of surface-
exposed amino groups with PEG derivatives decreased the
interaction of the virus with neutralizing antibodies. Thus,
genetic or chemical modications of the AAV2 capsid have
a clear impact on different key parameters, like the trafficking of
the modied virus and the interaction with neutralizing
antibodies.

Nonetheless, none of these studies have evaluated the
possibility of modulating the density of molecules conjugated
on the surface of AAV2. Indeed, ne-tuning the molecule
coating could be critical in improving the therapeutic index of
the particles. AAV2 binds to its primary receptor heparan
sulfate using a basic cluster of amino acids (R484, R487, K532,
R585, and R588) located at the threefold axis of symmetry.
Moreover, Patel et al. have identied a subset of ve peptides
on the AAV2 capsid, which potentially reconstitute a single
neutralizing epitope, and three of these peptides are
composed by at least one lysine.20 Thus, chemical modication
of these essential amino groups could signicantly impact
trafficking and binding interactions with neutralizing
antibodies.
Fig. 2 Modulation of the number of FITC molecules on the capsid of
AAV. (A) 5� 108 vg of the samples were analyzed by western blot using
a polyclonal antibody to detect denatured AAV capsid proteins or (B)
an anti-FITC antibody to detect VP capsid proteins chemically modi-
fied with FITC molecules.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Confocal imaging of modulated AAV2-FITC. (A–C) HeLa cells
transduced with AAV2 and incubated with A20 primary antibody and
Al647 secondary antibody. Red fluorescence from A20 immunolab-
eling (B) was detected. (D–F) HeLa cells transduced with AAV2-3� 105

FITC and incubated with A20 primary antibody and Al647 secondary
antibody. Green FITC fluorescence (D) and red fluorescence from A20
immunolabeling (E) were detected. Colocalisation of FITC and A20-
Al647 (F). (G–I) HeLa Cells were transduced with AAV2-3 � 106 FITC
and incubated with A20 primary antibody and Al647 secondary anti-
body. Green FITC fluorescence from AAV2-3� 106 FITC was detected
(G) whereas the detection of red fluorescence from A20 immuno-
labeling was very low (H). (J–L) HeLa cells were transducedwith AAV2-
1.5 � 107 FITC and incubated with A20 primary antibody and Al647
secondary antibody. Green FITC fluorescence from AAV2-1.5 � 107

FITC was detected (J) whereas the detection of red fluorescence from
A20 immunolabeling was very low (L). Cell nuclei were counterstained
with DAPI (blue); scale bars: 25 mm for FITC and A20 images; 5 mm for
merged images. All the controls are detailed in the ESI.†
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Different molar ratios (from 3 � 105 to 1.5 � 107 eq.) of FITC
were incubated with AAV2 in TBS following the same experi-
mental procedure as above (Fig. 2). Fluorescein was also used at
the highest molar ratio as a negative control. The reactivity with
a polyclonal antibody indicated that the binding epitopes of the
AAV2 capsid subunits remained accessible in denatured
samples (i.e. western blot) at the higher FITC molar ratios used
of 1.5 � 107 (Fig. 2A). This shows that high FITC conjugation
did not disrupt the recognition of the polyclonal antibody with
the AAV capsid. The capsid subunits from native AAV2 and
AAV2 incubated with uorescein at the highest ratio did not
yield positive bands aer incubation with the anti-FITC anti-
body (Fig. 2B). The enhanced band intensity for the higher
molecular ratio (3 � 106 and 1.5 � 107) compared to 3 � 105

clearly showed that the number of FITC molecules covalently
linked to AAV proportionally increased (Fig. 2B). It is therefore
possible to tune the coating density of a chemical at the AAV
surface, which may be highly relevant for improving its target-
ing capacity and PK/PD prole.

To examine whether the chemically modied virus remained
infectious, AAV2-FITC and native AAV2 carrying a GFP reporter
gene were used to infect HEK293 cells. As shown in Table 1, all
the viral nanoparticles tested were infectious aer the chemical
process. However, the highest molar ratios of FITC used during
the coupling led to a reduced infectivity on HEK293 cells as
evidenced by the higher vg per GFU ratio. The high FITC
payload may shield the basic amino acid cluster recognizing the
heparan sulfate receptor involved in AAV2 binding. This high-
lights the importance of a balanced density of coating to confer
new properties to AAV while preserving its infectivity.

Next, we studied the intracellular trafficking of AAV2-FITC
particles in HeLa cells by confocal microscopy. The FITC
uorescence intensity was directly detected (green, l ¼ 525
nm) while the AAV capsid was labeled with the primary A20
conformational antibody followed by the AI647 secondary
antibody (red). All appropriate controls are shown in Fig. S3.†
As expected, the assembled capsid of AAV2 was only detected
by the A20 antibody (Fig. 3B). The presence of both FITC and
the assembled capsid was detected for the lower FITC coating
conditions (3 � 105 molar ratio), as shown in Fig. 3F. The
colocalization of the two uorescent signals conrmed the
integrity of the AAV2 capsid, the presence of the FITC ligand
on the AAV surface, the recognition of the capsid by the A20
antibody and the infectivity (i.e. cellular entry) of these
nanoparticles. For the 3 � 106 and 1.5 � 107 molar ratio
Table 1 Infectivity of modulated AAV2-FITC. Vector genome titers (vg p
obtained from HEK cells was compared; the lower this ratio is, the more i
SD. n ¼ 2 (vg per mL), n ¼ 4 (GFU per mL) and n ¼ 8 (ratio vg per GFU).

vg per mL

Native AAV2 4.60 � 0.21 � 1012

AAV2-FITC (3 � 105 eq.) 1.10 � 0.0071 � 1011

AAV2-FITC (3 � 106 eq.) 2.20 � 0.014 � 1011

AAV2-FITC (1.5 � 107 eq.) 1.10 � 0.071 � 1011

AAV2 + uo (1.5 � 107 eq.) 2.20 � 0.071 � 1011

This journal is © The Royal Society of Chemistry 2020
conditions, the presence of FITC was clearly detected by
confocal analysis (Fig. 3G and J) showing effective chemical
coupling. However, the assembled capsid was not (or barely)
recognized by the A20 antibody. These results are in full
accordance with the decreased infectivity observed at a higher
FITC payload. This further conrms that the chemical mask-
ing of amino groups by FITC molecules within surface-
exposed domains could alter the antigenicity of the AAV2-
er mL) were measured as indicated in Methods. The ratio vg per GFU
nfectious the particles are to this cell line. Results are shown as mean�
*p < 0.05 and ***p < 0.001

GFU per mL vg per GFU

5.40 � 0.18 � 109 84.6 � 4.0
1.10 � 0.54 � 109 121.7 � 52.7
6.20 � 3.3 � 108 449.8 � 221.8*
1.20 � 0.47 � 108 999.8 � 377.1***
1.80 � 0.41 � 109 122.6 � 24.0

Chem. Sci., 2020, 11, 1122–1131 | 1125
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FITC vectors. Such a chemically shielded AAV could poten-
tially evade pre-existing neutralizing antibodies in the human
population while being infectious. Altogether, these inter-
esting results demonstrate the possibility of modifying the
target properties of AAV using chemical modications at
different molar ratios during conjugation.

Then, our efforts were focused on improving AAV infectivity
for a specic cell type. ASGP-R, overexpressed on hepatocytes,
exhibits a high affinity for GalNAc,28 and this sugar is widely
used as a carbohydrate-targeting unit for specic liver delivery.
Here, we designed three GalNAc ligands with a terminal iso-
thiocyanate (compounds 4 and 5) or alkyl group (compound 8).
4 and 5 were developed to covalently coat the AVV2 surface and
8 lacking the NCS group was used as a control in the assay.

The chemical synthesis of alkylisothiocyanate (Alk-NCS) 4
and arylisothiocyanate (Ar-NCS) 5 is shown in Scheme 1. The
azide derivative 136 was reduced with Pd/C under a hydrogen
atmosphere in the presence of APTS to form compound 2 in
a quantitative yield. Aer deprotection of the acetyl groups with
the basic resin IRN78, the isothiocyanate 4 was obtained with
88% yield by adding 1,10-thiocarbonyldi-2(1H)-pyridone. The Ar-
NCS compound 5 was obtained with a good yield of 85% by
reacting compound 3 with an excess of p-phenylene diisothio-
cyanate (Scheme 1A). The control compound 8 was obtained in
two steps aer glycosylation of the oxazolidinone 636 with 2-(2-
ethoxyethoxy)ethanol followed by deprotection of the acetyl
Scheme 1 Synthesis of GalNAc derivatives with Alk-NCS, Aryl-NCS
coupling functionality and without the coupling functionality. (A) (i)
MeOH, APTS, H2, Pd–C (100%), (ii) MeOH/H2O, IRN78 (77%), (iii) DMF,
1,10-thiocarbonyldi-2(1H)-pyridone (88%), (iv) DMF, p-phenylene dii-
sothiocyanate (85%). (B) (i) DCM, 2-(2-ethoxyethoxy)ethanol, molec-
ular sieves (73%), (ii) MeOH/H2O, IRN78 (77%).

1126 | Chem. Sci., 2020, 11, 1122–1131
groups (Scheme 1B). All chemical compounds were character-
ized by NMR, HPLC and mass spectroscopy (Fig. S4–S26†).

The same coupling conditions that were optimized in FITC
experiments were used to assess the relative anchoring abilities
of compounds 4 and 5 on the AAV2 capsid (Fig. 4A).

The coupling reaction of the sugar on the AAV surface was
rst studied by dot blot analysis using soybean lectin which
binds selectively to GalNAc residues37 and the A20 antibody. The
positive dots with the A20 antibody, which recognized the entire
capsid, indicated that AAV2 remained intact aer the coupling
procedure with 4, 5 or 8 and subsequent dialysis (Fig. 4B).
Positive signals with soybean lectin were only observed when
AAV2 was co-incubated with compound 5 revealing that Ar-NCS
but not Alk-NCS allowed an efficient coupling with the amino
groups on the AAV2 capsid (Fig. 4C). Consistent with previous
results obtained with uorescein, no detection was observed
with compound 8 that lacked the NCS group. Thus, compound 5
was covalently attached, and not physically adsorbed, to AAV2.

In order to modulate the number of GalNAc ligands on the
capsid surface, two different molar ratios of 5 (3 � 105 and 3 �
106) were used. 8was used only at the highestmolar ratio (3� 106)
to probe the absence of adsorption of 5 onto the capsid surface.

For western blot analyses, the use of a capsid-specic poly-
clonal antibody indicated that VP capsid subunits remained
intact regardless of the molar ratios used (Fig. 5A). Importantly,
the band intensity clearly showed that the number of molecules
from 5 covalently attached to the three VPs increased when the
molar ratio was switched from 3 � 105 to 3 � 106. These results
are in agreement with western blot using soybean lectin, which
gave more intense bands for the higher stoichiometry of 5 used
during the coupling procedure (Fig. 5B).
Fig. 4 Identification of the reactive function for the covalent coupling
of GalNAc ligands on the capsid of AAV2 via primary amino groups. (A)
1012 vg of AAV2-GFP vectors were added to a solution of compound 4
or compound 5 (3 � 105 eq.) in TBS buffer (pH 9.3) and incubated for
4 h at RT. The same experimental procedure was followed for
compound 8 (3� 105 eq.) in TBS at pH 9.3 as a control. (B and C) AAV2
control and samples of AAV2 vectors incubated with GalNAc ligands in
TBS buffer (AAV2 + 4, AAV2 + 5 and AAV2 + 8) were analyzed by dot
blot. 1010 vg of each condition was analyzed using the A20 antibody
that recognizes the intact capsid (B) or using soybean-FITC lectin that
recognizes the N-acetylgalactosamine sugar (C).

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Modulation of the number of GalNAc molecules on the capsid
of AAV vectors. 1012 vg of AAV2-GFP vectors were added to a solution
of 5 (3 � 105 and 3 � 106 eq.) in TBS buffer (pH 9.3) and incubated for
4 h at RT. The same experimental procedure was followed but
substituting 5 by 8 (3 � 106 eq.) as a control. 5 � 108 vg of the samples
was analyzed by western blot using a polyclonal antibody against the
capsid proteins to detect VP1, VP2 and VP3 proteins (A) or using FITC-
soybean lectin (B). (C) 1010 vg of each condition was analyzed by silver
nitrate staining. The capsid protein molecular weight is indicated at the
right of the images according to a protein ladder.

Table 2 Size and percentage of the populations of GalNAc-AAV2.
Dynamic light scattering (DLS) analysis was done using a Malvern
Zetasizer Nano ZS. 50 mL of each sample was placed in a specific
DTS0118 cuvette fromMalvern and analysed by volume. The size in nm
and the percentage of this population in each sample are detailed in
the table. Each test is the mean value of 15 measurements

Samples Size (nm)
Percentage of
population

Native AAV2 Test 1: 26.2 >99%
Test 2: 26.4 >99%

AAV2 + 5 (3 � 105) Test 1: 25.6 >95%
Test 2: 25.2 >96%

AAV2 + 5 (3 � 106) Test 1: 28.0 >92%
Test 2: 28.6 >91%

AAV2 + 8 (3 � 106) Test 1: 26.0 >96%
Test 2: 25.4 >96%

Fig. 6 Electron microscopy images of GalNAc-AAV2 particles.
Unmodified AAV2 vectors (left) and AAV2 vectors modified with 3 �
105 (middle) or 3 � 106 equivalent (right) of 5 were negatively stained
with uranyl acetate and examined by transmission electron micros-
copy at a �50 000 (upper panel) or �80 000 (lower panel) nominal
magnification. Scale bars: 100 nm.
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In contrast, the capsid subunits from AAV2 and AAV2 incu-
bated with 8 at the highest ratio did not yield positive bands
aer incubation with the specic lectin indicating that no
coupling occurred without the NCS functionality (Fig. 5B). To
evaluate the purity and integrity of these GalNAc-AAV2
complexes, silver staining of the different samples was carried
out.

As shown in Fig. 5C and as expected, the ratio
VP1 : VP2 : VP3 remained intact aer undergoing the reaction
and subsequent dialysis. The molecular weight of each VP also
seemed to increase with increasing GalNAc loading.

As the aggregation of recombinant AAV2 is a well-known
phenomenon, the particle size and dispersity of the modied
and non-modied AAV2 were measured by dynamic light scat-
tering (DLS) (Table 2) and visualized by transmission electron
microscopy (Fig. 6). As shown in Table 2, all samples analyzed
showed >90% of the particles around 26–29 nm, proving that
the GalNAc residues did not promote AAV aggregation. This was
also conrmed by TEM analyses as shown in Fig. 6. Taken
together, these data evidenced the feasibility of graing a tar-
geting ligand at different densities on the AAV capsid surface
without impacting its integrity.

To evaluate the efficiency of GalNAc functionalized AAV2, the
transduction of these modied particles was assessed using
primary mouse hepatocytes. Of note, it has been shown that
native AAV2 has a very low transduction level on this cell type.38
This journal is © The Royal Society of Chemistry 2020
In order to prove a mechanism involving GalNAc and ASGP-R
internalization in hepatocytes, AAV2 was also modied with
11, a structural analog of 5 bearing a mannose, which does not
bind ASGP-R. The synthesis of 11 and the negative control 14
and the validation of the covalent coupling is described in
Fig. S27.† As shown in Fig. 7, the chemically modied AAV2
capsid with GalNAc (ligand 5) had a strong effect on the trans-
duction efficiency. The percentage of GFP positive cells
dramatically increased from 5% with native AAV2 to 12% with
AAV2 + 5 at 3 � 105 eq. and to 28% with AAV2 + 5 at 3 � 106 eq.
The dose effect clearly showed the signicant impact of the
GalNAc ligands on the transduction efficiency. The percentage
of GFP positive cells around 3% obtained with AAV2 + 11 (3 �
106) prove unambiguously that the higher transduction effi-
ciency is not related to a physicochemical change of the AAV2
surface but that it was receptor mediated. These data suggest
that GalNAc-modied AAV2 interacts with the ASGP-R receptor
Chem. Sci., 2020, 11, 1122–1131 | 1127
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Fig. 7 Transduction of primary mouse hepatocytes with native AAV2
and AAV2 vectors chemically modified with GalNAc and mannose
ligands. Primary mouse hepatocytes (1.7 � 105 cells per well) were
incubated in P24 plates and transduced with the native AAV2 control,
AAV2 + 11 (3� 106), AAV2 + 5 (3� 105) and AAV2 + 5 (3� 106) at a MOI
of 105. All AAV vectors encoded for GFP. The percentage of GFP
positive cells was measured by FACS analysis 72 h after the trans-
duction. Non-transduced cells (NT hepatocytes) were used as
a control for the fluorescence background. Three replicates of each
condition were analyzed by ANOVA test (***p < 0.001, **p < 0.01).
Data are represented as mean � SD.

Fig. 8 Liver transduction profile of GalNAc-AAV2 and development of
anti-AAV2 antibodies. Groups of mice were injected with unmodified
AAV2 eGFP or GalNAc-AAV2 carrying a GFP transgene at molar ratios
of 3 � 105 or 3 � 106. A control group received PBS only. Twenty-one
days after administration, the mice were sacrificed and organs were
extracted. (A) The GFP mRNA expression levels in liver samples were
normalized against endogenous histone mRNA expression. In addi-
tion, a biodistribution analysis was performed (B). Total (C) and
neutralizing (D) antibody levels in serum were determined. Medians
and range (A and B) or means and standard deviation (C and D) are
shown. N ¼ 2–6 animals per group.
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on the cell surface, inducing higher internalization via ASGP-R-
promoted endocytosis which leads to enhanced protein
expression.

Furthermore, the intra-cellular trafficking of the vector
seemed unaffected by the chemical modication. It is tempting
to speculate that the phospholipase A2 domain from VP1, which
is crucial for endosomal escape,39 has not been chemically
modied or the chemical ligands do not interfere in this
process.

To test the specicity of these vectors in non-hepatocyte cell
lines, we transduced HEK293 with native AAV2 and GalNac
modied capsids. The chemical coupling of 3� 105 and 3 � 106

eq. of GalNac ligands onto the AAV2 capsids reduced the
transduction efficacy in HEK293 (i.e. increase in the vg per GFU
ratio) in a dose dependent manner akin to results presented in
Table 2 for AAV2-FITC (data not shown).

To test the transduction efficiency and immunogenicity of
AAV2-GalNAc conjugates in vivo, mice were injected with either
unmodied AAV2 carrying the eGFP transgene or GalNAc-AAV2
at a molar ratio of 3 � 105 and 3 � 106.

A control group received PBS only. Twenty-one days aer
vector administration, the animals were sacriced, organs were
extracted and the relative GFP mRNA expression levels were
measured (Fig. 8A). In AAV2 and GalNAc-AAV2 (3 � 105) treated
animals, the levels of GFP mRNA expression were within the
same range whereas in the GalNAc-AAV2 (3 � 106) group the
mRNA expression was lower, suggesting that the density of the
GalNAc coating was too high to allow critical transduction in
vivo. In addition, a small biodistribution study was performed
to investigate the tropism of the vectors across multiple organs
of the body (Fig. 8B). The vg copies in all tissues were very low,
with more presence of the vector in the spleen and to a very low
level also in the adrenal glands. At a molar ratio of 3 � 106, vg
copy numbers in the spleen were reduced compared to
1128 | Chem. Sci., 2020, 11, 1122–1131
unmodied AAV2. To study the immunogenicity of these
vectors, total and neutralizing antibodies against AAV2 were
measured in the serum of mice twenty-one days aer admin-
istration (Fig. 8C and D). Interestingly, coating AAV2 capsids
with GalNAc resulted in a drastic inhibition of antibody
formation, likely due to an epitope shielding effect.

In contrast to in vitro data, this study inmice showed that the
transduction efficiency of GalNAc-AAV2 in vivo was not superior
to that of unmodied AAV2. However, the signicant reduction
(<1 log) of neutralizing antibody production with GalNac-AAV2
(3 � 105) while maintaining mRNA expression is a promising
result.
This journal is © The Royal Society of Chemistry 2020
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The chemical bioconjugation developed here may be of
broad interest for the capsid modication of virtually all AAV
serotypes. To test this hypothesis, we have incubated AAV8
vectors with 3 � 105 eq. of the GalNAc ligands (compound 5)
using the same buffers and conditions as described previously
for AAV2.

Dot blot, western blot and silver staining unequivocally
showed that AAV8 capsids are chemically modied as efficiently
as AAV2 capsids (Fig. S28†). The same experiment has also been
done with AAV3b, also showing the chemical modication of
this serotype (Fig. S29†).

The transduction efficiency and immunogenicity of AAV8-
GalNAc conjugates were then tested in vivo. The AAV8 sero-
type was selected for this study because this serotype has
a much better liver tropism in mice than AAV3b. Groups of
mice were injected with either unmodied AAV8 carrying an
eGFP transgene or the conjugate of molar ratio 3 � 105. A
control group received PBS only. Ten or twenty-one days aer
vector administration, the animals were sacriced, organs
were extracted and the relative eGFP mRNA expression levels
were measured (Fig. 9A and B). While at ten days post
administration, a statistically signicant improvement in
transgene expression could be observed for GalNAc-AAV8
compared to unmodied AAV8, despite the variability of
samples. However, no differences were observed twenty-one
days post vector administration. On the other hand, modi-
fying AAV8 with GalNAc led to a small reduction of vector
Fig. 9 Liver transduction profile of GalNAc-AAV8 and development of
anti-AAV8 antibodies. Groups of mice were injected with unmodified
AAV8 eGFP or GalNAc-AAV8 carrying a GFP transgene at a molar ratio
of 3 � 105. A control group received PBS only. Ten (A) and 21 days (B)
after administration mice were sacrificed and organs extracted. (A and
B) The GFP mRNA expression levels in liver samples were normalized
against endogenous histone mRNA expression. GFP total DNA
normalized to GAPDH in the spleen (C). Neutralizing antibody levels in
serum were determined (D). Medians and range (A–C) or means and
standard deviation (D) are shown. N ¼ 2–6 animals per group.

This journal is © The Royal Society of Chemistry 2020
genome copies in the spleen when compared to unmodied
AAV8 (Fig. 9C).

Importantly, in agreement with previous observations with
AAV2, coating AAV8 with GalNAc led to a reduction of serotype-
specic neutralizing antibodies (Fig. 9D), which opens the
possibility to facilitate the re-administration of these vectors.

The presence of neutralizing antibodies (NAbs) against AAV
in the human population is one of the main hurdles for AAV-
mediated gene therapy. Today, patients' high NAb titers are
excluded for clinical trials and NAbs generated upon rAAV
administration block the possibility of readministration. Thus,
there is a real need to overcome these limitations.

We previously observed with AAV2-FITC that surface modi-
cation of the capsid strongly impacted the interaction with A20
antibodies (Fig. 3). Hence, we assessed whether GalNAc
shielding could also decrease the interaction of the modied
AAV2 particles with neutralizing factors. To this end, GalNAc
modied and non-modied AAV2 both encoding the beta-
galactosidase protein (LacZ gene) were designed (Fig. S30†)
and incubated with a pool of non-human primate serums
known to neutralize rAAV2 transduction.

Neutralizing titers were determined as the highest dilution of
serum that inhibited more than 50% of the AAV transduction
signal. Non modied AAV2 LacZ was neutralized at a serum
dilution of 1/640 (Fig. 10A) whereas GalNac-AAV2 + 5 (3� 105) and
(3 � 106) were neutralized at lower dilutions of serum (1/160 and
1/320 respectively – Fig. 10B and C). These data indicate reduced
interactions with neutralizing factors opening interesting
perspectives to avoid the detection of AAV2 by the immune system
and potentially open the possibility to include patients that would
be excluded in other clinical trials using non-modied AAV.
Fig. 10 Neutralizing assays of AAV2 and GalNAc-AAV2 on HeLa cells.
HeLa cells were incubated with AAV2 LacZ (A), GalNac-AAV2 LacZ (3�
105) (B) or GalNac-AAV2 LacZ (3 � 106) (C) in the presence of various
dilutions of AAV2-neutralizing serum (1/20 to 1/5120). After
measurement of beta-galactosidase activity, neutralizing titers were
expressed as the highest dilution of serum that inhibited more than
50% (red police) of AAV2, GalNac-AAV2 LacZ (3 � 105) or GalNac-
AAV2 (3 � 106) signals without incubation with neutralizing serum
(IC50).

Chem. Sci., 2020, 11, 1122–1131 | 1129
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Conclusion

In conclusion, we have successfully developed a method to
chemically modulate the surface of AAV with specic ligands.
Lysine on the AAV capsid surface was efficiently altered with
phenylisothiocyanate anchors (i.e. covalent coupling) to coat
the surface of AAV with specic ligands. Lysine on the AAV
capsid surface was efficiently altered with phenylisothiocyanate
anchors (i.e. covalent coupling) to coat the virus in a dose-
dependent manner, without the need for genetic engineering
of the capsid proteins.

The density of FITC or GalNac ligands on the surface of the
AAV vectors was shown to impact the transduction efficacy and
ability to escape neutralizing antibodies, which opens inter-
esting perspectives for improving their therapeutic index. The
bioconjugation reaction could be performed with a similar
efficiency on two other AAV serotypes, accounting for broad
applicability. Although this proof-of-concept study was realized
with AAVs carrying a marker gene, it is anticipated that thera-
peutically relevant AAV vectors can be chemically modied in
a similar manner to be tested in animal models of disease and
ultimately in clinical applications.

Of note, the bioconjugation step described herein is con-
ducted with puried AAV, whichmeans that it does not interfere
with previously optimized production and purication proto-
cols for well-known AAV serotypes. Moreover, we do not foresee
difficulties to scale up this process to an industrial scale since
the volume of puried vectors is usually <1 L and the coupling
reaction takes place at room temperature for 4 h and can be
accommodated easily under GMP conditions.

We foresee that the protocol developed here will be of great
interest to not only ne-tune AAV tropism and enhance cell
targeting in specic tissues, but also to decrease interactions
with neutralizing antibodies. This procedure could help
improve AAV selectivity and gene transduction efficiency, which
are long standing issues limiting the scope of AAV in clinical
trials.
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