
HAL Id: hal-04402650
https://hal.inrae.fr/hal-04402650

Submitted on 8 Feb 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial - NoDerivatives 4.0
International License

Novel chemical tyrosine functionalization of
adeno-associated virus improves gene transfer efficiency

in liver and retina
Aurélien Leray, Pierre-Alban Lalys, Juliette Varin, Mohammed Bouzelha,

Audrey Bourdon, Dimitri Alvarez-Dorta, Karine Pavageau, Sébastien
Depienne, Maia Marchand, Anthony Mellet, et al.

To cite this version:
Aurélien Leray, Pierre-Alban Lalys, Juliette Varin, Mohammed Bouzelha, Audrey Bourdon, et
al.. Novel chemical tyrosine functionalization of adeno-associated virus improves gene trans-
fer efficiency in liver and retina. Biomedicine and Pharmacotherapy, 2024, 171, pp.116148.
�10.1016/j.biopha.2024.116148�. �hal-04402650�

https://hal.inrae.fr/hal-04402650
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://hal.archives-ouvertes.fr


Biomedicine & Pharmacotherapy 171 (2024) 116148

Available online 16 January 2024
0753-3322/© 2024 The Author(s). Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Novel chemical tyrosine functionalization of adeno-associated virus 
improves gene transfer efficiency in liver and retina 
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A B S T R A C T   

Decades of biological and clinical research have led to important advances in recombinant adeno-associated 
viruses rAAV-based gene therapy gene therapy. However, several challenges must be overcome to fully 
exploit the potential of rAAV vectors. Innovative approaches to modify viral genome and capsid elements have 
been used to overcome issues such as unwanted immune responses and off-targeting. While often successful, 
genetic modification of capsids can drastically reduce vector yield and often fails to produce vectors with 
properties that translate across different animal species, such as rodents, non-human primates, and humans. 
Here, we describe a chemical bioconjugation strategy to modify tyrosine residues on AAV capsids using specific 
ligands, thereby circumventing the need to genetically engineer the capsid sequence. Aromatic electrophilic 
substitution of the phenol ring of tyrosine residues on AAV capsids improved the in vivo transduction efficiency of 
rAAV2 vectors in both liver and retinal targets. This tyrosine bioconjugation strategy represents an innovative 
technology for the engineering of rAAV vectors for human gene therapy.   

1. Introduction 

Gene therapy with viral vectors has been used in both preclinical and 
clinical settings to treat cardiovascular [1], muscular [2], metabolic [3], 
neurological [4], hematological [5] and ophthalmological [6] diseases, 
as well as infectious disorders [7] and cancers[8]. Owing to their 
non-pathogenic nature, low immunogenicity, ease of production, and 
the long-term persistence of transgene expression, recombinant 
adeno-associated viruses (rAAV) are one of the most widely used viral 
vector for in vivo gene therapy. Several rAAV-based gene therapy 
products (Luxturna, Zolgensma, Roctavian, Upstaza and Hemgenix) 
[9–11] have been approved in Europe and the United States. rAAVs thus 
constitute a promising platform for the treatment of many diseases. 

However, while rAAVs are effective as therapeutic gene delivery 

vehicles, there are several limitations to these vectors that hinder full 
realization of their potential. Indeed, none of the rAAVs currently used 
show exclusive tropism for a specific organ or tissue. The high vector 
doses required to achieve a therapeutic outcome in a given tissue can 
thus trigger an immune response that in turn can result in elimination of 
the transduced cells [12]. Moreover, a large proportion of the popula-
tion has already been infected with wild-type AAVs and therefore ex-
presses neutralizing anti-AAV antibodies that prevent rAAV-mediated 
gene transfer. This leads to exclusion of seropositive patients from 
experimental protocols [13] and limits the use of rAAVs in the general 
population. 

With ever more rAAV-delivered transgenes in clinical trials, there is 
an unmet need for a new generation of rAAVs with greater transduction 
efficiency (i.e. increased number of transduced cells). A variety of 
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enhancement approaches are described in the literature, most of which 
involve modification of the viral capsid by genetic engineering (specif-
ically, using rational design or directed evolution approaches) [14]. 
However, the development of each novel rAAV variant must be 
accompanied by new bioproduction, manufacturing, purification, and 
characterization processes. 

Site-specific bioconjugation is a burgeoning field of research that 
enables covalent coupling of ligands (e.g. fluorophores, carbohydrates, 
polymers) to biomolecules and lysine is the most commonly used amino 
acid for chemical coupling [15]. Lysine residues on the rAAV surface 
have been previously exploited as molecular anchors for the conjugation 
of amine-reactive molecules. Indeed, our group has previously shown 
that rAAVs chemically modified with sugars promote cell-specific 
transduction and lead to lower levels of serum neutralizing antibodies 
compared with unmodified rAAVs [16–18]. 

Here, we describe a strategy for selective conjugation of ligands on 
tyrosine (Y) residues present on the surface of the rAAV capsid. The 
literature describes a wide range of biorthogonal click strategies that 
allow functionalization of the phenol side chain of Y [19]. Y-targeting is 
an effective means of designing a wide range of important biomolecules, 
including antibody-drug conjugates [20], glycovaccines [21], and 
PEG-conjugates [22]. Previous work has been done on the Y-bio-
conjugation with diazonium salts on tobacco mosaic virus by Francis 
and co-workers [23] and recently reviewed [24]. Nevertheless, this 
RNA-virus about 300300 nm size is different from rAAV vectors and has 
not been used for gene therapy applications. Using this Y-targeting to 
extend the bioconjugaison possibilities on AAV vectors can be of great 
interest. 

Because Y residues are neutral over a wide pH range, chemical 
modification does not alter the overall protein charge. Several studies 
have described the impact of genetic replacement of a Y with a 
phenylalanine in the rAAV capsid sequence: this change significantly 
increases transduction and, in some cases, has been associated with 
reduced biodistribution and an absence of inflammation in transduced 
tissues [25–27]. These effects are due to the non-phosphorylated nature 
of the surface Y: this prevents ubiquitination of the rAAV capsid and 
consequent degradation by the proteasome. Indeed, Y phosphor-
ylation–dephosphorylation is one of the main post-translational modi-
fications that decreases transduction efficiency [28]. Moreover, grafted 
ligands would protect the virus from neutralizing antibodies, preventing 
them from reaching the epitopes on the surface of the capsid [16,29,30]. 
Furthermore, the bioconjugation step is performed on purified rAAVs, 
meaning that the pre-established bioprocess does not need to be altered. 
This strategy paves the way for the development of a new method of 
AAV bioconjugation. 

2. Materials and methods 

2.1. Materials 

All chemical reagents were purchased from Acros Organics or Sigma 
Aldrich and were used without further purification. Rabbit polyclonal 
anti-AAV capsid proteins antibody (cat N◦ 61084) was obtained from 
PROGEN Biotechnik. Anti-fluorescein-AP Fab fragment antibody (cat N◦

11426338910) for the detection of fluorescein-labeled lectin was ob-
tained from Sigma-Aldrich. FITC-Soybean lectin and FITC-Concanavalin 
A lectin were purchased from Vector Laboratories. Reactions requiring 
anhydrous conditions were performed under nitrogen atmosphere. All 
chemically synthesized compounds were characterized by 1H (400º.133 
or 300.135 MHz), 13C (125.773 or 75.480 MHz) NMR spectroscopy 
(Bruker Avance 300 Ultra Shield or Bruker Avance III 400 spectrom-
eter). Chemical shifts are reported in parts per million (ppm); coupling 
constants are reported in units of Hertz [Hz]. The following abbrevia-
tions were used: s = singlet, d = doublet, t = triplet, q = quartet, quin =
quintet, br = broad singlet. When needed, 13C heteronuclear HMQC and 
HMBC were used to unambiguously establish structures. High-resolution 

mass spectra (HRMS) were recorded with a Thermo Fisher hybrid LTQ- 
orbitrap spectrometer (ESI+) and a Bruker Autoflex III SmartBeam 
spectrometer (MALDI). HPLC analysis were performed on an HPLC 
autopurification system (WATERS) equipped with BGM 2545 binary 
pump, a 2767 Sample Manager, and an UV–visible diode array detector 
and evaporative light scattering detector in series (WATERS 996 PDA 
and WATERS 2424 ESLD). Chromatographic separation was performed 
on an Atlantis T3 (WATERS; 4.6 × 150 mm, 5 µ). The mobile phase 
consisted of water (solvent A) and acetonitrile (solvent B). Gradient mix: 
0.0 min [95% A; 5% B], 20.0 min [77% A; 23% B]. Flowrate: 1 mL/min. 

All chemically synthesized products were purified by flash chroma-
tography (GRACE REVELERIS Flash Chromatography System) equipped 
with UV and DLS detectors. 

The synthesis of compounds 1 and 8 were already published [16]. 

2.2. Synthesis 

2.2.1. Compound 2 
To a solution of ammonium salt 1 (0.73 g, 1.12 mmol, 1 eq) in DCM 

(25 mL) was added DMAP (0.687 g, 5.6 mmol, 5 eq), followed by 4- 
nitrobenzoylchloride (0.626 g, 3.36 mmol, 3 eq). The mixture was 
stirred for 4 h at RT. The resulting mixture was washed with HCl 1 M, 
water, a saturated solution of NaHCO3. The organic phase was dried and 
concentrated under vacuum. The crude was purified by column chro-
matography (SiO2 AcOEt/MeOH, 85/15 as eluent) to give the desired 
product 2 (0.365 g, 0.581 mmol, 52%) as a slightly yellow solid. 

1H NMR (300 MHz, MeOD): δ (ppm) 8.34 (d, 2 H, J = 8.98 Hz, Ar), 
8.06 (d, 2 H, J = 9 Hz, Ar), 5.32 (d, 1 H, J = 3.13 Hz, H-4), 5.06 (dd, 1 H, 
J = 3.3 Hz, J = 11 Hz, H-3), 4.61 (d, 1 H, J = 8.41 Hz, H-1), 4.12 (m, 3 H, 
H-2, H-6), 3.95 (m, 2 H, H-5), 3.65 (m, 12 H), 2.10 (s, 3 H, AcO), 2.02 (s, 
3 H, AcO), 1.94 (s, 3 H, AcO), 1.92 (s, 3 H, AcO). 13C NMR (75 MHz, 
MeOD): δ (ppm) 173.6 (C, AcO), 172.1 (C, AcO), 172.0 (C, AcO), 171.7 
(C, AcO), 168.2 (C, C––O), 151.0 (C, Ar), 141.4 (C, Ar), 129.8 (2 CH, Ar), 
124.6 (2 CH, Ar), 102.8 (CH, C-1), 72.2 (CH, C-3), 71.8 (CH sugar), 71.6 
(CH2), 71.4 (CH2), 71.3 (CH2), 70.4 (CH2), 70.2 (CH2), 68.2 (CH, C-4), 
62.7 (CH sugar), 51.6 (CH2, C-6), 41.2 (CH2), 22.9 (CH3, AcO), 20.5 (2 
CH3, 2 AcO), 20.5 (CH3, AcO). HRMS: TOF (ESI+) m/z calcd for 
C27H37N3O14Na [M + Na]+: 650.2173, found: 650.2172. 

2.2.2. Compound 4 
Compound 2 (140 mg, 0.223 mmol) was dissolved in dry MeOH (2.2 

mL) and sodium methoxide (67 µL of 1 M solution in MeOH, 0.079 
mmol) was added. The mixture was stirred for 2 h, and neutralized by 
adding acid resin Amberlite IR120 (H), filtered and the solvents evap-
orated to dryness. The crude of the reaction was used in the next step 
without further purification. 

To a solution of deprotected sugar 3 in MeOH (4.4 mL) was added 
Pd/C (28 mg, 20% w). The resulting suspension was stirred under H2 
atmosphere (1 atm) for 4 h. The Pd/C was removed by filtration through 
Celite® and the filtrate was evaporated under reduced pressure. The 
crude of the reaction was lyophilized to yield the aniline 4 (91 mg, 
0.152 mmol, 68%) as a white solid. 

1H NMR (400 MHz, D2O): δ (ppm) 7.52 (d, 2 H, J = 8.8 Hz, Ar), 6.58 
(d, 2 H, J = 8.8 Hz, Ar), 4.33 (d, 1 H, J = 8.4 Hz, H-1), 3.85 (m, 2 H), 
3.72–3.43 (m, 17 H), 3.37 (t, 1 H, J = 5.8 Hz), 1.96 (s, 3 H, NHAc). 13C 
NMR (100 MHz, D2O): δ (ppm) 174.7 (C, NHAc), 170.5 (C, C––O), 150.8 
(C, Ar), 129.0 (2 CH, Ar), 123.0 (C, Ar), 115.2 (2 CH, Ar), 101.6 (CH, C- 
1), 71.2 (CH), 75.1 (CH), 69.8 (CH2), 69.7 (CH2), 69.6 (CH2), 69.0 
(CH2), 68.8 (CH2), 67.9 (CH), 61.0 (CH2), 52.4 (CH), 39.4 (CH2, C-6), 
22.3 (CH3, NHAc). HRMS: TOF (ESI+) m/z calcd for C21H33N3O9Na [M 
+ Na]+: 494.2114, found: 494.2108. 

2.2.3. Compound 5 GalNAc(Y) 
To a solution of 4 (21 mg, 0.0445 mmol, 1 eq, placed in a NMR tube) 

in D2O (0.6 mL), HBF4 (7 µL, 0.0534 mmol, 1.2 eq) and tBuONO (7 µL, 
0.0534 mmol, 1.2 eq) were added and the mixture was manually shaken 

A. Leray et al.                                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 171 (2024) 116148

3

for 30 s at RT. After 5 min, the quantitative conversion to diazonium salt 
5 was observed by 1 H NMR. The compound 5 was prepared freshly 
before the bioconjugation step and then freeze-dried. 

1H NMR (300 MHz, D2O): δ (ppm) 8.69 (d, 2 H, J = 9 Hz, Ar), 8.23 
(d, 2 H, J = 9 Hz, Ar), 4.45 (d, 1 H, J = 8.4 Hz, H-1), 3.74–3.64 (m, 20 H), 
2.00 (s, 3 H, AcO). 13C NMR (100 MHz, D2O): δ (ppm) 174.8 (C, NHAc), 
167.2 (C, C––O), 145.5 (C, Ar), 132.8 (2 CH, Ar), 130.3 (2 CH, Ar), 117.0 
(C, Ar), 101.6 (CH, C-1), 71.2 (CH), 75.1 (CH), 69.7 (2 x CH2), 69.5 
(CH2), 68.9 (CH2), 68.6 (CH2), 67.9 (CH), 61.0 (CH2), 52.4 (CH), 39.9 
(CH2, C-6), 22.3 (CH3, NHAc). HRMS: TOF (ESI+) m/z calcd for 
C21H31N2O9 [M - N2]+: 455.2030, found: 455.2023. 

2.2.4. Compound 6 
To a solution of ammonium salt 1 (0.150 g, 0.230 mmol, 1 eq) in dry 

DCM (15 mL), were added DMAP (0.140 g, 1.15 mmol, 5 eq), and 
benzoyl chloride (0.1 mL, 0.8 mmol, 3 eq). The mixture was stirred for 4 
h at RT. The resulting mixture was washed with HCl 1 M, water, a 
saturated solution of NaHCO3. The organic phase was dried and 
concentrated under vacuum. The crude was purified by column chro-
matography (SiO2, AcOEt/MeOH, 8/2 as eluent) to give the desired 
product 6 (90 mg, 0.154 mmol, 67%) as a white solid. 

1H NMR (400 MHz, MeOD): δ (ppm) 7.83 (d, 2 H, J = 8.4 Hz, Ar), 
7.48 (m, 3 H, Ar), 5.31 (d, 1 H, J = 3.2 Hz, H-4), 5.06 (dd, 1 H, J = 11.2 
Hz, J = 3.2 Hz, H-3), 4.61 (d, 1 H, J = 8.4 Hz, H- 1), 4.11 (m, 3 H, H-2, H- 
6), 3.92 (m, 2 H, H-5), 3.68–3.59 (m, 12 H), 2.12 ( s, 3 H, AcO), 2.02 (s, 
3 H, AcO), 1.94 (s, 3 H, AcO), 1.91 (s, 3 H, AcO). 13C NMR (100 MHz, 
MeOD): δ (ppm) 173.6 (C, AcO), 172.1 (C, AcO), 172.1 (C, AcO), 171.7 
(C, AcO), 170.3 (C, C––O), 135.7 (C, Ar), 132.7 (C, Ar), 129.6 (2 CH, Ar), 
128.3 (2 CH, Ar), 102.7 (CH, C-1), 72.2 (CH, C-3), 71.8 (CH, C-5), 71.6 
(CH2), 71.4 (CH2), 71.3 (CH2), 70.6 (CH2), 70.1 (CH2), 68.2 (CH, C-4), 
62.7 (CH, C-2), 51.65 (CH2, C-6), 40.9 (CH2), 22.9 (CH3, NHAc), 20.6 
(CH3, AcO), 20.5 (CH3, AcO), 20.5 (CH3, AcO). HRMS: TOF (ESI+) m/z 
calcd for C27H39N2O12 [M + H]+: 583.2503, found: 583.2504. 

2.2.5. Compound 7 
To a solution of 6 (89 mg, 0.153 mmol, 1 eq,) in a mixture 1:1 H2O/ 

MeOH (20 mL) was added Amberlist basic resin (IRN 78). The mixture 
was stirred for 2 h at RT. The resin was filtered and the filtrate 
concentrated under vacuum to give the corresponding product as a 
colorless oil. The oil was then freeze-dried to give the desired product 7 
(70 mg, 0.153 mmol, quant.) as a white solid. 

1H NMR (400 MHz, MeOD): δ (ppm) 7.83 (m, 2 H, Ar), 7.49 (m, 3 H, 
Ar), 4.42 (d, 1 H, J = 8.4 Hz, H-1), 3.93 (m, 2 H), 3.81–3.56 (m, 16 H), 
3.46 (m, 1 H), 1.96 (s, 3 H, AcO) 13C NMR (100 MHz, MeOD): δ (ppm) 
174.1 (C, AcO), 170.4 (C, C––O), 135.7 (C, Ar), 132.6 (C, Ar), 129.6 (2 
CH, Ar), 128.3 (2 CH, Ar), 103.1 (CH, C-1), 76.7 (CH), 73.5 (CH), 71.6 
(CH2), 71.6 (CH2), 71.4 (CH2), 70.6 (CH2), 69.7 (CH2), 69.7 (CH), 62.5 
(CH), 54.3 (CH2), 40.9 (CH2), 23.1 (CH3, NHAc). HRMS: TOF (ESI+) m/z 
calcd for C21H32N2O9Na [M + Na]+: 479.2006, found: 479.1997. 

2.2.6. Compound 9 
To a solution of ammonium salt 8 (0.900 g, 1.38 mmol, 1 eq) in DCM, 

were added DMAP (0.506 g, 4.14 mmol, 3 eq) and 4-nitrobenzoylchlor-
ide (0.769 g, 4.14 mmol, 3 eq). The mixture was stirred at RT for 4 h. The 
organic solution was washed with HCl 1 M, water, a saturated solution 
of NaHCO3. The organic phase was dried and concentrated under vac-
uum. The crude was purified by column chromatography (SiO2, AcOEt/ 
MeOH, 85/15 as eluent) to give the desired product 9 (0.27 g, 0.43 
mmol, 31%) as a slightly yellow solid. 

1H NMR (300 MHz, CDCl3): δ (ppm) 8.27 (m, 2 H, Ar), 7.99 (m, 2 H, 
Ar), 7.19 (br s, 1 H), 5.29 (m, 3 H, H-2, H-3, H-4), 4.86 (d, 1 H, J = 1.62 
Hz, H-1), 4.25 (m, 1 H, H-6), 4.07 (m, 2 H), 3.87- 3.66 (m, 13 H, H-5, H- 
6, PEG), 2.15 (s, 3 H, AcO), 2.09 (s, 3 H, AcO), 2.03 (s, 3 H, AcO), 1.98 (s, 
3 H, AcO). 13C NMR (75 MHz, CDCl3): δ (ppm) 170.8 (C, AcO), 170.3 (C, 
2 AcO), 169.8 (C, AcO), 165.6 (C, C––O), 149.7 (C, Ar), 140.4 (C, Ar), 
128.5 (2 CH, Ar), 123.8 (2 CH, Ar), 97.8 (CH, C-1), 70.8 (CH2), 70.4 

(CH2), 70.1 (CH2), 69.8 (CH, sugar), 69.7 (CH, sugar), 68.7 (CH2), 67.5 
(CH2), 66.2 (CH, sugar), 62.6 (CH2, C-6), 40.2 (CH2), 21.0 (CH3, AcO), 
20.9 (CH3, AcO), 20.8 (2 CH3, AcO). HRMS: TOF (ESI+) m/z calcd for 
C27H36N2O15Na [M + Na]+: 651.2013, found: 651.2002. 

2.2.7. Compound 11 
Compound 9 (124 mg, 0.197 mmol) was dissolved in dry MeOH (2.8 

mL) and sodium methoxide (79 µL of 1 M solution in MeOH, 0.079 
mmol) was added. The mixture was stirred for 2 h, and neutralized by 
adding acid resin Amberlite IR120 (H), filtered and the solvents evap-
orated to dryness. The crude of the reaction was used in the next step 
without further purification. 

To a solution of deprotected sugar in MeOH 10 (3 mL) was added Pd/ 
C (25 mg, 20% w). The resulting suspension was stirred under H2 at-
mosphere (1 atm) for 4 h. The Pd/C was removed by filtration through 
Celite® and the filtrate was evaporated under reduced pressure. The 
crude of the reaction was lyophilized to yield the aniline 11 (69 mg, 
0.160 mmol, 81%) as a white solid. 

1H NMR (400 MHz, CD3OD): δ = 3.52–3.68 (m, 14 H), 3.69–3.74 (m, 
2 H), 3.78–3.85 (m, 3 H), 6.67 (d, 2 H, J = 8.8 Hz, Ar), 7.71 (d, 2 H, J =
8.8 Hz, Ar). 13C NMR (100.6 MHz, CDCl3): δ = 40.7 (CH2), 62.9 (CH2, C- 
6), 68.6 (CH), 70.8 (CH2), 71.28 (CH2), 71.32 (CH2), 71.37(CH2), 71.5 
(CH), 72.1 (CH), 72.6 (CH), 74.6 (CH), 101.7 (CH, C-1), 114.8 (2 x CH, 
Ar), 123.2 (C, Ar), 129.9 (2 x CH, Ar), 153.1 (C, Ar),170.2 (C, amide). 
HRMS (ESI): m/z calcd for C19H30N2O9Na [M + Na]+: 453.1849, found: 
453.1841. 

2.2.8. Compound 12 Man(Y) 
To a solution of 11 (10 mg, 0.0232 mmol, 1 eq, placed in a NMR 

tube) in D2O (0.6 mL), HBF4 (3.5 µL, 0.0278 mmol, 1.2 eq) and tBuONO 
(3.7 µL, 0.0278 mmol, 1.2 eq) were added and the mixture was manually 
shaken for 30 s at RT. After 5 min, the quantitative conversion to dia-
zonium salt 12 was observed by 1 H NMR. The compound 12 was pre-
pared freshly before the bioconjugation step and then freeze-dried. 

1H NMR (400 MHz, D2O): δ = 3.68–3.85 (m, 15 H), 3.88–3.94 (m, 2 
H), 3.97 (dd, 1 H, J = 3.5 Hz, J = 1.8 Hz, H-2), 4.90 (d, 1 H, J = 1.7 Hz, 
H-1), 8.30 (d, 2 H, J = 9.0 Hz, Ar), 8.80 (d, 2 H, J = 8.8 Hz, Ar). 13C NMR 
(100.6 MHz, D2O): δ = 40.0 (CH2), 48.9 (CH), 60.9 (CH2), 66.4 (CH2, C- 
6), 66.8 (CH), 68.6 (CH2), 69.5 (2 x CH2), 69.7 (CH2), 70.0 (CH), 70.5 
(CH), 72.8 (CH), 99.9 (CH, C-1), 117.0 (C, Ar), 130.3 (2 x CH, Ar), 132.8 
(2 x CH, Ar), 145.5 (C, Ar), 167.2 (C, amide). 

2.2.9. Compound 13 
To a solution of ammonium salt 8 (0.230 g, 0.353 mmol, 1 eq) in dry 

DCM, were added DMAP (0.129 g, 1.05 mmol, 3 eq) and 4-nitrobenzoyl-
chloride (0.194 g, 1.05 mmol, 3 eq). The mixture was stirred for 4 h at 
RT. The resulting mixture was washed with HCl 1 M, water and a 
saturated solution of NaHCO3. The organic phase was dried and 
concentrated under vacuum. The crude was purified by column chro-
matography (SiO2, AcOEt/MeOH, 85/15 as eluent) to give the desired 
product 13 (70 mg, 0.120 mmol, 34%) as a slightly yellow solid. 

1H NMR (400 MHz, MeOD): δ (ppm) 7.82 (m, 2 H, Ar), 7.49 (m, 3 H, 
Ar), 5.26 (m, 3 H, H2, H3, H4), 4.87 (d, 1 H, J = 1.36 Hz, H-1), 4.23 (dd, 
1 H, J = 5 Hz, J = 12,3 Hz, H-6), 4.10 (m, 2 H, H-5, H-6), 3.82 (m, 1 H), 
3.71–3.58 (m, 12 H), 2.12 (s, 3 H, AcO), 2.05 (s, 3 H, AcO), 2.02 (s, 3 H, 
AcO), 1.95 (s, 3 H, AcO). 13C NMR (100 MHz, MeOD): δ (ppm) 172.3 (C, 
AcO), 171.5 (C, AcO), 171.5 (C, AcO), 171.4 (C, AcO), 170.2 (C, AcO), 
135.7 (C, Ar), 132.6 (CH, Ar), 129.5 (2 CH, Ar), 128.3 (2 CH, Ar), 98.9 
(CH, C-1), 71.6 (CH2), 71.3 (CH2), 71.2 (CH2), 70.7 (CH, sugar), 70.7 
(CH, sugar), 70.6 (CH, sugar), 69.8 (CH, C-5), 68.3 (CH2), 67.3 (CH2), 
63.6 (CH2, C-6), 40.9 (CH2), 20.6 (CH3, AcO), 20.6 (CH3, AcO), 20.6 
(CH3, AcO), 20.5 (CH3, AcO). HRMS: TOF (ESI+) m/z calcd for 
C27H38N013 [M + H]+: 584.2343, found: 584.2344. 

2.2.10. Compound 14 
To a solution of 13 (70 mg, 0.120 mmol, 1 eq) in a mixture 1:1 H2O/ 
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MeOH (10 mL) was added Amberlist basic resin (IRN 78). The mixture 
was stirred 2 h at RT. The resin was filtered and the filtrate concentrated 
under vacuum to give the desired product 14 (50 mg, 0.120 mmol, 
quant.) as a white solid. 

1H NMR (400 MHz, D2O): δ (ppm) 7.84 (m, 2 H, Ar), 7.69 (m, 1 H, 
Ar), 7.60 (m, 2 H, Ar), 4.88 (d, 1 H, J = 1.7 Hz, H-1), 3.97 (m, 1 H), 
3.93–3.63 (m, 18 H). 13C NMR (100 MHz, D2O): δ (ppm) 171.1 (C, 
C––O), 133.6 (C, Ar), 132.2 (CH, Ar), 128.8 (2 CH, Ar), 127.1 (2 CH, Ar), 
99.9 (CH, C-1), 72.7 (CH, sugar), 70.5 (CH, sugar), 69.9 (CH, sugar), 
69.6 (CH2), 69.6 (CH2), 68.9 (CH2), 66.7 (CH, sugar), 66.4 (CH2), 60.9 
(CH2), 39.5 (CH2). HRMS: TOF (ESI+) m/z calcd for C19H29NO9Na [M +
Na]+: 438.1740, found: 438.1730. 

2.3. AAV2 production and purification 

AAV2 vectors were produced from two plasmids: (i) pHelper, PDP2- 
KANA encoding AAV Rep2-Cap2 and adenovirus helper genes (E2A, VA 
RNA, and E4); and (ii) the pVector ss-CAG-eGFP containing the ITRs. All 
vectors were produced by transient transfection of HEK293 cells using 
the calcium phosphate-HeBS method. AAV2 transfected cells were har-
vested 48 h after transfection and treated with Triton-1% and benzonase 
(25 U/mL) for 1 h at 37 ◦C. The resulting bulk was subjected to freeze- 
thaw cycles to release vector particles. The cellular debris were removed 
by centrifugation at 2500 rpm for 15 min. Cell lysates were precipitated 
with PEG overnight and clarified by centrifugation at 4000 rpm for 1 h. 
The precipitates were then incubated with benzonase for 30 min at 37 ◦C 
and collected after centrifugation at 10,000 g for 10 min at 4 ◦C. Vectors 
were purified by double cesium chloride (CsCl) gradient ultracentrifu-
gation. The viral suspension was then subjected to four successive 
rounds of dialysis with mild stirring in a Slide-a-Lyzer cassette (Pierce) 
against dPBS (containing Ca++ and Mg++). 

2.4. Bioconjugation and purification 

AAV2-GFP (1E12 vg, 2.49 nmol) were added to a solution of TBS 
buffer (pH 9.3) containing compounds 5, 7, 12 or 14 (3E5 equivalents), 
as stated in the respective results sections, and incubated for 4 h at RT. 
The solutions containing the vectors were then dialyzed against dPBS +
0.001% Pluronic to remove free molecules that had not bound to the 
AAV capsid. 

2.5. Titration of AAV vector genomes 

A total of 3 µL of AAV was treated with 20 units of DNase I (Roche 
#04716728001) at 37 ◦C for 45 min to remove residual DNA in vector 
samples. After treatment with DNase I, 20 µL of proteinase K (20 mg/mL; 
MACHEREY-NAGEL # 740506) was added and the mixture incubated at 
70 ◦C for 20 min. An extraction column (NucleoSpin®RNA Virus) was 
then used to extract DNA from purified AAV vectors. 

Quantitative real time PCR (qPCR) was performed with a StepOne-
Plus™ Real-Time PCR System Upgrade (Life Technologies). All PCRs 
were performed with a final volume of 20 µL, including primers and 
probes targeting the ITR2 sequence, PCR Master Mix (TaKaRa), and 5 µL 
of template DNA (plasmid standard or sample DNA). qPCR was carried 
out with an initial denaturation step at 95 ◦C for 20 s, followed by 45 
cycles of denaturation at 95 ◦C for 1 s and annealing/extension at 56 ◦C 
for 20 s. Plasmid standards were generated with seven serial dilutions 
(containing 108 to 102 plasmid copies), as described by D’Costa et al. 
[31]. 

2.6. Western blot and silver staining 

All vectors were denatured at 100 ◦C for 5 min using Laemmli sample 
buffer and separated by SDS-PAGE on 10% Tris-glycine polyacrylamide 
gels (Life Technologies). Precision Plus Protein All Blue Standards 
(BioRad) were used as a molecular-weight size marker. After 

electrophoresis, gels were either silver stained (PlusOne Silver Staining 
Kit, Protein; GE Healthcare) or transferred onto nitrocellulose mem-
branes for Western blot. After transferring the proteins to nitrocellulose 
membrane using a transfer buffer (25 mM Tris/192 mM glycine/0.1 (w/ 
v) SDS/20% MeOH) for 1 h at 150 mA in a Trans-Blot SD Semi-Dry 
Transfer Cell (Bio-Rad), the membrane was saturated for 2 h at RT 
with 5% semi-skimmed milk in PBS-Tween (0.1%) or with 1% gelatin, 
0.1% Igepal in PBS-Tween (0.01%). After saturation, the membrane was 
probed with the corresponding antibody (anti-capsid polyclonal, B1 
monoclonal, or anti-fluorescein-AP) and FITC-Soybean lectin (GalNAc 
detection) or FITC-Concanavalin A lectin (mannose detection) overnight 
at 4 ◦C. Three washes (15 min at RT) with PBS-Tween (0.1%) were 
performed between each stage to remove unbound reagents. Bands were 
visualized by chemiluminescence using alkaline phosphatase (AP) or 
horseradish peroxidase (HRP)-conjugated secondary antibodies and 
captured on X-ray film. 

2.7. Dynamic light scattering 

Dynamic light scattering (DLS) was performed using a Malvern 
Zetasizer Nano ZS. Calibration was controlled beforehand using a 30 and 
300 nm solution of Nanosphere Size Standard. A volume of 50 µL of each 
vector was placed in a specific cuvette (DTS0118; Malvern) and 
analyzed by volume. 

2.8. 3D modelling of the capsid 

Structural analysis was performed using the PyMOL Molecular 
Graphics System, Version 1.8, Schrödinger, LLC. AAV2 crystal structure 
was obtained from the Protein Data Bank (PDB ID: 1LP3). The viral 
capsid was reconstituted from the monomer crystal structure using the 
BiologicalUnit/Quat script (https://pymolwiki.org/index.php/Biological 
Unit/Quat). The analysis of surface-exposed tyrosine residues was per-
formed on a single monomer, surrounded by seven adjacent monomers 
(one, two and four from the 2-fold, 3-fold and 5-fold symmetry axis, 
respectively), using the findSurfaceResidues script (https://pymolwiki. 
org/index.php/ FindSurfaceResidues), with a solvent-exposure cut-off 
value of 5 Å. Tyrosine residues located on the internal capsid surface 
were identified via manual inspection and discarded, resulting in the list 
of surface-exposed tyrosine residues represented in this paper. 

2.9. Transduction of HEK cells 

HEK293 Cells were seeded in a 24-well plate at adensity of approx-
imately 1.5E5 cells/well. 

After 24 h, the cells were transduced at MOI of 104 with AAV2 or 
chemically modified AAV2 vectors in 0.5 mL of culture medium. 6 h 
after the transduction, 0.5 mL of fresh culture medium was added to 
each well. All AAV vectors encoded for GFP. 

The percentage of GFP positive cells was measured by FACS analysis 
48 h after the transduction. Cells were dissociated with Trypsin-EDTA 
(Sigma-Aldrich), fixed with 4% paraformaldehyde and analysed on a 
BD-LSRII Flow Cytometer (BD Bioscience). All data were processed by 
FlowJo (V10; Flowjo LLC, Ashland, OR). 

2.10. Transduction of primary mouse hepatocytes 

Primary mouse hepatocytes and culture medium were purchased 
from BIOPREDIC international (Rennes, FRANCE). Mouse hepatocytes 
were seeded in a 24-well plate at a density of approximately 2.5E5 cells/ 
well. After reception, cell culture medium was removed and replaced 
with 1 mL of basal medium (MIL600) with additives (ADD222) and 
incubated 2 h at 37 ◦C and 5% CO2. Primary mouse hepatocytes were 
transduced at MOI of 105 with AAV2 or AAV2-GalNAc(Y) vectors in 0.5 
mL of culture medium. 6 h after the transduction, 0.5 mL of fresh culture 
medium was added to each well. All AAV vectors encoded for GFP. The 
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percentage of GFP positive cells was measured by FACS analysis 72 h 
after the transduction. Cells were dissociated with Trypsin-EDTA 
(Sigma-Aldrich), fixed with 4% paraformaldehyde and analysed on a 
BD-LSRII Flow Cytometer (BD Bioscience). All data were processed by 
FlowJo (V10; Flowjo LLC, Ashland, OR). 

2.11. AAV infectious titer measurements 

The infectivity of each sample was measured as follows. HEK293 
were seeded in 2 mL DMEM growth medium in 6-well culture plates at a 
density of 1E6 cells/well. Cells were then incubated overnight at 37 ◦C to 
reach 50% confluence. The viral stock was then diluted 10-fold by serial 
dilution. Next, 2 µL of each dilution was added to separate wells in the 6- 
well plates. Plates were then incubated at 37 ◦C for 24 h. The infectivity 
of the AAV2-GFP control was measured immediately upon thawing of 
the sample. The same procedure was used for mannose particles. AAV- 
GFP-infected cells were detected by fluorescence microscopy. 

The transducing unit (TU) titer was calculated using the following 
formula:  

TU/mL = (4040 × NGFP × dilutions × 1000)/V                                       

where NGFP is the mean number of GFP-positive cells per well and V is 
the volume (in µL) of vector used to infect cells. 

2.12. Animal care and walfare 

Experiments were performed on C57BL/6 (B6) mice. Animals were 
euthanized 1 month after AAV injection. Research was conducted at the 
UTE IRS2 (University of Nantes, France) for the liver study, and at the 
Boisbonne Centre (ONIRIS, Nantes-Atlantic College of Veterinary Med-
icine, Nantes) for the retina study. The Institutional Animal Care and Use 
Committee of the Région des Pays de la Loire as well as the French 
Ministry for National Education, Higher Education and Research 
approved the protocols (authorizations #29288 and #H30285). Ani-
mals were randomly assigned to the different experimental groups. They 
were sacrificed by intravenous injection of pentobarbital sodium 
(Dolethal; Vetoquinol) in accordance with approved protocols. 

2.13. Intravenous injection 

Mice were injected intravenously (i.v.) with a dose of 5E12 vg/kg of 
either AAV2-GalNAC(Y) eGFP-expressing or unmodified AAV2 eGFP- 
expressing. Eight weeks old C57BL/6 (B6) mice (Charles River Labora-
tories) were used in this study. 3 groups were formed, 6 mice per group. 

Administration of chemically modified AAV2 vectors (or formulation 
buffer) by IV injection through the caudal tail vein, under general 
anesthesia. Mice were injected intravenously (i.v.) with a dose of 5E12 
vg/kg. 

The blood samples will be taken on the day of the injection, after 
every two weeks up to one-month post injection. All animals will be 
euthanized one-month after injection, samples were collected in 
particular blood, liver, spleen, muscle, heart, kidney and lung. 

2.14. Absolute quantification of vector genomes by qPCR in mice tissue 
samples 

Liver samples were obtained just after sacrifice in conditions that 
minimized cross contamination and avoided qPCR inhibition, as 
described by Le Guiner et al. [32]. Samples were snap-frozen in liquid 
nitrogen and stored at ≤ − 70 ◦C before DNA extraction. gDNA was 
extracted using Gentra Puregene kit (Qiagen) and TissueLyser II (Qia-
gen), according to the manufacturer’s instructions. qPCR analyses were 
conducted on a C1000 touch thermal cycler (Bio-Rad) using 50 ng of 
gDNA in duplicate and premix Ex taq (Ozyme). Vector genome copy 
number was determined using the following primer/probe combination, 

designed to amplify a specific region of the GFP sequence present in the 
transgene (Forward, 5’- AGTCCGCCCTGAGCAAAGA-3’; Reverse, 5’- 
GCGGTCACGAACTCCAGC − 3’; Probe, 5’-FAM- CAACGA-
GAAGCGCGATCACATGGTC-TAMRA-3’). Endogenous gDNA copy 
number was determined using a primer/probe combination designed to 
amplify the rmurine Hprt1 gene (Forward, 5’- TCTGTAAGAA-
GGATTTAAAGAGAAGCTA-3’; Reverse, 5’- ATCACATGTTTATTCCA-
CTGAGCAA-3’; Probe, 5’-FAM- AGCTCTCGATTTCCTATCAGTAACAGC 
-TAMRA-3’). For each sample, cycle threshold (Ct) values were 
compared with those obtained with different dilutions of linearized 
standard plasmids (containing either the eGFP expression cassette or the 
murine Hprt1 gene). The absence of qPCR inhibition in the presence of 
gDNA was determined by analyzing 50 ng genomic DNA (gDNA) 
extracted from tissue samples from a control animal and spiked with 
different dilutions of standard plasmid. Results are expressed as vector 
genome copy number per diploid genome (vg/dg). The lower limit of 
quantification (LLOQ) of our test was 0.006 vg/dg. GraphPad Prism 9 
software was used for statistical analysis. The nonparametric Mann 
Whitney test was used. 

2.15. Relative quantification of GFP expression by RT-qPCR in mice 
tissue samples 

Total RNA was extracted from snap-frozen liver, heart, skeletal 
muscle, lung, spleen and kidney, using Qiazol reagent (Qiagen) and 
treated with ezDNAse kit (Thermo Fisher Scientific), according to the 
manufacturer’s instructions. Then, 500 ng of this RNA was reverse 
transcribed using Superscript IV Vilo kit (Thermo Fisher Scientific), 
according to the manufacturer’s instructions. qPCR analysis was then 
performed on cDNA (diluted 1/20) using the same GFP primers and 
probe as for the quantification of transgene copy number by qPCR. Hprt1 
messenger was also amplified as an endogenous control. For each RNA 
sample, the absence of DNA contamination was confirmed by analysis of 
“cDNA-like samples” obtained without adding reverse transcriptase to 
the reaction mix. The absence of qPCR inhibition in the presence of 
cDNA was determined by analyzing cDNA obtained from tissue sample 
from a control animal, spiked with different dilutions of a standard 
plasmid. Results were expressed in relative quantification (RQ): RQ = 2- 

ΔCt = 2-(Ct GFP - Ct HPRT1). The lower limit of quantification (LLOQ) of our 
test was 0.0004. GraphPad Prism 9 software was used for statistical 
analysis. Non-parametric Mann Whitney test was used. Samples were 
considered significantly different if *p ˂  0.05, * *p ˂  0.01, * **p ˂  0.001. 

2.16. Western blot and GFP expression 

Total proteins were extracted from snap-frozen liver using RIPA 
buffer (Tris 10 mM pH 7.5; NaCl 150 mM; EDTA 1 mM; NP40 1%; so-
dium deoxycholate 0.5%; SDS 0.1%) containing protease inhibitor 
cocktail (Sigma-Aldrich). 25 µg of total protein extract were prepared in 
Laemmli buffer + 200 mM final of DTT, reduced 10 min at 70 ◦C and 
then loaded into a Novex 10% Tris-glycine gel (Thermo Fisher Scienti-
fic). Proteins were transferred on silica membrane using the trans-blot 
turbo kit (Biorad), according to the manufacturer’s instructions. Mem-
branes were blocked in 5% skim milk, 1% NP40 (Sigma-Aldrich) in TBST 
(Tris-buffered saline, 0.1% Tween-20) and hybridized with an anti-GFP 
antibody (1:8000, JL-8, Takarabio) and with a secondary anti-mouse 
IgG HRP-conjugated antibody (1:5000, Dako P0447). For protein 
loading control, the same membrane was also hybridized with an anti- 
mouse GAPDH antibody (1:2000, Novus IMG3073) and with a second-
ary anti-goat IgG HRP-conjugated antibody (1:2000, Dako P0449). Im-
munoblots were visualized by ECL Chemiluminescent analysis system. 
Semi-quantification of GFP protein expression relative to mouse 
GAPDH was obtained by densitometry analysis, using the ImageQuant 
software. 
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2.17. Immunohistochemistry GFP staining in mice 

Formalin-fixed paraffin embedded liver samples were cut into 4 µm 
thick slices. Sections were first deparaffinized in methylcyclohexan and 
then rehydrated using decreasing concentrations of ethanol. Antigen 
unmasking was further performed through incubation in citrate buffer 
pH= 6 (40 min, 98 ◦C). After a permeabilization step (10 min, RT) with 
Triton (0.2%; VWR International, Leuven, Belgium), and a saturation 
step (45 min, RT) with goat serum (2%; Abcam Inc., Cambridge, MA, 
USA) and bovine serum albumin (5%, Sigma, St. Louis, USA), sections 
were then incubated (over-night, 4 ◦C) with a mouse monoclonal anti-
body against GFP (1:100; JL8 clone, Thermo Fisher Scientific, Geel, 
Belgium). After PBS-washing, sections were incubated with an Alexa 
fluor 555-conjugated goat anti-murine antibody (1:300, 1 h, RT, InVi-
troGen, Carlsbad, CA, USA) before washing, nuclei counterstaining with 
DAPI (1:1000, InVitroGen) and mounting. Whole histological prepara-
tions were digitized using fluorescence detection (Zeiss Axioscan Z1, x10 
magnification). Numbers of total nuclei and positive cells based on red 
fluorescence were counted using QuPath software (Bankhead, P. et al. 
Scientific Reports, 2017) on 3 randomly selected field (2 mm2 each) 
enabling to observe a mean of 17882 nuclei per sample. 

2.18. Subretinal injection 

Mice were anesthetized by intraperitoneal injection of ketamine/ 
xylazine (Imalgène1000 80 mg/kg / Rompun 2% 10 mg/kg). Pupils 
were dilated with 0.5% tropicamide and 10% neosynephrine eye drops. 
Local anesthesia was achieved using 0.4% oxybuprocaïne eye drops. A 
vector solution of 5E11vg/mL was prepared with 1/1000 of fluorescein 
dye to monitor bleb size. Under an operating microscope, 1.5 µL of 
vector solution was injected to the mice subretinal space by a trans- 
scleral/transchoroidal approach using a 33 G Nanofil needle and a 10 
µL Nanofil syringe. Injection success was confirmed by fundus imaging 
immediately after injection (Spectralis® imaging system; Heidelberg 
Engineering Inc.). 

2.19. Retinal imaging 

One-month post-injection, mice were anesthetized by intraperitoneal 
injection of ketamine/xylazine (Imalgène1000 80 mg/kg / Rompun 2% 
10 mg/kg). Pupils were dilated with 0.5% tropicamide and 10% neo-
synephrine eye drops. Prior to euthanasia, eye funduscopy was per-
formed to monitor retinal appearance and GFP fluorescence (shown as 
white dots on images) was detected by the Spectralis® HRA imaging 
system (Heidelberg Engineering Inc.). 

2.20. Retinal flatmounts 

Mice were euthanized by cervical dislocation and then eyes were 
removed. Ocular globes were fixed in 4% PFA for one hour and then 
placed in PBS1X until dissection. Retinas were carefully dissected in 
PBS1X and stained with 1/1000 DAPI for 10 min. Finally, they were 
flatmounted on glass slides using ProlongGold Antifade mounting me-
dium (ThermoFisher Scientific, Waltham, MA, USA). Fluorescence im-
ages of retinal flatmounts were acquired with a confocal microscope (A1 
RSi, Nikon, Japan). Images for figures were handled with the Image J 
Software. 

3. Results and discussion 

Among the different Y bioconjugation reactions, we specifically 
focused on the diazo-coupling reaction. In this reaction, aryldiazonium 
salts, prepared from the corresponding aniline by the action of a nitrite 
in an acidic medium, establish an azo linkage with the phenol side ring 
of Y via electrophilic aromatic substitution [33]. We used two targeting 
ligands with a reactive diazonium salt coupling function to chemically 

modify the rAAV2 capsid (Fig. 1). The first carries a N-acetylgalactos-
amine (GalNAc) (Fig. 1-A), a sugar that serves as an asialoglycoprotein 
receptor (ASGPr) targeting unit for specific liver delivery [34]; and the 
second a mannose sugar (Man) (Fig. 1-B). Indeed, this second sugar has 
been previously used for retinal applications after lysine bioconjugation 
on rAAV2, with promising results [35]. 

Before beginning our experiments, we estimated the number of Y 
residues present on the capsid surface, and therefore the number of 
reactive functions available for chemical modification. Using rAAV2 
crystallographic data and the PyMOL Molecular Graphics System, we 
found a total of 360 potentially accessible Y residues available for co-
valent coupling on the rAAV2 capsid. Next, to target the liver, we 
designed two GalNAc ligands (Fig. 1-A): compound 1, which has a 
spacer at the anomeric position carrying the reactive diazonium func-
tion to perform the coupling; and compound 2, which lacks a coupling 
function and is designed to validate the formation of a covalent bond 
and rule out the possibility of the physical adsorption of the molecule on 
the rAAV2 surface. Diazonium salt 1 was synthesized in 4 steps (Scheme 
S-1) from a protected GalNAc ammonium salt which reacted, in basic 
medium, with 4-nitrobenzoyl chloride. The hydroxyl groups of GalNAc 
were deprotected with the basic resin IRN78, and the nitro function was 
reduced to yield the corresponding aniline. Finally, 1.2 equivalents of 
tetrafluoroboric acid were added at room temperature, followed by 1.1 
equivalents of tert-butylnitrite, which, after 5 min of stirring, yielded 
diazonium 1 in quantitative yield. This final product was used directly 
for the AAV bioconjugation step. Control compound 2 was prepared in 
two steps (Scheme S-8) from the corresponding ammonium salt through 
the action of DMAP and benzoyl chloride followed by reaction on IRN78 
basic resin to cleave the acetyl groups. 

To target the retina, we used a mannose-derived ligand to generate 
rAAV2-Man(Y), as mannose receptor is expressed on retinal pigment 
epithelium [36]. It has also been described that the coupling of a 
mannose residue on a pepsatin protein increase the solubility of the 
bioconjugated protein. Then, we hypotheses that this coupling on AAV 
capsid can also increase its hydrosolubility and its diffusion in the retina. 
Two mannose ligands (Fig. 1-B) were synthesized using the same pro-
tocol described for the GalNAc ligands (Fig. S-13,20). Compound 3 
carried the reactive diazonium function to perform the coupling and 
control compound 4 lacked a coupling function (Fig. 1-B). All chemical 
compounds were characterized by NMR, HPLC, and mass spectroscopy 
(Fig. S-2 to S-24). 

Bioconjugation of compounds 1 and 3 on the rAAV capsid surface 
was performed in the conditions described in Fig. 2A. These two ligands 
were used in excess (3E5 equivalents) to avoid the possible decomposi-
tion of the diazonium salt in aqueous buffer. Aromatic electrophilic 
substitution of the phenol of Y was performed at room temperature for 4 
h in TBS buffer at pH 9.3. Compounds 2 and 4 were used as negative 
controls. After titration of the samples, dot blot analysis with A20 
antibody, which detects the assembled capsid, indicated that the 
coupling conditions were not deleterious to the rAAV capsid (Fig. 2B-C). 
Moreover, using soybean lectin, which recognizes the GalNAc motif, and 
concanavalin A, which recognizes the mannose motif, positive dots were 
observed only for GalNAc(Y) (1) and Man(Y) (3), which unambiguously 
confirmed the formation of a covalent diazo linkage between the Y 
phenol and the diazonium salt (Fig. 2-B,C). 

We also confirmed these results by western blot using a polyclonal 
antibody and silver staining, which revealed that the three VP capsid 
subunits remained intact (VP3 = 61, VP2 = 73 and VP1 = 87 kDa). It is 
worth noting the appearance of high molecular weight bands with low 
intensity after grafting of the GalNAc(Y) and Man(Y) ligands onto the 
capsid (Fig. S25-A,C and S26-A,C). Western blot analysis using soybean 
lectin and concanavalin A indicated that covalent coupling on all three 
AAV capsid proteins (VP1, VP2 and VP3) occurred only with the GalNAc 
(Y) and Man(Y) ligands. This confirms that the aryldiazonium function 
was essential for Y bioconjugation (Fig. S25-B, 26-B). 

Dynamic light scattering (DLS) also revealed the absence of particle 
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aggregation after coupling. Indeed, the size of rAAV2, rAAV2-GalNAc(Y) 
and rAAV2-Man(Y) remained around 26 nm. 

For in vitro evaluation of the biological efficiency of the rAAV2- 
GalNAc(Y), which carries the eGFP transgene under the control of a 
CAG promoter, two different cell lines were transduced. Because GalNAc 
sugar allows targeting of the asialoglycoprotein receptor (ASGP-R), 
which is highly expressed on hepatocytes, murine primary hepatocytes 
were used as ASGP-R positive cells and HEK293 cells as negative con-
trols [37]. In HEK293 cells, transduction was approximately two times 
more efficient for rAAV2 (90% of GFP+ cells) versus rAAV2-GalNAc(Y) 
(50% of GFP+ cells) at the same multiplicity of infection (MOI; 1E4 for 
both vectors) (Fig. S-27). This can be explained by decreased recogni-
tion of rAAV2 by heparan sulfate proteoglycans after modification of its 
capsid surface [38]. Y bioconjugation therefore may have detargeted 
this vector from its natural receptor. On the other hand, in the same 
experiment using murine primary hepatocytes the transduction effi-
ciency of rAAV2-GalNAc(Y) was 3-fold higher than that observed for the 
unmodified rAAV2 (Fig. S-27). These promising results unambiguously 
demonstrated the efficacy of the bioconjugation of GalNAc sugar on 
rAAV2 for in vitro targeting of hepatocytes. For this bioconjugaison 
another excess of ligand (3E6 equivalents) was also used but the bio-
conjugates rAAV2-GalNAc(Y) were not infectious (data not shown). We 
next examined the transduction efficiency of rAAV2-GalNAc(Y) in vivo. 
To study liver transduction, healthy adult mice received an intravenous 
injection in the tail vein of unmodified rAAV2 or rAAV2-GalNAc(Y) 
(5E12 vg/kg), both carrying the same CAG-eGFP expression cassette, 
while a control group was injected with buffer (n = 6 per group). 

Liver samples were collected at euthanasia 1 month after vector 
administration for quantification of vector genome copy number by 
qPCR, eGFP protein expression by western blot, and the percentage of 
transduced cells by immunohistochemistry. Mean vector genome copy 

number was significantly lower in mice injected with rAAV2-GalNAc(Y) 
versus unmodified rAAV2 (0.02 vg/dg and 0.64 vg/dg, respectively; 
p = 0.026) (Fig. S-28). However, in the same liver samples, GFP protein 
expression was 2-fold higher in mice injected with rAAV2-GalNAc(Y) 
versus unmodified rAAV2 (mean relative expression: 181 and 779, 
respectively) (Fig. 3-A). While these differences were not statistically 
different owing to the heterogeneity of the data in the rAAV2 group 
(Fig. 3-A and S-29), the results strongly suggest a benefit of the modified 
capsid over the unmodified one to allow higher expression levels of the 
transgene product, as also suggested by RNA transcript levels (Fig. S- 
30). Finally, immunohistochemistry analysis showed a significantly 
higher percentage of GFP-positive cells in the livers of mice injected with 
rAAV2-GalNAc(Y) versus unmodified rAAV2 (mean: 16% and 5%, 
respectively; p = 0.026) (Fig. 3-B). GFP-positive hepatocytes (in red) 
were observed in the liver parenchyma of animals injected with rAAV2, 
mainly distributed as clusters close to portal tracts, with sparse GFP- 
positive cells detected around centro-lobular veins. By contrast, mice 
injected with rAAV2-GalNAC(Y) showed a broader distribution of GFP- 
positive cells, which were clustered around portal tracts and also 
detected throughout the liver parenchyma and in greater numbers 
around the portal vein (Fig. 3-C). Efficient targeting of hepatocytes is the 
main challenge associated with liver-directed gene therapy, and these 
data suggest a clear benefit of the Y modified capsid, as evidenced by 
broader transduction of hepatocytes in mouse liver, despite lower global 
vector copy numbers than those obtained with the unmodified rAAV2 in 
the liver tissue. Finally, we assessed levels of eGFP mRNA transcript in 
non-targeted tissues (i.e. heart, skeletal muscle [quadriceps], lung, 
spleen, and kidney). In all cases, we detected very limited levels of GFP 
transcript whatever the injected vector. With the rAAV2-GalNAc(Y) 
vector, eGFP transcripts were observed only in the heart, but at levels 
approximately 220 times lower than those observed in the liver of the 

Fig. 1. Structure of the GalNAc(Y) and Man(Y) ligands used for bioconjugation on the rAAV2 capsid.  

Fig. 2. A) Chemical reaction between rAAV2 and diazonium salt ligand. B) Dot blot analyses with A20 antibody (assembled capsid detection, top) and soybean lectin 
(GalNAc detection, bottom). C) Dot blot analyses with A20 antibody (assembled capsid detection, top) and concanavalin A lectin (mannose detection, bottom). 
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same animals (Table S-31). These data show that, at the dose tested, Y- 
modification of rAAV2 does not increase the transduction of non- 
targeted tissues. Taken together, these findings indicate a positive 
impact of chemical Y modification of rAAV vectors for hepatocyte tar-
geting in vivo. Increasing the number of transduced cells while 
decreasing vector copy number in these cells are both essential to 
overcome the efficacy and safety issues that limit the use of rAAV vectors 
for hepatic application. 

The aim of this project was to develop vectors that can be modified 
according to the desired target. Therefore, we also used a mannose- 
derived ligand to generate rAAV2-Man(Y), and tested these vectors in 
retinal tissue, for which multiple gene therapy applications have been 
developed [39–41]. Prior to in vivo injection in the retina, infectivity of 
rAAV2-Man(Y) was evaluated by measuring the ratio of vector genomes 
(vg) to GFP-forming units (vg/GFU) in HEK293 cells [42]. This ratio is 
classically used as a quality control measure to evaluate the in vitro 
infectivity of rAAV vectors (the higher the ratio the lower the infectivity 
of the vector). The results showed that rAAV2-Man(Y) vector efficiently 
transduced HEK293 cells, and as observed for rAAV2-GalNAc(Y), 
rAAV2-Man(Y) was less infectious in the HEK293 cell line (Table S-32). 

Retinal transduction efficiency of the modified capsid was next 
tested in vivo in adult wild-type C57/BL6 mice after subretinal injection 
of unmodified rAAV2 or rAAV2-Man(Y), both carrying the same CAG- 
eGFP expression cassette, and a control group was injected with buffer 
(n = 9 per group). In vivo fundus fluorescence performed one-month 
post-injection revealed higher intensity and more broadly distributed 
fluorescence (white dots) in mice injected with the modified capsid 
(Fig. S-33). The quantification of the fluorescence using a plugin in 
ImageJ software demonstrated a significant increase in the number of 
fluorescent objects and the overall density of fluorescence in the fundus 
after transduction of the retina with AAV2-Man(Y) versus the unmodi-
fied rAAV2 capsid (Fig. 4-A). To validate these in vivo findings, GFP 

fluorescence was evaluated in retinal flatmounts using confocal imag-
ing. For this we distinguish between the region surrounding the injection 
site itself and the periphery or the region furthest from the injection site. 
The intensity and distribution of GFP fluorescence at the periphery of 
the injection site was higher in mice injected with rAAV2-Man(Y) versus 
unmodified rAAV2 (Fig. 4-B), suggesting increased diffusion of the 
former beyond the subretinal bleb induced by the injection. These data 
are in line with our observations in liver sections, whereby mice injected 
with rAAV2-GalNAC(Y) showed a broader distribution of GFP-positive 
cells. Furthermore, while GFP fluorescence around the injection site 
was comparable in rAAV2- and rAAV2-Man(Y)-transduced retinas at the 
level of outer segment (OS), outer nuclear layer (ONL), and inner nu-
clear layer (INL) (Fig. S-34), increased fluorescence intensity was 
observed in the ganglion cell layer (GCL) in all retinas injected with 
rAAV2-Man(Y) (Fig. 4-C). This suggests either greater rAAV2-Man(Y) 
uptake specifically in ganglion cells or better penetration of the vector 
through the tissue layers as a consequence of the mannose modification. 
This increased transduction efficiency in the GCL suggests that these 
mannose-modified vectors could be coupled with ganglion cell-specific 
promoters for gene therapy strategies targeting glaucoma or optic neu-
ropathies [42,43]. 

Taken together, these data show that the rAAV2-Man(Y) capsid re-
sults in stronger and more widespread retinal transduction than the 
unmodified rAAV2 capsid. 

4. Conclusion 

Improvement of vector transduction efficiency is essential to over-
come the many challenges implicit in rAAV gene therapy. Bio-
conjugation on the capsid itself may improve targeting, the efficiency of 
cell entry, and expression of the desired protein. By combining chem-
istry and vectorology, we have shown that specific ligands can be 

Fig. 3. A) Levels of GFP protein expression in mouse liver detected by Western blot 1 month after injection. B) Percentage of GFP-positive cells in liver, detected by 
GFP immunolabelling. C) Representative image of liver after GFP immunolabelling (red). p, portal vein branches; c, centro-lobular veins. DAPI counter-staining of 
nuclei is shown in blue. Scale bars= 200 µm. 

A. Leray et al.                                                                                                                                                                                                                                   



Biomedicine & Pharmacotherapy 171 (2024) 116148

9

Fig. 4. GFP fluorescence study after subretinal injection. A) Quantification of GFP fluorescence in fundus images. Graphs depict the overall density of fluorescence 
(solid black bars) and number of fluorescent objects (hatched black bars). Both variables were significantly higher (p = 0.0002 and p = 0.0008 respectively) in mice 
injected with rAAV2-Man(Y) versus unmodified rAAV2. B) Representative confocal images of retinal flatmounts of mice injected with either buffer, rAAV2 or rAAV2- 
Man(Y) at the periphery of the injection site. Nuclei are stained in grey and GFP fluorescence is displayed in green (scale bar, 10 µm). OS: outer segments, ONL: outer 
nuclear layer, INL: inner nuclear layer, GCL: ganglion cell layer. C) Representative images of the ganglion cell layer at injection site of retinas injected with buffer, 
rAAV2, or rAAV2-Man(Y) are shown. Nuclei are stained in grey and GFP fluorescence is displayed in green (scale bar, 10 µm). 
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efficiently grafted onto Y residues of the native rAAV2 capsid. To the 
best our knowledge, this has never been done before. 

Using our newly developed chemical capsid engineering platform we 
observed, both in vitro and in vivo in the liver and retina, a significant 
impact on vector transduction efficiency and expression of the gene of 
interest. In both targets, an increase in the area of transduction and the 
number of transduced cells was observed for tyrosine-modified versus 
unmodified rAAVs. Chemical remodeling of therapeutic viruses with 
diazonium salt may therefore constitute a valuable alternative to genetic 
engineering methods to improve organ tropism and protein expression 
in cells. In future studies, this technology will be evaluated with thera-
peutic transgenes for applications in the liver and retina and extended to 
other serotypes. 
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Funding acquisition. Depienne Sébastien: Visualization, Methodology, 
Conceptualization. Larcher Thibaut: Writing – original draft, Supervi-
sion, Methodology, Conceptualization. Marchand Maia: Methodology, 
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