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f Nantes Université, CHU Nantes, Inserm, CNRS, SFR Santé, Inserm UMS 016, CNRS UMS 3556, Nantes F-44000, France
g Glycodiag, 2 rue du cristal, Orléans 45100, France
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A B S T R A C T

This study explores a novel strategy to enhance liver-targeted gene delivery, crucial for treating metabolic dis
orders. While AAV-based gene therapy holds promise, high vector doses raise safety concerns, often requiring the 
use of corticosteroids and immunosuppression to mitigate immune adverse events. Optimizing capsids to 
improve hepatocyte transduction efficiency is key to reducing these risks. We employed bioconjugation chem
istry to target the Asialoglycoprotein receptor (ASGPR), highly expressed on hepatocytes. Covalent attachment of 
GalNAc-derived ligands to rAAV2 capsids significantly improved in vivo liver transduction, increasing GFP 
expression up to threefold. Immunohistochemical co-labeling confirmed exclusive transgene expression in he
patocytes, ensuring specificity. These findings highlight bioconjugation as a promising approach to enhance liver 
gene therapy while improving safety by lowering vector doses and off-target effects.

1. Introduction

The liver, with its myriad functions in nutrient and xenobiotic 
metabolism, plays a pivotal role in maintaining overall health. The 
orchestration of these intricate tasks relies on various proteins, and 
mutations in their encoding genes can lead to diseases or predisposition 
to them. Conditions associated with these mutations encompass defects 
in carbohydrate and lipid metabolism, bleeding disorders, increased 
susceptibility to drugs and toxins, and cognitive deficits[1,2].

Given the essential role of the liver, the development of strategies to 
improve liver-targeted delivery of therapeutics is of significance 
importance. The ability to introduce functional gene expression cas
settes into hepatocytes, efficiently compensating for primary liver 

defects, represents a potent therapeutic tool[3]. Moreover, the sophis
ticated secretory apparatus of the liver provides an opportunity to ex
press and release proteins not typically synthesized in this organ. This 
capability extends to the treatment of diseases or deficiencies such as 
hemophilia[4], Wilson’s disease[5], alpha-1 antitrypsin deficiency[6], 
or hemochromatosis[7].

Among current treatments, viral vector-based gene therapy can be 
mentioned. Indeed, clinical trials utilizing recombinant adeno- 
associated virus (rAAV)-mediated gene therapy for liver-focused meta
bolic and genetic diseases have shown promising results. Notably, the 
effectiveness of rAAV gene therapy in treating individuals with hemo
philia has gained increased attention, as evidenced by the recent ap
provals of valoctocogene roxaparvovec (Roctavian™) for Hemophilia A 
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[8], etranacogene dezaparvovec (Hemgenix®) for Hemophilia B [9] by 
both the EMA (European Medicines Agency) and the FDA (Food and 
Drug Administration), and fidanacogene elaparvovec-dzkt (Beqvez®) 
for Hemophilia B [10] by the FDA.

Despite these successes, challenges related to vector toxicity and 
immunogenicity persist, particularly in instances requiring high vector 
doses[11]. Consequently, there is a clear to enhance the safety and ef
ficacy of recombinant AAV vectors, prompting the exploration of 
advanced targeting strategies for gene therapy[12]. A precise and effi
cient delivery to specific tissues or cell types would minimizes adverse 
off-target effects and provides an opportunity to reduce the injected dose 
required for patients.

Hepatocytes, expressing a high density of asialoglycoprotein recep
tor (ASGPR), present a strategic target for achieving selective and effi
cient gene delivery to the liver[13]. Indeed, this receptor is a 
carbohydrate-binding protein that recognizes and binds N-acetylga
lactosamine (GalNAc) or galactose residues[14,15]. By engineering 
rAAV vectors to recognize and bind to ASGPR, the specificity of gene 
expression in hepatocytes could be enhanced[16,17]. This targeted 
approach holds great potential to treat genetic or metabolic disorders in 
the liver, with improved therapeutic precision and safety.

In our study, we designed a series of bifunctional ligands, described 
to bind ASGPR, and equipped with a reactive bioconjugation function to 
chemically modify the rAAV2 capsid. We demonstrated that conjugating 
GalNAc-derived carbohydrates to lysine residues on the rAAV2 capsid 
significantly enhanced hepatocyte transduction both in vitro and in vivo, 
compared to unmodified rAAV2. This direct bioconjugation strategy 
offers a promising approach to fine-tune rAAV capsid tropism and 
immunoreactivity, broadening its potential for diverse gene therapy 
applications.

2. Materials and methods

The synthesis and the characterizations of the compounds 1–4 are 
detailed in the supporting information part (Figure S-1 – S-6).

2.1. rAAV2-CAG-GFP 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++).

2.2. Bioconjugation and purification

rAAV2-CAG-GFP (1E12 vg, 2.49 nmol) were added to a solution of 
TBS buffer (pH 9.3) containing compounds 1, 2, 3 or 4 (3E5 and 3E6 eq.) 
and 14 (3E6 eq.) 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.

2.3. Titration of rAAV2 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 qPCRs 
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 108–102 plasmid copies), as described by D’Costa et al [18].

2.4. Western blot, silver staining and dot blot

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 electro
phoresis, gels were either silver stained (PlusOne Silver Staining Kit, 
Protein; GE Healthcare) or transferred onto nitrocellulose membranes 
for Western blot. After transferring the proteins to nitrocellulose mem
brane 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 or 
anti-fluorescein-AP) and FITC-WF lectin (GalNAc detection) or over
night 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.

For immuno dot blot rAAV2 vectors were loaded at a dose of 1010 vg 
on a nitrocellulose paper soaked briefly in PBS prior to assembling the 
dot blot manifold (Bio-Rad). Nitrocellulose membrane containing the 
vectors was treated as for Western blotting.

The evaluation of the interactions of AAV2 particles was carried out 
according to GLYcoDiag’s protocol already described[19–22]. Briefly, 
the AAV2 particles are deposited at three concentrations (5.0 ×1010 
particles/mL, 2.5 ×1010 particles/mL, 1.25 ×1010 particles/mL) in 
LEctPROFILE® plates functionalized with the following lectins: BPA 
(Bauhinia purpurea), DBA (Dolichos biflorus), WFA (Wisteria floribunda), 
SBA (Glycine max), HPA (Helix pomatia), AIA (Artocarpus intergrifolia), 
UEA-I (Ulex europaeus), DSA (Datura stramonium) and ASGPR (recom
binant human asialoglycoprotein receptor 1) in triplicate and incubated for 
2 h at room temperature. After washing with PBS, the anti-AAV2 anti
body labeled with biotin and preliminary diluted 20 times (final con
centration of 2.5 μg/mL), was added to each well of the LEctPROFILE 
plate and incubated 30 min. Then, the plates are washed again and the 
extravidin-peroxidase conjugate is added for 30 min. Then, the LEct
PROFILE® plates are washed with PBS and 100 μL of OPD reagent are 
added to each lectin wells for 15 min. Finally, after this last incubation, 
100 μL of a 1 M HCl solution are added to stop the reaction before 
reading the plates with an absorbance reader at 450 nm (Fluostar OP
TIMA, BMG LABTECH, France). The intensity of the signal was directly 
correlated with the ability of the compound to be recognized by the 
lectin.

2.5. Mass spectrometry analyse of chemically modified rAAV2

Modified and unmodified rAAV2 samples were conditioned in dPBS 
buffer (1E12 vg/mL). Desalting and separation of protein contents were 
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achieved on an H-Class UPLC system (Waters Corporation, Milford, 
USA) by injection of 10 μL of solutions onto an Acquity® CSH C18 
column (2.1 mm × 100 mm, 1.7 μm, 130 Å; Waters Corporation) held at 
60 ◦C. The mobile phase was composed of 5 % acetonitrile as solvent A 
and 100 % acetonitrile as solvent B, each containing 0.1 % formic acid. 
The elution was carried out using a gradient of solvent B in solvent A 
over 16 min at a constant flow rate of 300 μL/min. Mobile phase B was 
kept constant at 1 % for 1 min, then linearly increased from 1 % to 80 % 
for 10 min, kept constant for 2 min, returned to the initial condition over 
1 min, and kept constant for 2 min before the next injection. High- 
resolution mass spectrometry (HRMS) detection of proteins was per
formed by a Synapt G2 HRMS Q-TOF mass spectrometer equipped with a 
Z-Spray interface for electrospray ionization (Waters Corporation). The 
resolution mode was applied in a mass-to-charge (m/z) ratio ranging 
from 200 to 4000 at a mass resolution of 25,000 Full Width Half 
Maximum in the positive ionization mode. Ionization parameters were 
as follow: capillary voltage of 3 kV, cone voltage of 30 V, desolvatation 
gas flow of 600 L/hr, source temperature of 120 ◦C, desolvatation 
temperature of 350 ◦C, Nitrogen as desolvatation gas. Data were 
collected in the continuum mode at a rate of four spectra per second. 
Leucine enkephalin solution prepared at 2 μg/mL in an acetonitrile/ 
water (50/50, v/v) mixture was infused at a constant flow in the lock 
spray channel. A spectrum of 1 s was acquired every 20 s and allowed 
mass correction during experiments. The experimental molecular 
weights of proteins were finally deducted by deconvolution with the 
MaxEnt1 extension of MassLynx® software (version 4.1, Waters 
Corporation).

2.6. 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 rAAV2 or bioconjugated rAAV2 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 rAAV vectors encoded for 
GFP. The 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).

2.7. Animal care and welfare

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). 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). Animals were 
randomly assigned to the different experimental groups. They were 
sacrificed by intravenous injection of pentobarbital sodium (Dolethal; 
Vetoquinol) in accordance with approved protocols.

2.8. Intravenous injection

Mice were injected intravenously (IV) with a dose of 5E12 vg/kg of 
either bioconjugated rAAV2 eGFP-expressing or unmodified rAAV2 
eGFP-expressing. Eight weeks old C57BL/6 (B6) mice (Charles River 
Laboratories) were used in this study. 9 groups were formed, 6 mice per 
group. Chemically modified AAV2 vectors (or formulation buffer) were 
administered by IV injection through the caudal tail vein, under general 
anaesthesia, at a dose of 5E12 vg/kg. The animals were anaesthetised 

with an O2/isoflurane 5 % gas mixture in an induction cage, then 
transferred to a heating board fitted with an anaesthetic mask. The 
isoflurane was then set to 2 %. All animals were euthanized one-month 
after injection, samples were collected in particular liver, spleen, mus
cle, heart, kidney and lung.

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

gDNA was extracted from was extracted from snap-frozen liver, heart 
and kidney using Gentra Puregene kit (Qiagen) and TissueLyser II 
(Qiagen), 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. 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’-GCGGTCACGAACTC
CAGC-3’; Probe: 5’-CAACGAGAAGCGCGATCACATGGTC-3’). Endoge
nous gDNA copy number was determined using a primer/probe 
combination designed to amplify the murine Hprt1 gene (Forward: 5’- 
TCTGTAAGAAGGATTTAAAGAGAAGCTA-3’; Reverse: 5’- ATCA
CATGTTTATTCCACTGAGCAA-3’; Probe, 5’-AGCTCTCGATTTCCTAT
CAGTAACAGC − 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 0.002 vg/dg. GraphPad Prism 9 
software was used for statistical analysis. Non-parametric Mann Whit
ney test was used. Samples were considered significantly different if *p ˂  
0.05.

2.10. Relative quantification of GFP messenger 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 analyses were con
ducted on a C1000 touch thermal cycler (Bio-Rad) on 5 µL of cDNA 
(diluted 1/20) in duplicate and premix Ex taq (Ozyme) using GFP 
primers and probe (Forward: 5’-AGTCCGCCCTGAGCAAAGA-3’; 
Reverse: 5’-GCGGTCACGAACTCCAGC-3’; Probe: 5’-CAACGA
GAAGCGCGATCACATGGTC-3’). The murine Hprt1 messenger was also 
amplified as an endogenous control, using a primers/probe combination 
(Forward: 5’- TCTGTAAGAAGGATTTAAAGAGAAGCTA-3’; Reverse: 5’- 
ATCACATGTTTATTCCACTGAGCAA-3’; Probe, 5’-AGCTCTCGATTTCC
TATCAGTAACAGC − 3’). For each RNA sample, the absence of DNA 
contamination was confirmed by analysis of “cDNA-like samples” ob
tained 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 
mHPRT1). The lower limit of quantification (LLOQ) of our test was 
0.0004.

2.11. 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 %; 
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sodium 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 Scien
tific). 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.

2.12. 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) alone or with a rabbit polyclonal antibody against ASGPR1 
(1:50, GeneTex, Inc, Irvine, CA, USA). After PBS-washing, sections were 
incubated with an Alexa fluor 555-conjugated goat antibody (1:300, 1 h, 
RT, InVitroGen, Carlsbad, CA, USA) alone or with an Alexa fluor 488- 
conjugated goat antibody (1:300, InVitroGen) before washing, nuclei 
counterstaining with DAPI (1:1000, InVitroGen) and mounting. Whole 
histological preparations 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 on 3 randomly selected field (2 mm2 each) enabling to observe 
a mean of 17882 nuclei per sample[23].

2.13. Neutralizing assay

AAV2-directed neutralizing factors (NFs) were assessed as previously 
described in Guilbaud et al[24]. Briefly, 2 h prior to AAV2 transduction, 
HeLa cells were infected with wild-type adenovirus serotype 5. During 
this incubation time, rAAV2, rAAV2 þ 1 (3E6), rAAV2 þ 2 (3E5), 
rAAV2 þ 3 (3E6) and rAAV2 þ 4 (3E5), expressing the 
beta-galactosidase reporter protein were incubated with twofold di
lutions of a pool of non-human primate serum known to neutralize 
rAAV2 transduction. Dilutions ranged from 1/20–1/5120. After 
removing the adenovirus-containing medium, the mix (serum + rAAV2 
modified or non-modified) was added to the cells. Forty-eight hours 
later, the cells were washed in PBS 1X, lysed and incubated with 
Galacton-Star substrate in accordance with manufacturer recommen
dations (Galacto-Star, Thermo). Cheluminescence was measured 1 h 
later with a Victor X3 Plate Reader (Perkin Elmer) and results were 
expressed in % of inhibition of the detected signal with AAV2, 
GalNAc-AAV2 (3E5 or 3E6) in absence of serum.

3. Results and discussion

The successful validation of bioconjugating amino groups on rAAV 
capsids by our research team has yielded promising in vivo outcomes for 
liver and retina targeting[24–27]. However, existing literature 

underscores the importance of ligand structure in its interaction with the 
ASGPR, knowing that the natural ligand for this receptor is galactose or 
N-acetylgalactosamine (GalNAc)[28]. In a previous study, we synthe
sized GalNAc structure 1 (Fig. 1) and demonstrated that the density of 
ligands on the surface of rAAV vectors had an impact on transduction 
efficiency and the ability to escape neutralizing antibodies[24]. In a 
previous study, Mascitti et al. have developed a condensed and stable 
bicyclic bridged ketal based on GalNAc as a ligand (see sugar part of 
structure 2), specifically targeting the ASGPR which exhibited almost 
6-fold better affinity than GalNAc (1/Kads = 7.2 vs 40 μM). These 
findings underscore the significance of ligand design in enhancing the 
efficacy of rAAV capsid bioconjugation for targeted delivery. An X-ray 
crystal structures of the ASGPR bound to the bicyclic ligand, obtained by 
the same authors, showed that the hydroxyl group at the C6-position of 
the carbohydrate remains outside of the interaction site, suggesting that 
it could be functionalized without altering the affinity of the ligand[29]. 
Based on these results, we have developed novel ligands featuring a 
GalNAc structure as a recognition motif, a phenylisothiocyanate group 
at the C6 position for bioconjugation with the amino group from rAAV, 
as well as a triethylene glycol spacer between them to enhance overall 
hydrophilicity and mobility (Fig. 1)[30]. Thus, compound 2 contains the 
bridged bicyclic ketal and the phenylisothiocyanate group at the C6 
position, while compounds 3 and 4 feature a GalNAc with the phenyl
isothiocyanate at the C6 position and a methoxy group at either the 
anomeric position β or α. We opted for a methoxy group to minimize 
potential interactions and/or steric hindrance with the lectin pocket of 
ASGPR. Additionally, this choice allows us to examine the influence of 
the stereochemistry at the anomeric position on receptor affinity.

To access 2, it was first possible to synthesize the key bicyclic bridged 
ketal intermediate 5 in 12 steps starting from the commercially available 
tri-O-acetyl-D-galactal (Scheme 1)[23]. The hydroxyl groups at the C3- 
and C4-positions of the bridged GalNAc 5 were then protected in the 
presence of 2,2-dimethoxypropane and camphorsulfonic acid in DMF for 
24 h at 70◦C to favour the formation of the thermodynamic product 6, 
obtained with a yield of 93 % after purification. Our initial efforts to 
further functionalize the hydroxyl group at the C6-position were un
successful using a range of organic bases in conventional O-alkylation 
conditions (not shown). Ultimately, an original procedure was per
formed in a biphasic mixture of DCM (for substrate solubility) and of a 
concentrated sodium hydroxide aqueous solution (in presence of the 
crown ether 15-c-5 for phase transfer), which allowed efficient access to 
7, isolated with an 80 % yield. The hydroxyl groups at positions C3 and 
C4 were then deprotected in acidic medium, followed by 
palladium-catalyzed hydrogenation of the azido group in presence of 
PTSA which conveniently and efficiently afforded the ammonium 
tosylate 8. Usage of the basic Amberlist IRN 78 resin released the cor
responding primary amine, which was then reacted with bitoscanate to 
obtain the final bifunctional derivative 2 (Scheme 1).

Molecules 3 and 4, bearing the triethylene glycol chain with the aryl 
isothiocyanate coupling function at position C6 of GalNAc, only differ in 
the configuration of the methoxy group at the anomeric position. 
Compound 3 was synthesized in 9 steps starting from D(+)-galactos
amine hydrochloride. The hydroxyl groups were firstacetylated, fol
lowed by anomeric activation to afford the corresponding glycosyl 
donor dihydrooxazole 9. The latter was reacted in presence of CuCl2 in 
methanol to stereoselectively form the β-anomer of sugar 10, which was 
isolated with a yield of 52 %. After complete deactylation in basic 
conditions, the hydroxyl groups at positions C3 and C4 were reprotected 
as a cyclic ketal to give compound 11. For the following O-alkylation 
reaction, we had to modify the reaction conditions used for the synthesis 
of 7. Indeed, under the same conditions, the reaction was not complete, 
and an unidentified disaccharide was formed. It was found necessary to 
use tetrabutylammonium iodide as a phase transfer reagent and to let 
the reaction reflux in DCM for 72 h. Microwave activation, changing the 
base (tBuOK, NaH, Et3N), or solvents (DMF, ACN) led to degradation of 
the substrate or very low conversion. Thus, compound 12 was obtained 
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with a yield of 50 % after purification by silica gel chromatography. 
After acetal cleavage and reduction of the azido group in previously used 
conditions, compound 13 (diluted in a dioxane/H2O mixture) was added 
in a dropwise manner to a solution of bitoscanate (excess) in dioxane, in 
order to prevent addition of the primary amine on both sides of bito
scanate. The final product 3 was isolated by reversed-phase C18 chro
matography with a yield of 55 % (Scheme 2).

The compound 4 was prepared from commercially available methyl- 
α-D-2-acetamidogalactopyranoside, already having the desired anomeric 
configuration (α). In a similar way as for the β-anomer (from 10), the 
envisioned sequence involves selective protection, O-alkylation, depro
tection/reduction, and subsequent functionalization of the primary 
amine with bitoscanate (Scheme S-1). Compound 4 could be efficiently 
obtained in 5 steps with excellent purity.

After synthesizing the four osidic ligands, we conducted the bio
conjugation step on rAAV2-CAG-GFP vectors using previously estab
lished non-deleterious conditions (TBS/DMSO 9/1, 4 h, rt, pH 9.3)[24]. 

The chemical coupling entailed the nucleophilic addition of the amino 
groups from capsid proteins to the reactive isothiocyanate function of 
the ligands, resulting in a stable thiourea linkage between rAAV2 and 
the GalNAc-derived ligands 1-4 (Fig. 2).

To evaluate the impact on transduction efficiency, two different 
molar ratios of ligands (3E5 and 3E6) were employed to modulate the 
level of capsid modification using 1E12 vg total of AAV2-CAG-GFP 
vectors. To verify that we indeed have a covalent coupling and not 
ligand adsorption on the surface of the AAV capsid, we conducted the 
same experiment with compound 14 (3E6 eq.), which lacks the coupling 
function[24]. In this study, we have thus formed eight new AAVs with 4 
different sugars at two concentrations.

The sugar coupling reaction on the rAAV2 surface, resulting in par
ticles sized around 25–30 nm, underwent initial scrutiny via dot blot 
analysis (Fig. 3). This analysis utilized the A20 antibody, which recog
nizes the assembled AAV2 capsid, alongside various lectins known for 
their selective binding to GalNAc residues (soybean (SBA), Wisteria 

Fig. 1. Structure of the GalNAc derivatives used for bioconjugation on rAAV2 capsid.

Scheme 1. Synthesis of compound 2.
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floribunda (WF), and ASGPR subunit 1)[31]. The presence of positive 
signals, identified by the A20 antibody, confirmed the overall integrity 
of rAAV2 post-coupling with all ligands after subsequent dialysis. 
Regardless of the lectin used, no detection was observed with rAAV2 and 
compound 14, lacking the NCS group, indicating the absence of physical 
adsorption. Fig. 3 depicted how recognition varied based on the lectins 
employed and the nature of the sugar chemically coupled to the rAAV2 
capsid. Soybean lectin exhibited recognition of rAAV2 þ 1 under both 
bioconjugation conditions, albeit with low affinity for the three other 
sugars and only with 3E6 equivalents of ligands. In contrast, WF lectin 
showed strong interactions with rAAV2 þ 1, rAAV2 þ 3, and 
rAAV2 þ 4, but weak affinity with rAAV2 þ 2. This trend contrasted 
with ASGPR, where rAAV2 þ 2, which was only slightly recognized by 
other lectins, was now clearly identified, showing the highest intensity 
with 3E6 ligand equivalents. In contrast, the rAAV2 þ 1 construct was 
scarcely recognized at the two concentrations used for the 

bioconjugation. The two other vectors (rAAV2 þ 3 and rAAV2 þ 4) 
exhibited an intermediate recognition profile with this lectin and only 
with the 3E6 equivalents used for the coupling step. To confirm the 
interaction between chemically modified rAAV2 and lectins, these eight 
new vectors, along with an unmodified rAAV2 and rAAV2-Man(K) a 
rAAV2 conjugated with a mannose-derived ligand—structurally very 
similar to compound 1 and conjugated using the same coupling function
[26,32], as controls, were assessed against a panel of nine lectins specific 
to GalNAc (Bauhinia purpurea (BPA), Dolichos biflorus (DBA), Wisteria 
floribunda (WFA), Glycine max (SBA), Helix pomotia (HPA), to galactose 
(Gal) (Artocarpus intergrifolia (AIA), to fucose (Fuc) (Ulex europeus 
(UEA-I)), to GlcNAc (Datura stramonium (DSA), or to ASGPR, using an 
enzyme-linked lectin assay (ELLA) in direct binding mode with absor
bance detection (Figure S-7)[26]. Indeed, the intensity of the signal 
detected with each vector is directly correlated with the ability of the 
vector to be recognized by the lectin. The results showed no or poor 

Scheme 2. Synthesis of compound 3 (β anomer).

Fig. 2. Bioconjugation step with GalNAc derivatives 1-4, 14 and rAAV2-CAG-GFP.
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recognition of (i) rAAV2 and rAAV2-Man(K) by all lectins, and (ii) 
rAAV2 þ 1, rAAV2 þ 2, rAAV2 þ 3, rAAV2 þ 4 by Gal, GlcNAc, and 
Fuc lectins. Conversely, all other vectors, except those modified at both 
concentrations with compound 1, exhibited interaction with ASGPr. 
rAAV2 þ 2 was exclusively recognized by ASGPR with the 3E5 equiv
alents conditions and with BPA and ASGPR for the 3E6 one, confirming 
its highly selective structure for the latter. It is noteworthy that 
rAAV2 þ 3 and rAAV2 þ 4 vectors showed no recognition by SBA and 
HPA lectins. This lack of recognition could be attributed to the position 
of the triethylene glycol chain at position 6 of the carbohydrate, likely 
impeding its access to the lectin pocket. These findings underscore the 
significance of the sugar structure coupled to the rAAV2 capsid in its 
interaction with different lectins and particularly the specific receptor 
ASGP.

Western blot analysis, using a capsid-specific polyclonal antibody, 
confirmed the integrity of VP capsid subunits regardless of molar ratios 
and ligands (Figure S-8A). Importantly, increasing the molar ratio from 
3E5 to 3E6 resulted in a distinct rise in the detection of ligands on the 
three VPs after staining with WF lectin (Figure S-8B). To evaluate the 
purity and integrity of bioconjugated rAAV2, silver staining of various 
samples showed an unchanged VP1:VP2:VP3 ratio after the reaction and 
subsequent dialysis (Figure S-8C). Additionally, the molecular weight of 
each VP seemed to increase with escalating GalNAc derivatives loading, 
confirming ligand grafting onto the rAAV capsid.

To determine the number of bioconjugated ligands on the surface of 
the AAV, we used mass spectrometry to analyze the protein content of 
bioconjugated rAAV2. We have previously reported that up to 480 lysine 
residues are potentially accessible for chemical coupling on the AAV2 
capsid [REF 24]. To maximize both the sensitivity and the specificity of 
the analysis, we primarily focused on VP3, the most abundant protein in 
the capsid. Results obtained for all the height chemically modified 
rAAV2 with 3E5 equivalents of the different ligands revealed the pres
ence of the native VP3 protein and that in majority one ligand was 
bioconjugated. Upon increasing the quantity to 3E6 equivalents, we 
observed (i) the disappearance of the molecular peak of VP3, indicating 
complete functionalization of this protein, and (ii) the presence of an 
average of 2 ligands on each VP3 protein (Figure S-9). Given that an 
AAV2 particle consists of 55 VP3 proteins and that each VP3 carries 
approximately two modifications under 3E6 equivalents of ligand 
coupling, we estimate that at least 110 ligand molecules are conjugated 
per AAV2 capsid. The similar behavior of the four ligands at both con
centrations during bioconjugation on rAAV2 demonstrates the robust
ness and repeatability of our technology.

All these analytical results unequivocally demonstrate that we have a 
covalent bioconjugation reaction on the rAAV2 with the ability to 
modulate the number of grafted ligands according to the experimental 
conditions.

Given the abundant expression of ASGPR on hepatocytes, murine 

primary hepatocytes were transduced with all vectors at a MOI of 1E6
[33]. Fig. 4 illustrates that transgene (i.e. GFP) expression efficiency 
48 h after transduction, by FACS analyses. When compared to unmod
ified AAV2, no increase in GFP expression was observed for rAAV2 þ 1, 
rAAV2 þ 2 and rAAV2 þ 3 modified with 3E5 eq., as well as for 
rAAV2 þ 3 and rAAV2 þ 4 modified with 3E6 eq. On the contrary, for 
rAAV2 þ 1, rAAV2 þ 2, and rAAV2 þ 3, each modified with 3E6 eq., 
as well as rAAV2 þ 4 modified with 3E5 eq., the GFP expression was 
approximately two-fold higher than with unmodified rAAV2. Further
more, we have previously shown that rAAV2-Man(K) did not enhance 
transduction efficiency in murine hepatocytes, unlike rAAV2-GalNAc 
vectors[24]. Even if statistical significance was not reached, due to the 
low number of replicates, these findings suggest that the improved tar
geting is not solely due to the bioconjugation process itself, but may 
involve a specific interaction between GalNAc and ASGPR as recently 
reviewed by Zhang et al.[34].

To assess the impact of GalNAc ligand bioconjugation on rAAV2 
capsid lysine in vivo, 60 healthy adult mice were intravenously injected 
with (i) the vector formulation buffer, (ii) the unmodified rAAV2 vector, 
or (iii) the rAAV2 þ 1, rAAV2 þ 2, rAAV2 þ 3, and rAAV2 þ 4 vec
tors, each modified with 3E5 and 3E6 equivalents (n = 6 per group). All 
vectors carried the eGFP transgene under the control of a CAG promoter 
and were administered at a single dose of 5E12 vg/kg. Mice were 
euthanized one-month post-injection to collect liver, heart, spleen, 
skeletal muscle (quadriceps), lung, and kidney for post-mortem analysis.

Quantification of viral genomes in the liver (Figure S11) confirmed 
the absence of vg/dg in mice injected with the formulation buffer 
(dPBS). In contrast, animals receiving unmodified rAAV2 exhibited an 
average of 0.641 vg/dg, consistent with prior data. A significant 
reduction vector genome levels was observed in groups injected with 
modified vectors, particularly rAAV2 þ 1 (3E6), rAAV2 þ 2 (3E6), and 
rAAV2 þ 4 (3E6), with respective averages of 0.013, 0.001, and 
< 0.006 vg/dg. A decreasing trend was also noted in groups receiving 
rAAV2 þ 2 (3E5), rAAV2 þ 3 (3E5), rAAV2 þ 3 (3E6), and 
rAAV2 þ 4 (3E5), with averages of 0.355, 0.259, 0.106, and 0.047 vg/ 
dg, respectively. These values remain relatively low compared to un
modified rAAV2, already considered a moderately efficient hepatic 
vector. Interestingly, vector genome levels in the liver were comparable 
between the unmodified rAAV2 and rAAV2 þ 1 (3E5) groups, with an 
average of 0.584 vg/dg.

These results highlight the influence of bioconjugation on viral 
genome levels in the liver. The effect appears dependent on both ligand 
type and conjugation density, with higher ligand doses correlating with 
reduced hepatic vg/dg levels. Ligands 3 and 4 had the most pronounced 

Fig. 3. Dot blot analyses of bioconjugated rAAV vectors. 1012 vg of rAAV2- 
CAG-GFP vectors were added to a solution of 1, 2, 3 or 4 (3E5 and 3E6 eq.) 
or 14 (3E6 eq.) in TBS buffer (pH 9.3) + 10 % of DMSO and incubated for 4 h at 
RT. 109 vg of each condition was analyzed by dot blot using the A20 antibody, 
that recognizes the assembled capsid, SBA, WF or human ASGPR lectins.

Fig. 4. Transduction of primary mouse hepatocytes with native rAAV2 and 
bioconjugated rAAV2 vectors. All rAAV2 vectors encoded for GFP. The per
centage of GFP positive cells was measured by FACS analysis 72 h after the 
transduction. Non-transduced cells (NT cells) were used as a control for the 
fluorescence background. Three replicates of each condition were analyzed by 
Kruskall Wallis test without significance. Data are represented as mean ±
SD (n = 3).
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impact on AAV2 transduction efficiency in the liver.
To compare gene transfer efficiency between unmodified and 

modified vectors, eGFP RNA transcript and protein levels were quanti
fied. As expected, RT-qPCR (Fig. 5A) detected no eGFP signal in mice 
injected with the formulation buffer, whereas those receiving unmodi
fied rAAV2 exhibited a mean Rq of 0.2697. Significant increases in GFP 
mRNA levels were observed for rAAV2 þ 3 (3E6) and rAAV2 þ 4 (3E5) 
groups, with respective 6- and 4-fold higher Rq values compared to 
unmodified rAAV2. Groups receiving rAAV2 þ 1 (3E5 and 3E6) and 
rAAV2 þ 2 (3E6) showed GFP expression similar to the unmodified 
vector. In contrast, Rq values for rAAV 2 þ 2 (3E6), rAAV2 þ 3 (3E5), 
and (3E6) were close to the LLOQ (0.0004), with respective means of 
0.0008, 0.0246, and 0.0007.

The relative eGFP protein semi-quantification by Western blot 
analysis (Fig. 5B, S-10) corroborated these findings. Lower eGFP 
expression was observed in rAAV2 þ 2 (3E6), rAAV2 þ 3 (3E5), and 
rAAV2 þ 4 (3E6) groups, whereas rAAV2 þ 1 (3E5 and 3E6) showed 

similar expression to unmodified rAAV2. In contrast, eGFP levels were 
1.5-fold higher in rAAV2 þ 2 (3E5) and 2-fold higher in rAAV2 þ 3 
(3E6) and rAAV2 þ 4 (3E5) compared to unmodified rAAV2.

To evaluate the transcriptional activity of a single vector genome 
copy, we calculated the RQ/vg ratio (Fig. 5C). Our results indicate that 
high vg/dg levels do not necessarily correlate with increased mRNA or 
protein expression, likely due to the requirement for nuclear localization 
of the transgene. The RQ/vg ratios for rAAV2 þ 1 (3E6), rAAV2 þ 3 
(3E6), and rAAV2 þ 4 (3E5) were 77, 48, and 84 times higher, 
respectively, than for unmodified rAAV2, suggesting enhanced tran
scriptional activity. However, caution is required in interpretation, as 
exemplified by rAAV2 + 1 (3E5), which exhibited a high RQ/vg ratio 
but not the highest GFP mRNA expression. These findings illustrate the 
impact of rAAV2 capsid modifications on gene transfer efficiency in the 
liver following intravenous injection at 5E12 vg/kg.

Immunohistochemistry analysis shows higher percentages of GFP- 
positive cells in the livers of mice injected with rAAV2 þ 2 (3E5 eq.), 

Fig. 5. A) Relative quantification of GFP mRNA levels (relative to rat Hprt1 mRNA levels) analyzed by RTqPCR in liver 4 weeks post injection in mice injected with 
vehicle (buffer), rAAV2, or bioconjugated rAAV2 vectors. Results are expressed as mean ± SEM. B) Levels of GFP protein expression in mouse liver detected by 
Western blot 1 month after injection. C) Individual ratio of GFP mRNA levels (Relative Quantity RQ) to vector copy number expressed as viral genome/diploid 
genome number (vg/dg), measured 4 weeks post-injection in the liver D) Percentage of GFP-positive cells in liver, detected by GFP immunolabelling. E) Repre
sentative 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. The Mann-Whitney U-test was used for statistical analyses: **p < 0.01, *p < 0.1. Lower limit of quantification (LLOQ = 0.0004.
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rAAV2 þ 3 (3E6 eq.) and rAAV2 þ 4 (3E5 eq.) compared to the un
modified rAAV2 (mean of 15 %, 15 %, 16 % and 5 % respectively) 
(Fig. 5D). GFP-positive cells (in red) were observed in the liver paren
chyma 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 þ 2 (3E5 
eq.), rAAV2 þ 3 (3E6 eq.) and rAAV2 þ 4 (3E5 eq.) 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. 5E).

Considering their morphology (polygonal shape with a round nu
cleus), their localization inside Remack trabeculae of the liver paren
chyma, and their immunolabelling with an antibody against ASGPR1 
(Figure S12), the vast majority of GFP-positive cells were identified as 
hepatocytes (in red on Fig. 5E). Following injection with rAAV2, GFP- 
positive hepatocytes were mainly distributed as clusters close to portal 
tracts, with sparse GFP-positive cells detected around centro-lobular 
veins. By contrast, mice injected with rAAV2 þ 2 (3E5 eq.), 
rAAV2 þ 3 (3E6 eq.) and rAAV2 þ 4 (3E5 eq.) showed a broader dis
tribution of GFP-positive cells, which were not only densively clustered 
around portal tracts but also detected isolated throughout the liver pa
renchyma and in small groups around the portal vein (Fig. 5E).

eGFP RNA levels were also quantified in non-target tissues (heart, 
quadriceps, lung, spleen, kidney). Rq values were low and comparable 
between unmodified and modified rAAV2 groups, indicating that bio
conjugation did not enhance off-target transduction (Table S1). Addi
tionally, vg/dg quantification was performed in the heart, due to the 
presence of low but detectable RQ values above the LLOQ threshold, and 
kidney, as it represents a natural elimination route for the vector. While 
the presence of viral genomes in the heart was detectable but low 
(maximum 0.03 vg/dg for rAAV2 þ 1 (3E5)), no viral genomes or eGFP 
mRNA were detected in the kidney, consistent with its role as a natural 
route of elimination (Table S2). These findings confirm the absence of 
significant vector persistence and gene expression in non-target tissues, 
further supporting the specificity of liver transduction.

The presence of neutralizing antibodies (NAbs) against rAAV re
mains a major challenge for gene therapy. High NAb titers currently 
exclude patients from clinical trials, and NAb responses limit vector re- 
administration. We investigated whether GalNAc shielding could reduce 
interactions with neutralizing factors using optimal ligand ratios.

Both GalNAc-modified and non-modified rAAV2 vectors encoding 
β-galactosidase (LacZ) were incubated with a pool of non-human pri
mate sera known to neutralize rAAV2. Neutralizing titers were defined 
as the highest serum dilution inhibiting > 50 % of rAAV transduction. 
Non-modified rAAV2 LacZ and rAAV2 þ 3 (3E6) were neutralized at a 
1/160 dilution (Figure S-13 A, C), whereas rAAV2 þ 1 (3E6), 
rAAV2 þ 2 (3E5), and rAAV2 þ 4 (3E5) were neutralized at a lower 1/ 
80 dilution (Figure S-13B, C, E), suggesting reduced interaction with 
neutralizing factors. This approach could expand patient eligibility for 
clinical trials involving rAAV-based gene therapies.

In summary, these findings suggest that in vivo liver gene transfer 
tends to be more efficient with rAAV2 + 2 (3E5 eq.), rAAV2 + 3 (3E6 
eq.), and rAAV2 + 4 (3E5 eq.) vectors compared to the unmodified 
rAAV2 vector, as evidenced by higher mRNA expression levels, protein 
expression levels, and the percentage of transduced hepatocytes, along 
with the absence of off-target effects and a decrease interaction with 
neutralizing factors. These results, achieved with an injected dose of 
5E12 vg/kg of rAAV2, are particularly encouraging given that this dose 
is intermediate compared to the 1E13 vg/kg dose used by Greig et al
[35]. Additionally, our results highlight the critical role of the selected 
sugar structure for the bioconjugation step and its modulation on the 
capsid surface, especially for rAAV2. Although rAAV2 is not the most 
effective serotype for this application, it clearly demonstrates the 
beneficial effects of our technology. Further studies will focus on opti
mizing ligand structure, bioconjugation conditions, and serotype selec
tion to maximize transduction efficiency and targeting. Investigating 

receptor-mediated uptake, particularly ASGPR involvement, and intra
cellular trafficking mechanisms will help refine vector engineering 
strategies for future clinical applications.

4. Conclusion

Enhancing vector transduction efficiency remains a key challenge in 
optimizing rAAV-based gene therapy. Our study demonstrates that 
bioconjugation of GalNAc-derived ligands onto the rAAV2 capsid 
significantly increases hepatocyte transduction efficiency while main
taining vector integrity. This chemical modification strategy enhances 
viral entry and gene expression while offering an alternative to genetic 
capsid engineering.

By systematically analyzing the role of ligand structure and density, 
we observed notable effects on vector biodistribution, transduction ef
ficiency, and interactions with neutralizing factors. Our findings support 
the potential of bioconjugation as a precise tool for modulating AAV 
tropism, reducing off-target effects, and ultimately lowering the vector 
doses required for therapeutic efficacy.

Future studies will focus on evaluating this approach with thera
peutic transgenes relevant to liver diseases, expanding its application to 
other AAV serotypes, and investigating intracellular trafficking mecha
nisms to further refine vector design. This work lays the foundation for 
improved gene therapy strategies that combine chemistry and vector
ology to enhance specificity, efficacy, and safety.
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[24] M. Mével, M. Bouzelha, A. Leray, S. Pacouret, M. Guilbaud, M. Penaud-Budloo, 
D. Alvarez-Dorta, L. Dubreil, S.G. Gouin, J.P. Combal, M. Hommel, G. Gonzalez- 
Aseguinolaza, V. Blouin, P. Moullier, O. Adjali, D. Deniaud, E. Ayuso, Chemical 
modification of the adeno-associated virus capsid to improve gene delivery, Chem. 
Sci. 11 (2019) 1122–1131, https://doi.org/10.1039/c9sc04189c.

[25] S. Depienne, M. Bouzelha, E. Courtois, K. Pavageau, P.-A. Lalys, M. Marchand, 
D. Alvarez-Dorta, S. Nedellec, L. Marín-Fernández, C. Grandjean, M. Boujtita, 
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