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ABSTRACT

We report the chemical conjugation of recombinant Adeno Associated Virus (rAAV) capsid
with various functionalities, including proteins, using a bioorthogonal strategy. rAAVs were
azido-coated or DBCO-coated by chemically modifying lysine or tyrosine residues. Lysine
residues were modified using a phenyl isothiocyanate anchor, and tyrosine residues using
either an aryldiazonium salt or a N-methyl luminol derivative. We demonstrate anchor-
dependent labelling levels, as observed with biochemical assays and mass spectrometry.
Strain-promoted azide-alkyne cycloaddition (SPAAC) was then implemented and evaluated on
the rAAV to append functionalities such as fluorescein, biotin and carbohydrates to the azido-
coated capsids. We confirmed the efficiency of the bioorthogonal reaction and observed a
stronger reactivity with dibenzylcyclooctyne (DBCO) compared to bicyclononyne (BCN). The
optimized SPAAC reaction was finally used to label the viral vectors with two relevant
nanobodies targeting specific immune cell receptors (CD62L and CD45). In vitro transduction
assays conducted with one rAAV-nanobody conjugate demonstrated the promising targeting
properties of these chemically modified vectors. Thus, we anticipate that this strategy will
positively impact the field of rAAV capsid engineering and contribute in tissue-specific targeting

for the optimisation of gene therapy treatments.
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INTRODUCTION

In recent years, recombinant Adeno Associated Viruses (rAAVs) have emerged as one
of the most promising vector candidates in clinical studies for in vivo gene therapy'2 This is
primarily attributed to their ability to transduce a diverse array of cells and tissues with
persistent transgene expression, as well as a good safety profile3. Patients suffering from
metabolic to retinal disorders are now treated with rAAVs using a single injection protocol*-6.

Thirteen AAV serotypes were originally described in the literature®’. For each one,
preferentially transduced tissues were identified®, such as rAAV9 which demonstrated
interesting gene delivery capabilities in the brain®. However, these tropisms remain overly
broad, lacking tissue specificity, which results in off-target expression and reduced efficiency.
To address this issue, high doses of vectors need to be administrated to the patient, enhancing
the risk of immune toxicity'?, challenging the large scale production of vectors'' and leading to
expensive treatments.

As a key approach to redirect tropism and improve the therapeutic index, the design of
the viral capsid is extensively explored. Among the strategies, chimeric vectors have been
produced by mixing viral proteins from different serotypes to take advantage of their distinct
characteristics'>'3. Additionally, larger rAAV libraries were generated through directed
evolution approaches, shuffing methods or peptide display techniques'#'s. A prominent
example has been the rAAV-PHP.eB capsid, which demonstrated an enhanced transduction
in the central nervous system'6. Nevertheless, without rational design, such strategies rely on
screening experiments in in vivo models, which may not always accurately represent the actual
rAAV biodistribution in human'’. More rational approaches have also been explored including
specific genetic insertion®2°, Non-natural amino acids bearing specific anchors were
incorporated into VP viral protein (VP) sequences to further append relevant small molecules
or oligonucleotides using bioorthogonal reactions?'-2%, Additionally, the highly specific targeting
properties of proteins and peptides have also been exploited. For instance, a noteworthy
construction involving DARPIns fused to the VP2 N-terminus has been described as a relevant
strategy to redirect the rAAV toward HER2/neu* cells?®. Genetic engineering continues to
provide precise control over the site and degree of modification, which is of significant
importance for the rAAV properties. However, the production process needs adaptation for
each case, and the vectors often suffer from low titers?’.
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Alternatively, recent investigations, including our previous works, have explored the
direct chemical modification of rAAV vectors. Residues such as lysine (K) or tyrosine (Y)
composing the proteins of the AAV capsid, have been bioconjugated with targeting or imaging
small molecules (e.g. carbohydrates, radionuclides, fluorophores) resulting in a promising
improvement or monitoring of the transduction of selected tissues®-°. However, the
conjugation of complex structures, particularly proteins, inherently cannot be explored using

this direct bioconjugation strategy.

In this study, we demonstrated and optimized a direct chemical sequence featuring
biorthogonality to access rAAV-protein conjugates as a faster and easier alternative to genetic
manipulations. We first achieved the obtention of an azido-coated rAAV using chemoselective
bioconjugation on K or Y residues, to evaluate and compare potential efficiency differences.
Phenyl isothiocyanate and aryl diazonium salt were the bioconjugation anchors selected for K
and Y modification, respectively, owing to their non-disruptive and efficient modification of
rAAVs?830 Additionally, we explored the functionalization of rAAVs with a N-methyl luminol
(NML) derivative using the Y-targeting click-electrochemistry strategy recently reported by our
group for viral and cell surfaces labelling®'. Azido-coated rAAVs were successfully obtained in
all cases, with labelling levels dependent on the bioconjugation strategy. Subsequently, post-
functionalization using the bioorthogonal strain-promoted azide-alkyne cycloaddition
(SPAAC)*? was illustrated and optimized with cyclooctyne-derivatized small molecules
(fluorescein, biotin, N-acetylgalactosamine). Interestingly, DBCO (dibenzylcyclooctyne)
exhibited a significantly higher reactivity than BCN (bicyclononyne) in our model. On the other
hand, the chemical bioconjugation of rAAV with the valuable DBCO click handle was
successfully conducted, which, to the best of our knowledge, has never been reported before.
Subsequently, SPAAC post-functionalization using a synthetic azido-derivatized fluorescent
probe was similarly proven at the capsid scale, highlighting the possibility to easily and rapidly
label rAAVs with a broad range of azido-tagged functionalities. With the optimized
bioorthogonal sequence in hands, two biologically relevant nanobodies anti-CD45 and anti-
CD62L (targeting specific immune cells markers?®334) were successfully covalently linked to the
viral capsid to afford rAAV-nanobodies conjugates with conserved transduction capacity in
HelLaT cells. More interestingly, the transduction in the presence of the cell-binding inhibitor
heparin was partially maintained in the CD45-expressing cell line Jurkat when rAAV was
labelled with the anti-CD45 moiety, highlighting the therapeutic prospect of the bioorthogonal
strategy. These promising results contribute to the advancement of next-generation capsid

engineering, paving the way for tissue-targeted gene therapy.

https://doi.org/10.26434/chemrxiv-2024-13f1b ORCID: https://orcid.org/0009-0007-7332-7281 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-l3f1b
https://orcid.org/0009-0007-7332-7281
https://creativecommons.org/licenses/by-nc-nd/4.0/

RESULTS AND DISCUSSIONS
Obtention of azido-rAAV2

Our investigations started with the chemical labelling of the rAAV capsid with azido moieties.
Considering the potential impact of amino acid selection and bioconjugation anchors on both
the efficiency and level of functionalization (affecting the resulting vector profiles?®30), we
compared several strategies. Three distinct anchors were designed, based on previous reports
where rAAV labelling with carbohydrates has been successfully achieved on K and Y
residues®'%%. The azido moiety was associated with a phenyl isothiocyanate for K modification,
an aryl diazonium salt for the Y one and a N-methyl luminol to explore electrochemical Y-
conjugation. Their synthesis is outlined in Scheme 1. We first carried out a three-step synthetic
route to obtain the azido-amino linker 4 using triethylene glycol. After tosylation of the two
alcohol groups of compound 1, and substitution with sodium azide, we performed the
Staudinger reduction of only one of the azido moieties thanks to biphasic conditions. To obtain
the K targeting anchor Lys-N3, a one-step N-functionalization of the amine 4 with bitoscanate
was carried out. To synthesize the azido-aniline derivative 6, the same intermediate 4 was
used to perform a peptide coupling with 4-aminobenzoic acid protected with a BOC group,

which was removed in an additional deprotection step with TFA. This molecule 6 served as the
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substrate for diazonium-activation (Tyr-N3) just before the bioconjugation reaction.
Ad(ditionally, we carried out a previously reported four-step synthesis®' to obtain from 7 the

azido-NML derivative eTyr-Ns, the anchor being electro-oxidized to label tyrosine.

Scheme 1: Synthesis of the bioconjugation anchors. (a) Lys-Ns for K functionalization, Tyr-N3 for chemical Y
functionalization, (b) eTyr-Ns3 for Y electrochemical functionalization. (i) TsCl, EtsN, DCM, RT, 18 h (69 %); (ii)
According Budin et al. (2010)%: NaNs, DMF, 70°C, 18 h (quant.); (iii) According to Goswami et al. (2013)°”: PPhs,
Et,0, 5 % HCI, RT, 20 h (84 %); (iv) DMF, RT, 4 h (88 %); (v) HBTU, DMAP, DMF, RT, 3 h 30 (80 %); (vi) TFA,
DCM then basic resin, RT, 4 h (96 %); (vii) HBF4, tBuONO, dPBS, RT, 5 min (quant.); (viii) 4-step synthesis by
Depienne et al. (2021)%.
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For the bioconjugation step, we selected rAAV2 vectors, a highly studied and characterized
serotype’. Conditions using 185 equivalents of Tyr-N; and Lys-N; (Fig. 1.a) and a
concentration of 0.5 mM of eTyr-Ns were chosen according to the reported reactivity of the
corresponding anchors (Fig. 1.b). The bioconjugation reactions were performed as follows:
Lys-N3; was directly co-incubated with rAAV2, Tyr-Ns; was obtained from 6 by the action of
hexafluoroborate (HBF4) followed by tert-butyl nitrite (BuONO), and eTyr-Nz was electro-
oxidized at 750 mV vs Ag/AgCl. The resulting vectors were characterized using various
analytical techniques. The A20 antibody was employed in the dot blot assay to discern any
alterations in the capsid 3D structure, confirming that the conjugation step did not induce
structural modifications (Fig. 1.c). To validate the azido labelling of rAAVs, we substituted the
antibody in the dot blot analysis with fluorescein conjugated to the BCN structure (BCN-F). For
any azido moieties present on viral proteins, a SPAAC reaction would occur directly on the
nitrocellulose membrane, resulting in a fluorescent signal (Fig. 1.c). Satisfyingly, we confirmed
the functionalization of the three azido-conjugated rAAV2. A strategy-dependent level of
labelling was observed with a notably stronger fluorescence signal with lysine (AAV2-Lys-N3)
and electro-tyrosine modification (AAV2-eTyr-N3) as compared to chemical tyrosine
modification (AAV2-Tyr-Ns). The effective bioconjugation of AAV2-Lys-N3 and AAV2-eTyr-Ns
was further supported by mass spectrometry analyses. Azido-labelled rAAV2 were injected
into an UPLC column without any denaturation treatment. We focused on the mass spectrum
corresponding to VP3, the smallest and most abundant of the three viral proteins (VP1-3)
composing the capsid®. For AAV2-Lys-Ns, the deconvoluted mass spectrometry profile of VP3
confirmed the presence of the protein with zero, one, or two covalently conjugated anchors
(Fig. 1.e). Electro-conjugation exhibited a higher degree of functionalization, as the native VP3
protein was not detectable, with an average of four modifications displayed (Fig. 1.f).
Unfortunately, we could not confirm the labelling of AAV2-Tyr-N3 by mass spectrometry, likely
due to a lesser number of modified proteins.

To confirm that the labelled vectors conserved their functional integrity, we evaluated their
infectivity on HeLa cells. Cells were co-incubated with azido-functionalized rAAV2 carrying an
Enhanced Green Fluorescent Protein (eGFP) reporter gene expression cassette under the
control of a ubiquitous promoter at a multiplicity of infection (MOI) of 183, and the percentage
of fluorescent cells was measured after 48 hours by flow cytometry (Fig. 1.d). No significant
loss of transduction was observed, indicating that neither the bioconjugation conditions nor the

azido coating affected GFP expression.
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Figure 1: Bioconjugation of rAAV2 with azido derivatives and characterization of the obtained vectors. a)
rAAV2 bioconjugation with Lys-N3 or Tyr-N3 using 155 equiv. in aqueous buffers. b) rAAV2 electro-bioconjugation
after an in situ electro-oxidation (750 mV vs Ag/AgCl) of eTyr-Ns for 30 min at 0.5 mM in dPBS. c) Dot Blot analysis
of viral vectors to detect (up lane, 2810 vg) the assembled capsid using the A20 antibody followed by secondary
revelation using an anti-mouse-HRP antibody or to detect (down lane, 3810 vg) the azido moieties using BCN-F.
(d) Evaluation of the transduction efficiency in HeLaT of modified rAAV2 carrying eGFP reporter gene expression
cassette under the control of a ubiquitous promoter. GFP-positive HeLaT quantification by flow cytometry 48 h after
infection at a MOI of 183 (data are shown as mean + SD of three distinct samples (n=3)). e) and f) Analysis by mass
spectrometry of rAAV2-Lys-N3 and rAAV2-eTyr-Ns. Vectors were analyzed without any denaturation step. Mass
profiles were obtained after migration on an UPLC column and deconvolution of the VP3 corresponding peak (MW
(Lys-N3) = 366.46 g/mol and MW (eTyr-N3) = 261.24 g/mol).

Comparison of the reactivity of two cyclooctynes

Various cyclooctynes have been reported in the literature for their efficient reaction with
azido moieties in a bioorthogonal manner#. In this study, we focused on BCN and DBCO to
explore the post-functionalization of azido-labelled rAAV2 using the SPAAC reaction. Their
reactivity was assessed on rAAV2-Lys-N; over a period of one hour using 10 pyM of a
fluorescent cyclooctyne in each case (Fig. 2.a). Dot blot analysis, based on direct fluorescence
measurement, showed a stronger signal with the DBCO structure compared to BCN while no
modification of the 3D structure was observed with A20 detection (Fig. 2.b). The difference in
post-functionalization was further supported by SDS-PAGE analysis. The three specific viral
proteins constituting the capsid (VP1, VP2, and VP3) were unambiguously modified with
DBCO-F, as three distinct fluorescent bands corresponding to the molecular weights of these
proteins were observed. These bands were clearly not detected with the BCN scaffold (Fig.
2.c). Itis noteworthy that two VP3 populations were greatly separated on the silver staining of
DBCO modified vectors (red arrow on Fig. 2.d). We can hypothesize that the larger one may
correspond to a modification of the VP3 unit, providing additional evidence of the successful
SPAAC reaction. Given the observed difference in reactivity, DBCO derivatives were chosen
for the post-functionalization of azido-labelled rAAV2, and the fluorescein-coating of rAAV2-
Tyr-N3; and rAAV2-eTyr-N3 was explored in Fig. S13.
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Figure 2: Comparison of the efficiency of BCN and DBCO cyclooctynes to post-functionalize azido-vectors.
a) SPAAC reaction for rAAV2-Lys-N3 post-functionalization using BCN-F and DBCO-F at 10 uM for 1 h. b) Dot Blot
analysis of viral vectors to detect (up lane, 1.5510 vg) the covalent linkage of fluorescein by direct fluorescence
measurement or to detect (down lane, 2810 vg) the assembled capsid using the A20 antibody followed by secondary
revelation using an anti-mouse-HRP antibody. c) Detection of fluorescein on capsid proteins with direct fluorescence
measurement after denaturation and migration by SDS-PAGE of modified or non-modified rAAV2 (1.5810 vg). d)
Silver staining of capsid viral proteins after denaturation and SDS-PAGE migration of modified or non-modified
rAAV2 (1.5810 vg).

Azido-rAAV2 post-functionalization with DBCO-derivatized small molecules

To further demonstrate the rapid and efficient access to a variety of functionalized
rAAV2, we expanded the SPAAC reaction to include biotin and GalNAc derivatives, using
DBCO-B and DBCO-G respectively (structures and syntheses are provided in the
Supplementary Information, Fig. 3.a). Biotin is widely recognized in the literature as an effective
molecular label*!, while GalNAc serves as hepatocyte targeting moiety*?.

Each modification was specifically studied using dot blot assays. Streptavidin was
employed to detect biotin and the soybean lectin specific to the GalNAc carbohydrate was
used. We successfully confirmed the SPAAC reaction with the two functionalities on the three
azido-coated rAAV2 (Fig. 3.b). The results corroborated our previous findings. Notably, a
higher degree of post-modification was obtained from the more azido-labelled AAV2-Lys-N3
and AAV2-eTyr-N;, compared to AAV2-Tyr-Ns. Despite a very low concentration of rAAV2
(Chrav is approximately 1 nM), a higher number of azido groups on the capsid resulted in a
higher degree of post-functionalization. This observation highlights the interesting opportunity
for grafting modulation. Importantly, unmodified rAAV2 were reacted under the same

conditions with the derivatized DBCO which showed a total absence of signals detection (Fig.

8
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S15.a). rAAV2 vectors were also analyzed with a A20 dot blot assay, and no modifications in
capsid integrities were noticed (Fig. 3.b, lane 2). Functionalized viral proteins were additionally
visualized by SDS-PAGE followed by silver staining (Fig. 3.c). Consistent with previous
observations, this assay demonstrated that the electrochemically-labelled AAV was the most
highly post-functionalized vector in all cases. For rAAV2-eTyr-B, the modification may even
be too drastic as it is difficult to clearly identified which band corresponds to which protein. On
the contrary, despite a similar working concentration (50 uM for DBCO-B and DBCO-G), we
can clearly identify the viral proteins on rAAV2-eTyr-G SDS-PAGE profile, which can indicate
a difference in reactivity between the DBCO constructs. Furthermore, the profile particularly
echoes the mass spectrometry analysis presented in Figure 1.f. Indeed, three distinct levels of
VP3 modification could be observed (red arrows in Fig. 3.c), providing an evidence that poly-
modifications of the proteins is possible.

Gratifyingly, in HeLa cells, almost all functionalized vectors induced GFP production at
levels comparable to unmodified rAAV2 (Fig. S14.c). Unsurprisingly, the exception was
rAAV2-eTyr-B, which showed lower transduction efficacy. Considering its SDS-PAGE profiles,
the observed differences in transduction could be attributed to a too high degree of
functionalization of the capsid with crowded and/or hydrophobic structures. Both the duration
of SPAAC reaction and the concentration of DBCO derivatives seem to be key factors that can
be adjusted to fine-tune capsid engineering. Nevertheless, all the data mentioned underscore
the interest of the three obtained azido-labelled AAVs for accessing a variety of post-

functionalized vectors.
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Figure 3: SPAAC reaction on azido-rAAV2 with DBCO-derivatized small molecules. a) SPAAC reaction for
rAAV2-Lys-Ns, rAAV2-Tyr-N3 and rAAV2-eTyr-Ns using a DBCO-derivatized N-acetylgalactosamine (DBCO-G)
and a DBCO-derivatized biotin (DBCO-B). b) Dot Blot analysis of viral vectors to detect (up line) the covalent
labelling of the capsids with DBCO derivatives or to detect (down lane, 1810 vg) the assembled capsid using the
A20 antibody followed by secondary revelation using an anti-mouse-HRP antibody. GalNAc labelling was detected
(2810 vg) using a FITC-conjugated Soybean Agglutinin (SBA) lectin followed by secondary revelation using an anti-
FITC-HRP antibody. Biotin labelling was detected (1510 vg) with an HRP-conjugated Streptavidin. c) Silver staining
of capsid viral proteins after denaturation and SDS-PAGE migration of modified or non-modified rAAV2 (1.5810 vg).

DBCO vector and post-functionalization with an azido derivative

DBCO-labelled vectors can also be developed as interesting targets to expand the
scope of post-functionalization. Indeed, azido derivatives can sometimes be more accessible
than their corresponding DBCO counterparts. For instance, non-natural azido amino acids can
be easily incorporated into protein sequences with control over the number and sites of
incorporation, thanks to significant advancements in the field of genetic engineering*:. DBCO
derivatives can sometimes be difficult to synthesize, and stability and solubility issues may
arise. In such cases, replacing them with an azido group in the synthetic route would represent
an interesting alternative solution. To maximize the potential of chemical conjugation for rAAV
engineering, we explored reversing the roles of the two click partners and investigated the
possibility of obtaining DBCO-conjugated rAAVs.
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Due to solubility issues of DBCO associated with the lysine conjugating moiety, we only
investigated the labelling with the tyrosine chemical anchor. The desired aniline 12 was
synthesized in a single step of peptide coupling (Fig. 4.a). The corresponding diazonium salt
Tyr-DBCO was obtained in DMSO just before the conjugation step, and 185 equivalents were
added to the rAAV2 mixture (Fig. 4.b). Similar to azido-rAAVs, we carried out a dot blot analysis
using an azido-fluorescein derivative (Ns-F) to perform the SPAAC reaction on the
nitrocellulose membrane, confirming the presence of the DBCO moiety. As shown in Fig. 4.c,
the fluorescent signal clearly demonstrated the covalent coupling of the capsid with the DBCO
moiety, without affecting the 3D structure, as indicated by the additional A20 staining. The
DBCO vector was characterized by mass spectrometry, and the obtained profile confirmed the
bioconjugation of rAAV2. Specifically, we observed that VP3 was partially mono-bioconjugated
(Fig. 4.d).

To validate the post-functionalization of DBCO vectors, we explored the conjugation of
Ns-F (100 uM). Interestingly, on the silver staining analysis shown in Fig. 4.e, three additional
bands were clearly observed above the three viral proteins (red arrows). Combined with the
intense fluorescent signal observed in SDS-PAGE analysis with fluorescence revelation in Fig.
4 f, this unequivocally demonstrates the successful and efficient probe labelling. DBCO-coated
rAAVs complement the previously described azido vectors, contributing to the development of

a broad-spectrum functionalization strategy for rAAV capsid engineering.
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Figure 4: Obtention of DBCO-labelled rAAV2: synthesis of the tyrosine anchor, characterization of the
obtained vector and post-functionalization with Ns3-F. a) Synthesis of the Tyr-DBCO compound. (i) HBTU,
DMAP, DMF, RT, 4 h (51%); (ii) HBF4, tBuONO, DMSO, RT, 5 min (quant.). b) rAAV2 bioconjugation with Tyr-
DBCO using 155 equiv. in dPBS and SPAAC reaction using an azido-derivatized fluorescein (N3-F) at 100 uM. c)
Dot Blot analysis of viral vectors to detect (up lane, 3510 vg) the DBCO moieties using Ns-F or to detect (down lane,
1810 vg) the assembled capsid using the A20 antibody followed by secondary revelation using an anti-mouse-HRP
antibody. d) Analysis by mass spectrometry of rAAV2-Tyr-DBCO. Vectors were analyzed without any denaturation
step. Mass profiles were obtained after migration on an UPLC column and deconvolution of the VP3 corresponding
peak (MW (Tyr-DBCO) = 566.64 g/mol). e) Silver staining of capsid viral proteins after denaturation and SDS-PAGE
migration of N3-F modified and non-modified rAAV2 (1.5810 vg) f) Detection of fluorescein on capsid proteins with
direct fluorescence measurement after denaturation and SDS-PAGE migration of fluorescein modified and non-
modified rAAV (1.5810 vg).

rAAV2 post-functionalization with proteins

The effective post functionalization of azido-rAAV2 or DBCO-rAAV2 was initially
validated with small molecules. However, larger structures, including biomolecules, can also
possess interesting properties, particularly in terms of targeting*4#°. For instance, nanobodies
have been extensively explored due to their size, ease of production, and high specificity,
making them powerful tools for tissue-specific addressing*®. In this study, we explored the
possibility of post-functionalizing the azido vectors rAAV2-Lys-N3; and rAAV2-eTyr-N; with
two biologically relevant nanobodies: anti-human CD62L and anti-human CD45. The former

interacts with the cell adhesion molecule CD62L which is implicated in immune cell
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interactions*’, while the latter binds to the well-described leukocyte marker CD45%. The
SPAAC reaction was performed with DBCO-derivatized nanobodies (Fig. 5.a) considering the
demonstrated higher reactivity of azido-rAAV2 with DBCO compared to BCN (Fig. 2). Silver
staining analysis of rAAV2-Lys-CD62L, rAAV2-eTyr-CD62L, rAAV2-Lys-CD45, and rAAV2-
eTyr-CD45 unambiguously revealed a new protein band slightly above 75 kDa (indicated by
red arrows in Fig. 5.b). This supports the successful functionalization of the corresponding
nanobodies (16 kDa each) onto VP3 (approximately 60 kDa) under SPAAC conditions. To
confirm that this “75 kDa” band corresponds to a nanobody-functionalized viral protein, western
blot analyses were performed using an antibody specific of the nanobody structure. As
depicted in Fig. 4.c, the nanobody anti-CD62L was strongly detected in the “75 kDa” band for
both rAAV2-Lys-CD62L and rAAV2-eTyr-CD62L, confirming the effective formation of the
nanobody-viral vector conjugate without affecting the size and structure of the nanobody. For
anti-CD45, a less intense but visible recognition of the 75 kDa band was observed. Additionally,
the viral origin of those same bands was further confirmed by western blot using polyclonal
antibodies against VP1, VP2, and VP3 (Fig. S16.a). Importantly, all nanobody-rAAV2
conjugates reproducibly conserved the integrity of their assembled capsid and their infectivity
on HelaT cells (Fig. S16.c). Cryogenic electron microscopy (cryo-TEM), was used to evaluate
the effect of nanobody conjugation on capsid geometry. As expected, a hexagonal shape was
observed for unmodified rAAV2. Interestingly, outgrowths similar to “spines” were noticed
(white arrows in Fig. 5.d) for the conjugated vectors rAAV2-Lys-CD62L and rAAV2-eTyr-
CD62L. These specific structures were not detected in images of azido-rAAV2 (Fig. S11.c),
strongly indicating the presence of covalently linked nanobodies on the capsid surface. No
such outgrowths were clearly observed using the anti-CD45 nanobody, likely due to a lower

level of modification (data not shown).
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Figure 5: SPAAC reaction on azido-rAAV2 with two DBCO-derivatized nanobodies. a) SPAAC reaction for
rAAV2-Lys-Ns; and rAAV2-eTyr-Ns using two DBCO-derivatized nanobodies, one targeting CD62L and the other
targeting CD45. b) Silver staining of capsid viral proteins after denaturation and SDS-PAGE migration of nanobodies
modified and non-modified rAAV2 (1.5810 vg). c) Western blot analysis of nanobodies modified and non-modified
rAAV2 to detect nanobodies structures with an anti-VHH-HRP antibody or anti-VHH-FITC antibody followed by
secondary revelation using an anti-FITC-HRP antibody (1810 vg). d) Cryo-TEM images of rAAV2 and nanobodies
modified rAAV2. Scale bars correspond to 25 nm. One representative image was chosen for each sample.

To complete biochemical characterizations, we investigated the targeting ability of the
nanobody-conjugated vectors. We selected the rAAV2-Lys-CD45 vector for transduction
assays on the CD45-expressing cell line Jurkat. This cell line was chosen as this marker is
highly expressed on its surface (Fig. S17). Having demonstrated that the nanobody used for
rAAV labelling was efficiently interacting with this receptor (Fig. S17), Jurkat cells were infected
at MOIs of 582 and 1E3. Unexpectedly, after 72 h, the number of GFP-positive cells, as
observed by flow cytometry, was similar for both rAAV2 and rAAV2-Lys-CD45, suggesting
that the labelling did not enhance the transduction of CD45-expressing cells (Fig. 6.a). One
hypothesis to explain the obtained results could be that the natural entry pathway of rAAV2
masks the one that can be induced by an interaction between CD45 and the nanobody. The
rAAV of serotype 2 is using the primary receptor Heparan Sulfate ProteoGlycan (HSPG) to
interact with the cells and enter into the cytoplasm#. Thus, to test this hypothesis, the natural
entry pathway of rAAV2 was blocked by performing a heparin binding inhibition assay on Jurkat
and Hela cells (a non-expressing CD45 control cell line). In presence of 500 ug/mL of heparin,
an almost full inhibition of the Jurkat cells transduction was observed with unmodified rAAV2.
Indeed, the transduction efficiency observed without heparin was divided by ten (Fig. 6.b and
S18). On the contrary with rAAV2-Lys-CD45, a residual transduction of 25 % was obtained
which means that the GFP production could be partially maintained in presence of heparin.
These encouraging observations are specific to the CD45 expressing cell line as no significant
difference in the percentage of residual transduction was observed between the two vectors in
Hela cells. Furthermore, the results presented in Fig. S19 for rAAV2-Lys-N3 confirmed that it
is not the bioconjugation reaction itself that influences this difference in transduction efficiency.

These preliminary data suggest that, in the absence of heparin, the HSPG pathway is
the main entry pathway used by rAAV2-Lys-CD45, and that the interaction between the
nanobody and the CD45 marker does not increase it. When the vector cannot interact with
HSPG, the presence of the CD45 targeting moiety on the capsid partially maintains the
transduction efficiency of the vector, suggesting that a new entry pathway could be used. In
the light of the results, mutating arginine residues responsible for the HSPG interaction (R588
and R585) in the rAAV2 sequence %°-52 and performing the bioorthogonal sequence on those
specific vectors, with more optimized SPAAC conditions, would represent a promising
alternative to develop specific vectors capable of transducing only CD45 expressing cells.
Ultimately, more proteins with relevant specific targeting properties would need to be

conjugated to the viral capsid to study the range of cell-specific vectors and their promising
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tissue-addressed tropism. We hope this will help to reduce the toxicity of gene therapy and

lower the doses administrated to the patients.

To complement this study, azido conjugations and post-functionalizations were
successfully conducted on rAAVS8 (Fig. S20), highlighting the versatility and promising potential

of chemical bioconjugation for viral capsid engineering.
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Figure 6: Evaluation of the transduction efficiency of rAAV2-Lys-CD45 in a CD45 expressing cell line. a)
Evaluation of the transduction efficiency in Jurkat cells of rAAV2 and rAAV2-Lys-CD45 carrying eGFP reporter
gene expression cassette under the control of a ubiquitous promoter. GFP-positive Jurkat cells were quantified by
flow cytometry 72 h after infection at a MOI of 552 and 183 (data are shown as mean + SD of six distinct samples
(n=6)). b) Evaluation of the transduction efficiency of rAAV2 and rAAV2-Lys-CD45 in presence of 500 ug/mL of
heparin in HeLaT and Jurkat cells. Both rAAV2 vectors were carrying an eGFP reporter gene expression cassette
under the control of a ubiquitous promoter. GFP-positive Jurkat and HelLaT cells were quantified by flow cytometry
48 h after infection at a MOI of 583 in presence of 0 ug/mL or 500 ug/mL of heparin. The results are expressed as
“% residual transduction” which corresponds to the ratio between transduction in presence and in absence of
heparin (data are shown as mean * SD of six distinct samples (n=6)). Statistical significance was assessed using
Mann-Whitney test (*p<0.05; **p<0.01).

CONCLUSION

We propose here a new, simple and rapid technological platform for the custom grafting
of small molecules or proteins onto rAAV vectors, to improve their efficacy and specificity. To
this end, we demonstrated a capsid engineering sequence initiated by chemical capsid
labelling with bioorthogonal groups (azido, DBCO) and followed by an optimized SPAAC
reaction. This direct and rapid sequence enabled access to rAAV-proteins conjugates from
natural serotypes 2 and 8, avoiding time-consuming studies on insertion sites and production
conditions (otherwise needed if proteins are genetically incorporated in the rAAV sequence).
Modulated levels of functionalization can be achieved by using different bioconjugation
reactions or by targeting different amino acid residues, allowing to adapt the strategy in cases
of aggregation or toxicity issues with the labelling moiety. The biological interest of rAAV-

protein conjugates will be further investigated in forthcoming work. Nevertheless, this study
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already demonstrates that rAAV-nanobody conjugates can transduce targeted cells in
presence of a rAAV binding inhibitor, which is promising for the development of highly cell-
specific vectors. We expect that this bioorthogonal chemical modification of the AAV capsid
will represent an easy and versatile strategy to unlock numerous challenges faced in the field
of gene therapy. We also believe that this strategy may open up new applications for
chemically modified capsids, using, for example, in vivo SPAAC reactions which have already

been described in the literature with other models53.
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