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Abstract 

Background  Several treatments for genetic diseases utilizing recombinant adeno-associated viruses (AAVs) have 
recently gained approval. However, the development of a greater number of therapeutic AAVs is constrained by cer‑
tain limitations. While extensive efforts have concentrated on screening AAV genetic libraries, an alternative strategy 
involves modifying the AAV capsid by attaching various moieties. The capsid of AAV plays a pivotal role in transducing 
target cells and evading immune responses, making modifications a key avenue for engineering improved variants.

Results  In our study, we replaced specific AAV9 capsid residues with an unnatural amino acid bearing a bioorthogo‑
nal group, identifying four positions with no adverse impact on production. Utilizing click chemistry, we attached 
varying proportions of Cy5.5 to these positions, allowing us to assess the impact of these modifications on AAV9 
infectivity in cultured cells. Our findings reveal that both the position and degree of capsid modification significantly 
affect AAV transduction. While higher amounts of attached molecules lead to an increased number of AAV genomes 
within cells, this does not positively impact transgene expression. Conversely, a negative impact on transgene expres‑
sion is observed when the AAV capsid is highly modified, with the degree of this effect associated with the modified 
residue.

Conclusion  Careful control of both the degree and specific position of capsid modifications is crucial for optimiz‑
ing transduction efficiency and minimizing undesired effects on transgene expression. These results underscore 
the importance of precision in AAV capsid modification to achieve optimal transduction efficiency while mitigating 
potential drawbacks on transgene expression.

Background
Gene therapy based on recombinant adeno-associated 
virus (rAAV) has revolutionized the clinical manage-
ment of various genetic diseases, with approved AAV 
drugs either by the EMA, the FDA or both: Glybera [1] 
(lipoprotein lipase deficiency), Luxturna [2] (for Leber 

congenital amaurosis), Zolgensma [3] (for spinal muscu-
lar atrophy), Roctavian [4] (for Hemophilia B), Upstaza 
[5] (for severe aromatic L-amino acid decarboxylase 
deficiency) and Hemgenix [6] (for Hemophilia B). Over 
a hundred clinical trials using AAV drugs have been con-
ducted to correct defective human genes, establishing 
AAV as the leading in  vivo gene delivery system due to 
its low immunogenicity, customizable design, and safety 
profile. Despite its rapid advancements, certain chal-
lenges remain, including limited tissue tropism, subopti-
mal transduction efficacy in specific tissues, pre-existing 
neutralizing antibodies (NAbs), and the requirement for 
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high vector dosages [7, 8]. Specifically, optimizing tar-
get-specific vectors, enhancing transduction efficiency, 
and ensuring immune evasion are key areas that require 
further advancement. Overcoming these hurdles will be 
instrumental in expanding the impact and effectiveness 
of AAV-based therapies in diverse clinical settings.

The target tissues and cell types for transgene expres-
sion are primarily determined by AAV capsid, and dif-
ferent wild-type AAV serotypes exhibit distinct tissue 
tropisms due to variable regions interacting with specific 
cell surface receptors [9, 10]. Therefore, the AAV capsid 
must engage with various host organism components to 
facilitate effective transduction of target cells. The bind-
ing of AAVs to cell surface glycans is believed to act as 
attaching factors that enhance internalization by increas-
ing interactions with transmembrane receptor proteins 
responsible for entry. The presence of specific types of 
glycans can influence binding and internalization in a 
manner specific to each serotype, potentially affecting 
tropism. Heparan sulfate proteoglycan was identified as 
an essential component for cell binding and transduction 
for AAV2, establishing it as the first recognized receptor 
[11]. Subsequent research revealed specific glycans for 
other serotypes, such as sialic acid moieties for AAV5, -1, 
-6, and -4, and galactose for AAV9 [12–15]. Glycans are 
accepted as ’primary receptors’ implying an early interac-
tion, characterized by low-affinity, indiscriminate binding 
of these glycans, which lead to sequestration and con-
centration of AAV at the cell plasma membrane. Distinct 
glycan affinities could play a pivotal role in determining 
tissue and host compatibility. However, the specificity 
provided by the glycans seems relatively limited.

In 2016 AAV receptor (AAVR) was recognized as an 
essential receptor for the entry of various AAV sero-
types [16]. While AAVR was initially the main focus, 
it’s evident that more than 40 host genes influence AAV 
transduction acting as partners or engaging with AAV at 
different stages along an AAVR-mediated pathway play-
ing a role in entry, trafficking, and uncoating processes. 
Recently GPR108 has been described as an AAV entry 
factor, predominantly found in the Golgi, suggesting its 
involvement in virus trafficking or escape mechanisms 
[17, 18]. Moreover, ATP2C1, that encodes a membrane 
calcium transport pump, is crucial for upholding cellu-
lar calcium balance and impacts on AAV transduction 
revealing that proper cellular calcium levels are necessary 
for effective intracellular trafficking and structural altera-
tions in the AAV capsid, as it has been observed in other 
viruses [19]. These factors all adhere to specific locations 
on the capsid to function as transduction agents. Further-
more, while glycan-binding sites across different sero-
types are typically situated similarly, they do not exhibit 
amino acid alignment in phylogenetic comparisons.

Consequently, AAV tropism remains broad and unspe-
cific, limiting their application in certain tissues of 
interest. Additionally, pre-existing NAbs in the human 
population against specific AAV serotypes can impede 
effective transduction or render patients ineligible for 
treatment. To overcome these limitations, research-
ers worldwide have explored modifications to the AAV 
capsid to expand its potential applications. Various 
approaches have been investigated, ranging from genetic 
engineering to chemical modifications, in the develop-
ment of newly engineered capsids [20]. Modified ver-
sions of AAVs encompass a spectrum of approaches, 
from genetic modifications of the viral cap gene to con-
jugation of proteins like streptavidin or antibodies to 
enhance interactions with specific cells. Previous studies 
have demonstrated that incorporating distinct genetic 
sequences into the VP2 gene can influence AAV9’s tar-
geting to various cells within bone tissue [8] and AAV6’s 
transduction efficiency in diverse cancer cells [8]. For 
instance, Lee and Ahn found that AAV2 modified with 
a streptavidin-biotin complex linked to an anti-EpCAM 
antibody exhibited significant efficacy in targeting 
EpCAM-positive ovarian cancer cells [21].

Numerous research teams have utilized DNA shuffling 
and peptide display methods to create innovative AAV 
capsids with enhanced in vivo transduction capabilities. 
These novel AAV vectors have shown success in targeting 
various organs, such as the liver, brain, skeletal muscle, 
and eye [20]. Additionally, recent efforts have focused on 
synthetically modifying AAV capsids to improve proper-
ties like immune evasion and cell-specific receptor tar-
geting. The presence of glycan binding sites of different 
serotypes in similar general locations, despite they do not 
share amino acids that align phylogenetically gave hope 
for retargeting gene therapy vectors. Consequently, mod-
ifications in heparin-binding and the integration of an 
AAV9-like galactose binding site into AAV2 have resulted 
in alterations of transduction characteristics, ultimately 
leading to improved transduction efficiency [22].

Ultimately, chemical modifications of the AAV capsid 
have unveiled novel pathways for enhancing the prop-
erties of recombinant AAVs. Introducing GalNac or 
Mannose to exposed tyrosines has notably enhanced 
transgene expression in the liver and retina [23]. Moreo-
ver, the impact can be serotype-dependent; for instance, 
binding N-ethyl Maleimide to the AAV9 capsid has aug-
mented its affinity for murine bone marrow while dimin-
ishing transduction in liver tissue, unlike AAV2 and 
AAV8 which did not exhibit this effect [24]. However it is 
challenging to generate modifications highly specific and 
selective, targeting only the desired regions of the capsid.

Emerging developments in synthetic biology have 
opened doors to the incorporation of a reactive unnatural 
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amino acid onto the surface of the AAV capsid, allowing 
for precise click chemistry conjugation with molecules at 
designated sites. For this purpose, sets of distinct prokar-
yotic tRNA/tRNA synthase pairs have been designed and 
introduced into mammalian cells, enabling the integra-
tion of unnatural amino acids into newly forming poly-
peptides [25]. This approach has been applied in AAV 
engineering, introducing an azido group onto the AAV 
capsid surface to facilitate click chemistry conjugation 
with molecules such as oligonucleotides [26], aptamers 
[27], and various chemicals like PEG and folic acid [27, 
28]. However, modifications using azido-lysine at dif-
ferent positions across different AAV serotypes (AAV2, 
AAV8, AAV-DJ/8 and AAVLK03) have shown restricted 
transduction efficiency and lower titers compared to 
their respective unmodified wild-type AAV counterparts. 
Remarkably, these hybrid AAV constructs have exhib-
ited novel attributes, such as the ability to be tailored for 
precise targeting of particular cancer cells and the capac-
ity to interfere with immune responses by mitigating 
the generation of neutralizing antibodies and enhancing 
resistance to neutralization by Nabs [26–28].

Nonetheless, the modification of AAV capsid proper-
ties presents challenges that demand a thorough under-
standing of the essential virus components involved in 
recombinant virus production and entry interactions. 
Further investigation is necessary to comprehensively 
elucidate the precise chemistry of AAV capsids and their 
interactions with cells, thereby laying the foundation for 
enhanced and targeted gene therapies.

We have examined the potential for several specific 
residues within the AAV9 capsid to be replaced with 
azido-lysine, ensuring that it doesn’t interfere with AAV 
production and maintains the ability to attach a Cy5.5 
molecule to these altered residues. This assessment 
involved evaluating the infectivity of these modified ver-
sions of AAV9. From our investigation, we have identi-
fied five residues that can successfully be substituted 
with azido-lysine (AzK), resulting in titers comparable to 
the wild-type AAV9. However, these modified versions 
exhibit varying transduction capacities. Additionally, we 
have noticed that the attachment of the Cy5.5 molecule 
to the AAV9 capsid leads to differing outcomes, depend-
ing on the specific residue of attachment and the propor-
tion of modified residues within the capsid.

Results
Discovery of specific AAV9 capsid residues amenable 
to replacement with azido‑lysine while maintaining 
unaffected production of recombinant particles
Adeno-associated virus serotype 9 (AAV9) presents 
unique characteristics that make it a promising vec-
tor for delivering therapeutic genes into target cells. It 

exhibits a wide tropism for various tissues with a high 
transduction efficiency making it suitable for treating a 
range of genetic disorders that affect different parts of 
the body showing promising results in preclinical and 
clinical studies across a range of genetic disorders [29]. 
It has been used successfully in various animal mod-
els and has gained approval for treating spinal mus-
cular atrophy in humans [30]. Taking these facts into 
consideration, we explored the possibility of using AAV9 
as a platform to generate chimeric AAVs with enhanced 
properties, achieved by attaching functional moieties to 
specific residues of AAV9 capsid using straightforward 
click chemistry reactions. We aimed to replace specific 
residues with azido-lysine (AzK) within non-conserved 
regions of the AAV capsid. These regions encompassed 
residues that had been effectively modified in AAV2 or 
were pertinent to AAV9’s galactose binding, as well as 
those situated in prominently exposed positions. Ini-
tially, we evaluated whether the replacement of the native 
residue with AzK impacted the stability of AAV9 capsid 
proteins. This was accomplished by transfecting 293 cells 
with the corresponding AAV production vectors contain-
ing the respective codons substituted with TAG, along 
with the necessary plasmids for introducing non-natural 
amino acids into the TAG codon, both in the presence 
and absence of AzK. All the replaced residues resulted in 
the production of the three capsid proteins in a manner 
similar to the wild-type version (Fig. 1A). Consequently, 
we proceeded to generate the 10 mutant recombinant 
AAV9 vectors. Notably, three of the mutant AAVs (K449, 
Q579, and A589) produced empty capsids following the 
iodixanol purification step, as it indicated the presence of 
the three capsid proteins while the AAV genomes were 
practically absent (Fig. 1B, Suppl Fig 1). Subsequently, we 
subjected the remaining seven mutants and the wild-type 
AAV9 to affinity purification to remove the majority of 
impurities present in the viral preparation post-iodixanol 
purification. This step aimed to obtain purer AAV prepa-
rations for the purpose of performing chemical modifi-
cations on the AAV capsid. Curiously, the mutant G455 
could not undergo affinity purification (Fig. 1B). Notably, 
this specific residue has been identified as a critical posi-
tion for the recognition of neutralizing antibodies [31]. It 
is plausible that the substitution of this residue prevents 
the binding of the antibody present in the affinity purifi-
cation column. Out of the six purified mutants, the yield 
from five of them was comparable to that of the wild-type 
AAV9. However, one mutant, Q590, exhibited a lower 
titer even after the iodexanol purification step. This sug-
gests that this particular AAV mutant was produced with 
lower efficiency. Hence, we chose the mutants N470, 
M471, A591, Q592, and T593 for chemical modification 
and subsequent characterization.
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Attachment of Cy5.5 to AAV9‑AzK mutant versions
Prior to modifying the capsids of the AAV9 mutants, 
we evaluated the transduction capacity of each mutant 
by analyzing AAV genome and GFP mRNA expres-
sion in Hela cells 72 hours after vector administration 
(Fig.  2). Evaluation of AAV genomes presence showed 
that the five mutants presented a similar amount of AAV 
genomes as the wild type AAV9 at the end of the experi-
ment. Nevertheless, upon analyzing GFP mRNA expres-
sion, it was evident that the N470 mutant exhibited no 
transgene expression. On the other hand, the T593 
mutant demonstrated higher expression compared to the 

wild-type AAV9, while the remaining three mutants dis-
played slightly reduced expression levels. Consequently, 
we excluded the N470 mutant from the chemical modifi-
cation experiments due to its lack of activity.

Next, we opted for Cy5.5-DBCO, a fluorescent mol-
ecule containing a DBCO group, to examine the accessi-
bility of AzK residues for potential modification through 
a straightforward copper-free click chemistry reaction. 
Consequently, we subjected the various mutants to incu-
bation with varying quantities of Cy5.5-DBCO equiva-
lents at a temperature of 25ºC for a duration of 2 hours. 
Following this, we quantified the integrated fluorescent 

Fig. 1  Analysis of AAV9 WT and mutant capsid proteins expression and AAV productions. A Western Blot analysis of VP1, VP2, and VP3 protein 
expression 72 hours post-transfection of AAV9 wild-type (WT) and mutated PDP9 plasmids together with the pAcBac1-tR4-MbPyl plasmid 
in the presence or absence of the unnatural amino acid AzK. B Presentation of AAV9 and mutant AAV titers obtained after the initial purification 
step using an iodixanol gradient, shown in the first column. The second column displays the titers obtained after the second purification step, 
which involved affinity chromatography in addition to the first purification step

Fig. 2  AAV9 and mutant AAV infectivity. Hela cells were exposed to AAV9 wild-type (WT) and mutant vectors at a multiplicity of infection (m.o.i.) 
of 2E5 vg/cell. After 72 hours of infection, the viral genome was quantified by assessing the presence of the CMV promoter (A), and expression 
levels were determined by measuring GFP transgene expression (B)
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molecules by assessing the AAV capsid proteins via SDS-
PAGE and subsequent visualization of the proteins using 
an Odyssey imaging system (Fig.  3). Among the AAV 
preparations, the M471 variant exhibits an increased 
ratio of empty capsids (Suppl Fig 2), leading to a relatively 
elevated initial fluorescent signal compared to the other 
mutants. Employing a greater quantity of Cy5.5-DBCO 
equivalents during incubation results in a heightened 
integration of the fluorescent molecule into the AAV cap-
sids, demonstrating consistent enhancements across all 
mutant variants.

After establishing the conditions for similar Cy5.5 
molecule attachment across the four positions on the 
AAV9 capsid, we proceeded to assess whether this cap-
sid modification impacted the transduction efficiency 
of AAV in cell culture. Consequently, we inoculated 
Hela cells with equivalent quantities of each AAV9 
mutant variant, both unmodified and modified using 
the four different proportions of Cy5.5-DBCO. Fol-
lowing a 72-hour incubation period, we analyzed the 
AAV genomes within the cells (Fig.  4A). Intriguingly, 
we noted a proportional increase in the quantity of 
AAV genomes present in the cells, aligning with the 
extent of AAV capsid modification. The AAVs linked 
with a higher concentration of Cy5.5 exhibited nearly 
100 times more genomes than the unmodified mutant 
version. As a result, the modified AAV mutants dem-
onstrate higher transgene expression compared to 
the unmodified versions (Fig.  4B). However, there is 

a threshold of modification beyond which a negative 
impact on transgene expression is observed. This nega-
tive effect results in lower expression than that achieved 
with the unmodified mutant, despite having nearly 100 
times more genomes. Interestingly, the choice of the 
modified residue has a significant impact, ranging from 
a complete blockage of transgene expression (Q592) to 
an expression level similar to that of the unmodified 
mutant version (T593).

Having a fluorescent molecule within the AAV cap-
sid enabled us to track the localization of AAV parti-
cles in Hela cells at various time points following AAV 
infection. This allowed us to analyze how each mutant 
capsid behaves when the Cy5.5 molecule is attached to 
the viral particle. Initially, we assessed AAV infection 
after 8 hours of vector administration. At this point, we 
observed small spots ranging from 0.5 to 2 µm in size, 
indicative of AAV particles. Notably, these spots started 
to be detected when the M471 and Q592 mutants were 
subjected to the second-highest concentration of Cy5.5 
in the reaction (30 Eq for M471 and 10 Eq for Q592), 
while the other two mutants just when were exposed to 
the highest concentration (Fig. 5, Suppl Fig 3). Further-
more, a significant number of these spots localized near 
the perinuclear region. At the end of the experiment, 
72 hours after vector inoculation, we also observed 
the formation of big capsid aggregates in some of the 
infected cells, in addition to the smaller spots men-
tioned earlier (Fig. 5).

Fig. 3  Attachment of Cy5.5 to AAV9 mutant versions. SDS-PAGE analysis of 2E10 VG of each mutant modified with different equivalents 
of CY5.5-DBCO molecules per azide group was performed. The resulting proteins were then assessed by measuring emitted fluorescence 
at a wavelength of 700 nm. The increment relative to the first lane is specified beneath each lane for every mutant
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Fig. 4  Modified AAVs infectivity. Mutant vectors modified with varying equivalents of CY5.5 were used to infect Hela cells at a m.o.i. of 2E5 vg/cell 
and analyze AAV genomes (A) and GFP transgene expression (B) 72 hours later

Fig. 5  AAV Transduction Visualization. Hela cells were infected at a multiplicity of infection (m.o.i.) of 2E5 vg/cell, where mutants were chemically 
modified with 90 equivalents of Cy5.5, except for the Q592 mutant, which underwent modification with 30 equivalents. At eight and 72 hours 
post-infection, cells were fixed and prepared for visualization under a confocal microscope. Each image represents a typical view of each mutant. 
The actin cytoskeleton is marked in green, the nucleus in blue, and the CY5.5 in the capsids of the AAV mutants is observed in red. White bars 
correspond to 20 μm
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Discussion
We have identified multiple residues within the AAV9 
capsid that can be replaced with a reactive non-natural 
amino acid like AzK, without any adverse impact on 
rAAV production. In fact, we achieved comparable titers 
to those of the wild-type AAV9. Furthermore, our inves-
tigation revealed that the attachment of Cy5.5 to various 
positions on the AAV9 capsid exerts differential effects 
on AAV9’s transduction capacity. Additionally, the quan-
tity of molecules attached to the AAV9 surface also plays 
a role in influencing these effects.

Several authors have developed rAAVs incorporating 
reactive non-natural amino acids at various positions, 
employing different serotypes in their studies [26–28, 
32]. These investigations have encountered challenges in 
generating mutated vectors with titers comparable to the 
wild-type version. Notably, AAV2 and AAVLK03 yielded 
significantly lower titers compared to AAV-DJ and AAV8, 
failing to surpass 15% of the wild-type vector titer in any 
of these cases. Conversely, within the AAV9 capsid, we 
successfully identified several positions where AzK sub-
stitution maintained production levels on par with wild-
type AAV9. This finding highlights the necessity for a 
comprehensive screening process to pinpoint substitu-
tion positions that minimally impact rAAV production. 
Furthermore, it’s important to consider that different 
types of unnatural amino acids can be incorporated into 
the AAV capsid, and the choice of the introduced reactive 
amino acid may influence the formation of recombinant 
particles.

After successfully producing reactive rAAVs at nor-
mal levels, the next step is to evaluate the infectivity of 
the generated vectors. We observed that four out of the 
five produced rAAVs displayed similar or slightly reduced 
transgene expression, whereas the substitution at posi-
tion N470 led to a significant reduction in expression. 
Previous research has identified N470 residue as a cru-
cial element in AAV9 binding to galactose before recep-
tor attachment playing a transcendent role in AAV9 
transduction [33]. Interestingly, there is no apparent cor-
relation between the quantity of AAV genomes detected 
within the cells and the transgene expression levels in the 
mutants at positions N470, M471, and Q592, compared 
to those observed in AAV9 and the other two analyzed 
mutants. Similarly substitution of AAV2, AAV8 and 
AAV-DJ capsid residues showed variable effects on AAV 
transduction ranging from normal transduction to block-
ade [26–28, 32].

Introducing reactive residues into the AAV capsid ena-
bles the engineering of these vectors by attaching vari-
ous moieties to the AAV surface, thereby imparting new 
properties. This approach has led to modifications in 
AAV tropism through the attachment of cyclic peptides 

[32], folic acid, or aptamers [27], and in some instances, 
it has even restored vector transduction capacity. Fur-
thermore, site-specific pegylation and oligo conjugations 
have been employed to engineer viral shielding, providing 
protection to AAV particles against neutralizing antibod-
ies [26, 28]. One of the primary features of these click-
chemistry reactions at specific AAV capsid positions is 
the ability to incorporate chemical elements of interest at 
precise locations on the capsid. This stands in contrast to 
the unspecific chemical attachment of moieties that acti-
vate exposed amines on AAV capsids. Considerable effort 
has been dedicated to studying the impacts of attached 
molecule properties and positions. However, there has 
been limited characterization of the effects observed 
when varying proportions of a molecule are linked to 
the AAV capsid. We have noticed that the incorporation 
of an inert molecule such as Cy5.5 has varying effects 
on AAV transduction, depending on both the propor-
tion of attached molecules and the specific residue used 
for attachment. Interestingly, when the rAAV carries a 
higher proportion of attached molecules on the AAV 
capsid at all four assessed positions, there is a greater 
presence of AAV genomes within the cells. This increase 
is linked to enhanced transgene expression. However, 
a blockade of transgene expression occurs when more 
Cy5.5 molecules are attached to these four positions, 
with the magnitude of this effect varying depending on 
the modified residue. Hence, the proportion and location 
of attached molecules on the AAV capsid can influence 
the intended outcomes when creating chimeric AAVs. 
Numerous studies have examined the biological effects 
associated with molecule placement at various positions. 
These studies have revealed the challenges in predicting 
the biological impact based solely on the selected modi-
fied residue. Consequently, it is essential to experimen-
tally identify the specific attachment points for each AAV 
serotype. For instance, when folic acid is attached to the 
AAV DJR/A-N589 residue, it enhances AAV transduction 
in tumor cells. In contrast, when folic acid is attached to 
AAV LK03-N588, it completely abolishes viral transduc-
tion [27].

However, a comprehensive exploration of the effects 
stemming from different proportions of attached mol-
ecules has been lacking. Most of these studies have not 
provided a detailed characterization of the molecule 
density on the AAV capsid. Interestingly, distinct out-
comes are achieved when GalNac or Mannose is cova-
lently linked to the AAV2 surface through the formation 
of a thiourea bond with the accessible amino groups or 
tyrosine bioconjugation of the rAAV capsid [23, 34, 35]. 
While there is no discernible effect on AAV2 transduc-
tion efficiency when ten times more Mannose is attached, 
an equivalent increase in GalNac leads to a notable 
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reduction in AAV2’s infectivity in the target organ. Like-
wise, the elevation of Cy5.5 density on the AAV9 surface 
exerts a detrimental effect on AAV transgene expression 
in all four positions examined in our study. However, 
this effect coincides with an increase in the presence of 
AAV genomes within the cells. This suggests that the 
deficiency in transgene expression is not linked to AAV 
entry but rather to the localization of the AAV genome. 
Furthermore, 72 hours after AAV administration, we 
observed an accumulation of AAV9 capsids in the cells 
in all four modified mutants. These capsids may con-
tain AAV genomes, which, if present, would be inac-
tive as they require access to the cellular nucleus to 
become transcriptionally active. In contrast, the attach-
ment of Mannose or GalNac to AAV2 and AAV8 cap-
sids enhances transgene expression, normalizing or even 
improving transgene expression in the liver and retina, 
despite a significant reduction in AAV genomes [23, 34]. 
We need to investigate whether attaching these glycans 
to the AAV9 surface at any of the four studied residues 
can enhance transgene expression in the target organs, 
similar to what has been observed in AAV2 and AAV8.

Materials and methods
Cloning and construction of rAAV vector
Mutant Cap9 versions were generated using the In-
Fusion® cloning system (Takara) using as template the 
pAAV-MCS-AAV9-Cap-SalI vector obtained subclon-
ing the Sal I DNA fragment containing the Cap9 gene 
obtained from the pDP9 vector into the pAAV-MCS 
plasmid to facilitate nucleotide substitutions. The clon-
ing reactions were performed according to manufac-
turer indications. To generate each mutation, there are 
required two PCR products that were performed using 
the appropriate primers presented in Table  1. The for-
ward primer for each mutation was paired with the 
SapI-AAV9 CAP-R primer, while the reverse primer for 
the mutation was coupled with the XcmI-AAV9 CAP-F 
primer. To introduce the mutations into the pAAV-
MCS-AAV9-Cap-Sal I vector it was digested with Sap I 
and Xcm I and the obtained 6.6 kb DNA was used in the 
recombination ligation with the corresponding pair of 
PCR products. Next, the Cap9 gene with desired muta-
tion was introduced into the pDP9 vector using Sal I 
restriction enzyme to transfer a 3 kb DNA fragment with 
the mutated gene into the host vector pDP9 using regu-
lar cloning methods. All plasmids were characterized by 
restriction analysis and sequencing.

Cell transfection
Human embrionic kidney cells (HEK 293, ATCC​® CRL-
3216™) were grown in Dulbecco’s modified Eagle’s 
medium with pyruvate (DMEM 11995073, GIBCO) 

supplemented with 10% heat-inactivated fetal bovine 
serum (FBS 10270-106, GIBCO), 1% penicillin and strep-
tomycin (15140-122, GIBCO). One day before transfec-
tion, 5x105 HEK 293 cells were plated in M6-wells. The 
next day, medium was replaced with 1800 μL of DMEM 
FBS 2% medium and 200 μl of a previously prepared 
transfection mix containing 3 μg of pDP9 plasmid (wild-
type or mutant versions), 2 μg of pAcBac1.tR4-MbPyl 
plasmid (Addgene, #50832) and 11.25 μL of PEI 10 mM 
(Polyethylenimine, Sigma Cat# 40872-7). To obtain 
mutated proteins expression 20 μL of amino acid H-L-
Lys (EO-N3)-OH*HCl 100 mM (AzK, Iris) were added 1 
hour and 24 hours after transfection. Transfections were 
incubated for 72 hours.

Protein analysis
Protein extracts were obtained from cell pellets resus-
pended in resuspension buffer (Tris 0.5 M pH 7.4, SDS 
10%, H2O miliQ and a mix of proteases inhibitors com-
posed of PMSF (Phenylmethylsulfonyl fluoride), Aproti-
nine, Sodium orthovanadate and Pyrophosphate). Next, 
the same volume of Loading Buffer 2X (Bio-Rad Cat# 
1610737) supplemented with β-mercaptoethanol at 
5% was added and cell extracts were analyzed by SDS-
PAGE. Finally proteins were transferred to nitrocellu-
lose membrane for protein immunodetection using the 

Table 1  Primers

PRIMER SEQUENCE

K449-AAV9 CAP-F 5’ TTA​ATA​GTC​TAT​GAG​AGA​TAG​TAC​AAG​TAT​T 3’

K449-AAV9 CAP-R 5’ TAT​CTC​TCA​TAG​ACT​ATT​AAC​GGT​TCT​GGA​CA 3’

G455-AAV9 CAP-F 5’ GAT​TCT​GCT​AAG​AAC​CGT​TAA​TAG​TCT​TTG​ 3’

G455-AAV9 CAP-R 5’ TAA​CGG​TTC​TTA​GCA​GAA​TCA​ACA​AAC​GCT​AAA 3’

N470-AAV9CAP-F 5’AGC​CAT​CTA​GCT​GGG​TCC​GGC​CAC​ACT​GAA​ 3’

N470-AAV9CAP-R 5’ CCC​AGC​TAG​ATG​GCT​GTC​CAG​GGA​AGA​AAC​ 3’

M471-AAV9CAP-F 5’ GAC​AGC​CTA​GTT​GCT​GGG​TCC​GGC​CAC​ACT​ 3’

M471-AAV9CAP-R 5’ AGC​AAC​TAG​GCT​GTC​CAG​GGA​AGA​AAC​TAC​ 3’

Q579-AAV9CAP-F 5’ TTT​GTG​GCC​ACC​TAT​CCA​TAG​GAC​TCC​GTT​GCTA 3’

Q579-AAV9CAP-R 5’ TAT​GGA​TAG​GTG​GCC​ACA​AAC​CAC​CAG​AGT​ 3’

A589-AAV9CAP-F 5’ CGC​CTG​CTA​TTG​GGC​ACT​CTG​GTG​GTT​TGT​ 3’

A589-AAV9CAP-R 5’ GCC​CAA​TAG​CAG​GCG​CAG​ACC​GGC​TGG​GTT​ 3’

Q590-AAV9CAP-F 5’ CTG​CGC​CTA​TGC​TTG​GGC​ACT​CTG​GTG​GTT​ 3’

Q590-AAV9CAP-R 5’ CAA​GCA​TAG​GCG​CAG​ACC​GGC​TGG​GTT​CAA​ 3’

A591-AAV9CAP-F 5’ GGT​CTG​CTA​CTG​TGC​TTG​GGC​ACT​CTG​GTG​ 3’

A591-AAV9CAP-R 5’ GCA​CAG​TAG​CAG​ACC​GGC​TGG​GTT​CAA​AAC​ 3’

Q592-AAV9CAP-F 5’ GCC​GGT​CTA​CGC​CTG​TGC​TTG​GGC​ACT​CTG​ 3’

Q592-AAV9CAP-R 5’ CAG​GCG​TAG​ACC​GGC​TGG​GTT​CAA​AAC​CAA​ 3’

T593-AAV9CAP-F 5’ CCA​GCC​CTA​CTG​CGC​CTG​TGC​TTG​GGC​ACT​ 3’

T593-AAV9CAP-R 5’ GCG​CAG​TAG​GGC​TGG​GTT​CAA​AAC​CAA​GGA​ 3’

XcmI-AAV9 CAP-F 5’ CAC​GCT​GAC​TTG​GCC​AGT​AGA​ATA​CTG​GGT​ 3’

SapI-AAV9 CAP-R 5’ CAA​CTT​CAA​GCT​CTT​CAA​CAT​TCA​GGT​CAA​ 3’
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corresponding antibodies to detect AAV capsid proteins 
(Origene [BM5051]) and actin (Abcam) and the Lumigen 
ECL ULTRA substrate A+B (Lumigen). Then, membranes 
were scanned with the Oddyssey® Fc Imaging System (Li-
Cor) selecting the 700 nm channel for 30 seconds and the 
chemiluminiscence exposition for 2 minutes.

To visualize capsid viral proteins present in the purified 
AAV preparations and after chemical modification sam-
ples were analyzed in a 7.5 % SDS-PAGE. Once the elec-
trophoresis had ended, the gel was fixed (10% ethanol, 7% 
glacial acetic acid) for 30 minutes and next gel was incu-
bated with SYPRO Ruby protein stain (BioRad) for 16-18 
hours and it was visualized with the Quantity ONE pro-
gram (BioRad). Cy5.5 incorporation was observed after 
gel fixation at the Oddyssey® Fc Imaging System (Li-Cor).

Production of rAAV vectors
The viral particles were produced by polyethyleneimine-
mediated co-transfection in HEK-293T cells in 150 mm 
plates until nearly confluent. Nearly confluent cells were 
co-transfected with three different plasmids - the helper/
packaging plasmid (pDP9 wild type or mutated), the 
AcBac1.tR4-MbPyl plasmid which contain the genes 
that encodes pyrrolisyl-tRNA synthetase and its cor-
responding tRNA necessaries to introduce the desired 
non-natural amino acid into the amber mutation and 
the ssAAV-CMV-GFP plasmid - using linear polyethyl-
eneimine 25 kDa (Polysciences, Warrington, PA). One 
hour after DNA transfection, 180 μL of the amino acid 
H-L-Lys (EO-N3)-OH*HCl 100 mM (AzK) were added 
to the medium and 90 μL of it 24 hours later to pro-
duce the mutant AAV9 versions. Transfected cells were 
cultured for 72 hours at 37ºC 5% CO2 before being har-
vested for AAV purification. Cell culture supernatant 
was collected and treated with polyethylene glycol solu-
tion (PEG8000, 8% v/v final concentration) for 48–72 h 
at 4 °C. It was then centrifuged at 1400×g for 15 min, 
the pellet was resuspended in lysis buffer (50 mM Tris-
Cl, 150 mM NaCl, 2 mM MgCl2, 0.1% Triton X-100) and 
kept at −80 °C. After three cycles of freezing and thaw-
ing, VPs obtained from cell supernatants and lysates 
were purified by ultracentrifugation at 350,000×g during 
2.5 h in an iodixanol (Optiprep 415468 ATOM) gradi-
ent. Once our viral particles were purified by iodixanol 
gradient ultracentrifugation those samples were purified 
by affinity chromatography. For this step the ÄKTA start 
+ Frac 30 + UNICORN 1 control system from ÄKTA 
purification systems (GE Healthcare Life Sciences) and 
the POROS™ GoPure™ AAVX pre-packed 1mL columns 
(Thermo Fisher Scientific) were used. Our samples were 
diluted, in the equilibration buffer (PBS, pH 7.4) until a 
concentration of 5e11vg/ml was obtained and a 0.0001% 
of Pluronic acid was added to this solution. A method 

for the purification of the viral particles was created 
using the UNICORN 1 software. After the method was 
run, fractions containing the purified viral particles were 
mixed and subjected concentration and buffer exchange 
with PBS 5% sucrose with 0.001% of Pluronic acid, using 
an Amicon Ultra centrifugal device with Ultracel 100K 
(UFC910008 Millipore) in a total volume of 2 ml. to the 
same procedure as described above to exchange buffer 
with PBS 5% sucrose.

Titration of VP was performed by qPCR using primers 
complementary to the CMV region: 5´-TTA​CCA​TGG​
TGA​TGC​GGT​T-3´ and 5´-TAC​ACG​CCT​ACC​GCC​
CAT​T-3´. Viral genomes were extracted from DNAase-
treated viral particles using the High Pure Viral Nucleic 
Acid Kit (Roche).

Chemical conjugation of Cy5.5 to the AAV9 capsid
The attachment of Cy5.5 to the AAV capsid relied on 
click chemistry reactions involving the DBCO group pre-
sent in CY5.5 and the azide groups present on the mutant 
capsids. Each reaction maintained a virus concentration 
of 1.33E9 viral genomes (VG) per 1 µl of reaction. The 
reaction included an excess of CY5.5-DBCO equivalents 
based on the azide groups present. To determine the 
azide quantity, we considered that each capsid comprises 
60 monomers, each containing one azide group. Addi-
tionally, we assumed a 10:1 ratio of empty to full cap-
sids, a parameter used for calculating infectious particle 
quantities.

Reactions were conducted in PBS 5% Sucrose, 0.0001% 
pluronic acid, with agitation at 300 rpm for 2 hours at a 
temperature of 23ºC, utilizing 1.5 ml Eppendorf tubes 
with no more than 1 ml of reaction volume.

The modified virus was purified through filtration 
using Amicon units (Amicon Ultra-0.5 Centrifugal Fil-
ter Unit – Sigma (UFC501096)). This process eliminated 
unreacted molecules, leaving the virus in a medium of 5% 
sucrose PBS, 0.0001% pluronic acid. A 500 μl portion of 
the reaction mixture was loaded onto a 0.5 ml Amicon 
and centrifuged at 14000 g for 10 minutes at 4ºC. This 
step was repeated with an additional 500 μl of sucrose 
PBS. The purified virus was obtained by inverting the 
Amicon into a clean tube and centrifuging at 1000 g for 2 
minutes at 4ºC.

Cell infection and molecular analysis
200000 Hela cells were seeded in M6 wells and next day 
they were infected with a m.o.i. of 2E5 vg/cell with the 
corresponding AAV vectors. 72 hours later they were 
harvested for molecular analysis or for immunofluores-
cence visualization of the AAV particles.

Vector genome copies present in cells were deter-
mined by qPCR using iQ™ SYBR® Green (BioRad) in a 
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CFX96 Real-Time Detection System (BioRad) with prim-
ers specific for the CMV promoter (F 5’ TTA​CCA​TGG​
TGA​TGC​GGT​T; R 5’ TAC​ACG​CCT​ACC​GCC​CAT​T). 
Mouse Gapdh (glyceraldehyde-3-phosphate dehydroge-
nase) (F 5’ TGC​ACC​ACC​AAC​TGC​TTA​ R 5’ GGA​TGC​
AGG​GAT​GAT​GTT​C) was used as housekeeping gene.

To analyze transgene expression, total RNA was iso-
lated from cell using the Maxwell® 16 LEV simplyRNA 
Tissue Kit (Promega) according to the manufacturer’s 
instructions and quantified. Extracted RNA was reverse 
transcribed into complementary DNA (cDNA) using 
M-MLV reverse-transcriptase (Invitrogen). Copies of 
GFP (F 5’ ATG​GTG​AGC​AAG​GGC​GAG​GA; R 5’ TTG​
CCG​GTG​GTG​CAG​ATG​AA) cDNA were determined 
by qPCR using GoTaq qPCR Mastermix (Promega) in a 
CFX96 Real-Time Detection System (BioRad). Mouse 
histone expression levels were used for normalization (F 
5’ AAA​GCC​GCT​CGC​AAG​AGT​GCG; R 5’ ACT​TGC​
CTC​CTG​CAA​AGC​AC).

Immunofluorescence
For the stress fibers staining, HeLa cells were fixed with 
4% paraformaldehyde, permeabilized with 0.1% Triton 
X-100 and incubated with Oregon Green® 448 phalloi-
din (Invitrogen) for 15 min at 37 °C. The stained cells for 
each preparation were mounted with Vectashield Mount-
ing Medium with DAPI (Vector Laboratories). The sam-
ples were analyzed using the 40x objective of an Axiovert 
200M confocal LSM 510 META Zeiss microscope.

Statistical analysis
Data are presented as mean values ± SEM and were sta-
tistically analyzed using a one-way ANOVA or Kruskal-
Wallis test, Bonferroni multiple comparison test, 
two-way ANOVA test for weight analysis, or unpaired t 
test when only two groups were compared with Graph-
Pad Prism 9.05 software (GraphPad Software Inc., CA, 
USA). P < 0.05 was considered significant.

Abbreviations
AAV	� Adeno-associated virus
EMA	� European Medicines Agency
FDA	� Food and Drug Administration
Nabs	� Neutralizing antibodies
AAVR	� AAV receptor
VP	� Viral Protein
GalNac	� N-Acetyl-D-galactosamine
tRNA	� Transfer RNA
AzK	� Azido-lysine
DBCO	� Dibenzocyclooctyne
Cy5.5	� Cyanine5.5
GFP	� Green Fluorescent Protein
mRNA	� Messenger RNA
SDS-PAGE	� Sodium dodecyl sulfate polyacrylamide gel electrophoresis
PCR	� Polymerase Chain Reaction
Kb	� Kilobase

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13036-​024-​00430-7.

Supplementary Material 1.

Acknowledgements
 We thank Francisco Martin and Maria Monteserin for providing us technical 
support.

Authors’ contributions
Conceptualization, R.A.; Methodology design, R.A.; Formal analysis, S.M., P.R., 
A.U. and R.A.; Investigation, S.M., P.R., M.G., B.C., M.M.,  A.U. and R.A.; Writing 
original draft, R.A; Writing-Review and Editing, S.M. and R.A.; Supervision, R.A, ; 
Project administration, R.A; Funding acquisition, R.A.

Funding
This work was supported by the grants PID2022-143327OB-100 and 0011-
1411- 2019-000074 funded by the Ministerio de Ciencia e Innovación and 
Gobierno de Navarra respectively. Sergio Milagros acknowledges the PhD 
fellowship 0011-1408-2020-000028 funded by Gobierno de Navarra.

Availability of data and materials
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 9 January 2024   Accepted: 6 May 2024

References
	1.	 Gaudet D, Méthot J, Déry S, Brisson D, Essiembre C, Tremblay G, et al. 

Efficacy and long-term safety of alipogene tiparvovec (AAV1-LPL S447X) 
gene therapy for lipoprotein lipase deficiency: An open-label trial. Gene 
Ther. 2013;20(4):361–9.

	2.	 Russell S, Bennett J, Wellman JA, Chung DC, Yu Z-FF, Tillman A, et al. 
Efficacy and safety of voretigene neparvovec (AAV2-hRPE65v2) in 
patients with RPE65-mediated inherited retinal dystrophy: a randomised, 
controlled, open-label, phase 3 trial. Lancet [Internet]. 2017 [cited 2017 
Oct 19];390(10097):849–60. Available from: https://​ac.​els-​cdn.​com/​
S0140​67361​73186​88/1-​s2.0-​S0140​67361​73186​88-​main.​pdf?_​tid=​84834​
48c-​b4d4-​11e7-​beb4-​00000​aacb3​61&​acdnat=​15084​21233_​c8d81​be56f​
e4c6b​44c67​75ba1​5fae3​1f.

	3.	 Dabbous O, Maru B, Jansen JP, Lorenzi M, Cloutier M, Guérin A, et al. 
Survival, Motor Function, and Motor Milestones: Comparison of AVXS-101 
Relative to Nusinersen for the Treatment of Infants with Spinal Muscular 
Atrophy Type 1. Adv Ther. 2019;1164–76.

	4.	 Ozelo MC, Mahlangu J, Pasi KJ, Giermasz A, Leavitt AD, Laffan M, et al. 
Valoctocogene Roxaparvovec Gene Therapy for Hemophilia A. N Engl J 
Med. 2022;386(11):1013–25.

	5.	 Tai CH, Lee NC, Chien YH, Byrne BJ, Muramatsu SI, Tseng SH, et al. Long-
term efficacy and safety of eladocagene exuparvovec in patients with 
AADC deficiency. Mol Ther. 2022;30(2):509–18.

https://doi.org/10.1186/s13036-024-00430-7
https://doi.org/10.1186/s13036-024-00430-7
https://ac.els-cdn.com/S0140673617318688/1-s2.0-S0140673617318688-main.pdf?_tid=8483448c-b4d4-11e7-beb4-00000aacb361&acdnat=1508421233_c8d81be56fe4c6b44c6775ba15fae31f
https://ac.els-cdn.com/S0140673617318688/1-s2.0-S0140673617318688-main.pdf?_tid=8483448c-b4d4-11e7-beb4-00000aacb361&acdnat=1508421233_c8d81be56fe4c6b44c6775ba15fae31f
https://ac.els-cdn.com/S0140673617318688/1-s2.0-S0140673617318688-main.pdf?_tid=8483448c-b4d4-11e7-beb4-00000aacb361&acdnat=1508421233_c8d81be56fe4c6b44c6775ba15fae31f
https://ac.els-cdn.com/S0140673617318688/1-s2.0-S0140673617318688-main.pdf?_tid=8483448c-b4d4-11e7-beb4-00000aacb361&acdnat=1508421233_c8d81be56fe4c6b44c6775ba15fae31f


Page 11 of 11Milagros et al. Journal of Biological Engineering           (2024) 18:34 	

	6.	 Escobar M, Gomez E, Jarres RK, Quon DV, Symington E, Wang M, et al. 
Gene Therapy with Etranacogene Dezaparvovec for Hemophilia B. N Engl 
J Med. 2023;388(8):706–18.

	7.	 Srivastava A. Rationale and strategies for the development of safe and 
effective optimized AAV vectors for human gene therapy. Mol Ther - 
Nucleic Acids. 2023;32(June):949–59.

	8.	 Pupo A, Fernández A, Low SH, François A, Suárez-Amarán L, Samulski 
RJ. AAV vectors: The Rubik’s cube of human gene therapy. Mol Ther. 
2022;30(12):3515–41.

	9.	 Herrmann AK, Grimm D. High-Throughput Dissection of AAV–Host Inter‑
actions: The Fast and the Curious. J Mol Biol. 2018;430(17):2626–40.

	10.	 Berry GE, Asokan A. Cellular transduction mechanisms of adeno-associ‑
ated viral vectors. Curr Opin Virol [Internet]. 2016 Dec 1 [cited 2018 May 
31];21:54–60. Available from: https://​www.​scien​cedir​ect.​com/​scien​ce/​
artic​le/​pii/​S1879​62571​63009​79?​via%​3Dihub.

	11.	 Summerford C, Samulski RJ. Membrane-Associated Heparan Sulfate 
Proteoglycan Is a Receptor for Adeno-Associated Virus Type 2 Virions. J 
Virol. 1998;72(2):1438–45.

	12.	 Huang L-Y, Patel A, Ng R, Miller EB, Halder S, McKenna R, et al. Characteri‑
zation of the Adeno-Associated Virus 1 and 6 Sialic Acid Binding Site. J 
Virol. 2016;90(11):5219–30.

	13.	 Akache B, Grimm D, Pandey K, Yant SR, Xu H, Kay MA. The 37/67-Kilodal‑
ton Laminin Receptor Is a Receptor for Adeno-Associated Virus Serotypes 
8, 2, 3, and 9. J Virol. 2006;80(19):9831–6.

	14.	 Opie S, KHJr W, Agbandje-McKenna M, Zolotukhin S, Muzyczka N. Identifi‑
cation of amino acid residues in the capsid proteins of adeno-associated 
virus type 2 that contribute to heparan sulfate proteoglycan binding. J 
Virol. 2003;77(12):6995–7006.

	15.	 Govindasamy L, Padron E, McKenna R, Muzyczka N, Kaludov N, Chiorini 
JA, et al. Structurally Mapping the Diverse Phenotype of Adeno-Associ‑
ated Virus Serotype 4. J Virol. 2006;80(23):11556–70.

	16.	 Pillay S, Meyer NL, Puschnik AS, Davulcu O, Diep J, Ishikawa Y, et al. An 
essential receptor for adeno-associated virus infection. Nature [Internet]. 
2016;530(7588):108–12. Available from: http://www.nature.com/
doifinder/https://​doi.​org/​10.​1038/​natur​e16465.

	17.	 Dudek AM, Zabaleta N, Zinn E, Pillay S, Zengel J, Porter C, et al. GPR108 
Is a Highly Conserved AAV Entry Factor. Mol Ther [Internet]. 2020 [cited 
2020 Jan 24];28(2):367–81. Available from: https://​doi.​org/​10.​1016/j.​
ymthe.​2019.​11.​005.

	18.	 Meisen WH, Nejad ZB, Hardy M, Zhao H, Oliverio O, Wang S, et al. Pooled 
Screens Identify GPR108 and TM9SF2 as Host Cell Factors Critical for AAV 
Transduction. Mol Ther - Methods Clin Dev. 2020;17(June):601–11.

	19.	 Madigan VJ, Berry GE, Tyson TO, Nardone-White D, Ark J, Elmore ZC, et al. 
The Golgi Calcium ATPase Pump Plays an Essential Role in Adeno-associ‑
ated Virus Trafficking and Transduction. J Virol. 2020;94(21).

	20.	 Büning H, Srivastava A. Capsid Modifications for Targeting and Improving 
the Efficacy of AAV Vectors. Mol Ther - Methods Clin Dev [Internet]. 2019 
Mar [cited 2019 Mar 14];12:248–65. Available from: https://​linki​nghub.​
elsev​ier.​com/​retri​eve/​pii/​S2329​05011​93001​17.

	21.	 Lee S, Ahn HJ. Anti-EpCAM-conjugated adeno-associated virus serotype 
2 for systemic delivery of EGFR shRNA: Its retargeting and antitumor 
effects on OVCAR3 ovarian cancer in vivo. Acta Biomater. 2019;91:258–69.

	22.	 Shen S, Horowitz ED, Troupes AN, Brown SM, Pulicherla N, Samulski 
RJ, et al. Engraftment of a galactose receptor footprint onto adeno-
associated viral capsids improves transduction efficiency. J Biol Chem. 
2013;288(40):28814–23.

	23.	 Leray A, Lalys P, Varin J, Bouzelha M, Bourdon A, Alvarez-dorta D, et al. 
Novel chemical tyrosine functionalization of adeno-associated virus 
improves gene transfer efficiency in liver and retina. Chemrxiv. 2023;1–6.

	24.	 Mulcrone PL, Lam AK, Frabutt D, Zhang J, Chrzanowski M, Herzog RW, 
et al. Chemical modification of AAV9 capsid with N-ethyl maleimide alters 
vector tissue tropism. Sci Rep. 2023;13(1):1–14.

	25.	 Gerecht K, Freund N, Liu W, Liu Y, Fürst MJLJ, Holliger P. The Expanded 
Central Dogma: Genome Resynthesis, Orthogonal Biosystems. Synthetic 
Genetics Annu Rev Biophys. 2023;52:413–32.

	26.	 Katrekar D, Moreno AM, Chen G, Worlikar A, Mali P. Oligonucleotide 
conjugated multi-functional adeno-associated viruses. Sci Rep [Internet]. 
2018 Dec 26 [cited 2018 Apr 4];8(1):3589. Available from: http://​www.​
nature.​com/​artic​les/​s41598-​018-​21742-x.

	27.	 Puzzo F, Zhang C, Gray BP, Zhang F, Sullenger BA, Kay MA. 
Aptamer-programmable adeno-associated viral vectors as a novel 

platform for cell-specific gene transfer. Mol Ther - Nucleic Acids. 
2023;31(March):383–97.

	28.	 Yao T, Zhou X, Zhang C, Yu X, Tian Z, Zhang L, et al. Site-Specific 
PEGylated Adeno-Associated Viruses with Increased Serum Stability and 
Reduced Immunogenicity. Molecules [Internet]. 2017 Jul 11 [cited 2018 
Oct 17];22(7):1155. Available from: http://​www.​mdpi.​com/​1420-​3049/​
22/7/​1155.

	29.	 Wang D, L Tai PW, Gao G. Adeno-associated virus vector as a platform for 
gene therapy delivery. Nat Rev Drug Discov [Internet]. 2019 [cited 2019 
Mar 6]; Available from: 10.1038/.

	30.	 Mendell JR, Al-Zaidy S, Shell R, Arnold WD, Rodino-Klapac LR, Prior TW, 
et al. Single-Dose Gene-Replacement Therapy for Spinal Muscular Atro‑
phy. N Engl J Med [Internet]. 2017 Nov 2 [cited 2017 Nov 3];377(18):1713–
22. Available from: http://www.nejm.org/doi/https://​doi.​org/​10.​1056/​
NEJMo​a1706​198.

	31.	 Giles AAR, Govindasamy L, Somanathan S, Wilson JMJ. Mapping an 
Adeno-associated Virus 9-Specific Neutralizing Epitope To Develop Next-
Generation Gene Delivery Vectors. J Virol [Internet]. 2018 [cited 2020 Aug 
4];92(20):1–20. Available from: https://​doi.​org/​10.​1128/​JVI.​01011-​18.

	32.	 Kelemen RE, Mukherjee R, Cao X, Erickson SB, Zheng Y, Chatterjee A. A 
Precise Chemical Strategy To Alter the Receptor Specificity of the Adeno-
Associated Virus. Angew Chemie - Int Ed. 2016;55(36):10645–9.

	33.	 Bell CL, Gurda BL, Van Vliet K, Agbandje-McKenna M, Wilson JM. Identifi‑
cation of the Galactose Binding Domain of the Adeno-Associated Virus 
Serotype 9 Capsid. J Virol. 2012;86(13):7326–33.

	34.	 Mével M, Pichard V, Bouzelha M, Lalys P, Provost N, Allais M, et al. 
Mannose-coupled AAV2 : a second generation AAV vector for increased 
retinal gene therapy efficiency. HAL open Sci. 2022;03860614.

	35.	 Mével M, Bouzelha M, Leray A, Pacouret S, Guilbaud M, Penaud-Budloo 
M, et al. Chemical modification of the adeno-associated virus capsid to 
improve gene delivery. Chem Sci. 2020;11(4):1122–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.sciencedirect.com/science/article/pii/S1879625716300979?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1879625716300979?via%3Dihub
https://doi.org/10.1038/nature16465
https://doi.org/10.1016/j.ymthe.2019.11.005
https://doi.org/10.1016/j.ymthe.2019.11.005
https://linkinghub.elsevier.com/retrieve/pii/S2329050119300117
https://linkinghub.elsevier.com/retrieve/pii/S2329050119300117
http://www.nature.com/articles/s41598-018-21742-x
http://www.nature.com/articles/s41598-018-21742-x
http://www.mdpi.com/1420-3049/22/7/1155
http://www.mdpi.com/1420-3049/22/7/1155
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1056/NEJMoa1706198
https://doi.org/10.1128/JVI.01011-18

	The infectivity of AAV9 is influenced by the specific location and extent of chemically modified capsid residues
	Abstract 
	Background 
	Results 
	Conclusion 

	Background
	Results
	Discovery of specific AAV9 capsid residues amenable to replacement with azido-lysine while maintaining unaffected production of recombinant particles
	Attachment of Cy5.5 to AAV9-AzK mutant versions

	Discussion
	Materials and methods
	Cloning and construction of rAAV vector
	Cell transfection
	Protein analysis
	Production of rAAV vectors
	Chemical conjugation of Cy5.5 to the AAV9 capsid
	Cell infection and molecular analysis
	Immunofluorescence
	Statistical analysis

	Acknowledgements
	References


