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Adeno-associated viruses (AAVs) are commonly used for
in vivo gene therapy. Nevertheless, the wide tropism that char-
acterizes these vectors limits specific targeting to a particular
cell type or tissue. Here, we developed new chemically modified
AAV vectors (Nε-AAVs) displaying a single site substitution on
the capsid surface for post-production vector engineering
through biorthogonal copper-free click chemistry. We were
able to identify AAV vectors that would tolerate the unnatural
amino acid substitution on the capsid without disrupting their
packaging efficiency. We functionalized the Nε-AAVs through
conjugation withDNA (AS1411) or RNA (E3) aptamers or with
a folic acid moiety (FA). E3-, AS1411-, and FA-AAVs showed
on average a 3- to 9-fold increase in transduction compared
with their non-conjugated counterparts in different cancer
cell lines. Using specific competitors, we established ligand-spe-
cific transduction. In vivo studies confirmed the selective
uptake of FA-AAV and AS1411-AAV without off-target trans-
duction in peripheral organs. Overall, the high versatility of
these novel Nε-AAVsmight pave the way to tailoring gene ther-
apy vectors toward specific types of cells both for ex vivo and
in vivo applications.

INTRODUCTION
In the last two decades recombinant adeno-associated virus (AAV)
vectors have been widely employed in many clinical trials, making
these vectors the preferred delivery system for in vivo gene therapy.1,2

Several groups, including ours, have developed novel AAV capsids
through DNA shuffling or peptide display techniques to create vec-
tors with improved transduction in vivo.3 Thus, novel AAV vectors
have been successfully engineered to enhance targeting to different
organs including liver, brain, skeletal muscle, and eye, among others.4

More recently, researchers have been using different approaches to
synthetically modify AAV capsids to improve properties such as im-
mune escape and receptor-specific cell targeting.5,6

In recent years, progress in synthetic biology has led to expansion of
the genetic code by taking advantage of “unnatural” amino acids from
prokaryotic microorganisms.7 Consequently, researchers have been
able to utilize them in mammalian systems and create hybrid proteins
bearing unnatural amino acids in their structure. This was achieved
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by engineering pairs of orthogonal prokaryotic tRNA/tRNA syn-
thases, which were genetically expressed in mammalian cells. Hence,
the unnatural amino acid would be recognized by the mammalian
translational machinery and inserted in the nascent polypeptide.8

These unnatural amino acids have beenmostly employed for studying
protein functions or creating de novo protein properties for therapeu-
tic purposes.9 Recently, the use of the unnatural amino acids was
applied to AAV engineering. In particular, the placement of an azido
group (N3) on the capsid surface allows click chemistry conjugation of
molecules on AAV2.10 Other chemical modifications of AAV vectors
have been also described.11,12 Nevertheless, these approaches are
strictly dependent on the amino acid composition of the capsid sur-
face, whereas particular insertion of a single unnatural amino acid
onto a specific region of the capsid would allow specific conjugation
of molecules onto the AAV regardless of capsid composition.

It has been described that the expression of folic acid receptor
(hFOLR1) is highly upregulated in some types of cancers such as
breast, ovarian, lung, and kidney malignancies, making hFOLR1 an
intriguing targetable candidate for anti-tumor therapies.13 Conse-
quently, approaches where folic acid was conjugated to small inter-
fering RNAs14 or lipid nanoparticles15 have been harnessed to target
overexpressing-hFOLR1 cancer cells. Recently, researchers have also
engineered chimeric antigen receptor T cells to target hFOLR1for the
treatment of pediatric acute myeloid leukemia (AML).16

Moreover, nucleic acid-based molecules such as DNA and RNA ap-
tamers have been utilized to specifically target tumor cells.17 The
high versatility of aptamers and their remarkable affinity for specific
ligands allowed for rapid development and use in clinical trials.18 In
particular, the AS1411 DNA aptamer has been extensively character-
ized in the cancer research field,19,20 and a phase I/II clinical trial was
also completed to assess its safety and efficacy in patients.21 Further-
more, a recently described E3 RNA aptamer has also been
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Figure 1. Nε-AAV vector production and conjugation

(A) Schematic representation of Nε-AAV production. Once the unnatural amino acid is incorporated into the AAV capsid, the exposed azido group (N3) reacts with the DBCO

resulting in the conjugation of R, where the “R” is a generic molecule (e.g., peptide, nucleic acid). (B) Western blot analysis of Nε-AAV upon conjugation with the DBCO-biotin

molecule. An anti-AAV antibody, clone B1, was used to detect the VP1/2/3 capsid proteins of AAV. An anti-streptavidin antibody was used to detect the biotin-conjugated

Nε-AAV vector.
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characterized to specifically target and internalize into multiple can-
cer cells.22,23

Combining synthetic, molecular, and chemical biology, we have
created a novel class of programmable AAV vectors, Nε-AAVs, by
utilizing single unnatural amino acid insertion. We characterized
different mutant capsids of Nε-AAV vectors and successfully conju-
gated them by click chemistry. Eventually, we successfully pro-
grammed the Nε-AAVs through conjugation to folic acid or DNA
or RNA aptamers to target specific cancer cells. In vivo studies in
xenograft animal models confirmed that the folic acid-conjugated
AAV vectors and the DNA aptamer AS1411 conjugated AAV vectors
led to highly specific uptake in the intended target cells.
RESULTS
Production of chemically modified AAV and click chemistry

conjugation

We started by chemically modifying the AAV-DJ capsid, which was
previously isolated in our lab, because of its efficiency in transducing
many cells in vitro as well as its high titer production.24

Similar to what has been reported for AAV2 and AAV-DJ/8,24,25 we
ablated the heparan sulfate proteoglycan (HSPG) binding sites by
substituting two alanines for two arginines at the 587 and 590 posi-
tions (hereafter referred as AAV-DJR/A) to reduce the infectivity of
AAV-DJ in vitro (Figure S1A). Next, we employed a rational design
based on the crystal structure of AAV-DJ26 (https://www.rcsb.org)
to introduce an amber stop codon (TAG) in different regions of the
AAV-DJR/A capsid sequence (DJR/A-N589, DJR/A-D555, DJR/A-
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A587, and DJR/A-T456) as sites to replace the endogenous amino
acid with the unnatural amino acid.

Consequently, the newly made capsids were used for AAV produc-
tion using a CAG promoter-firefly luciferase expression cassette for
in vitro experiments. The pAcBac1.tR4-MbPyl plasmid, which ex-
presses a pyrrolysyl-tRNA and a pyrrolysyl-tRNA synthase, both
derived from theMethanosarcina barkeri,27 was added to the classical
triple transfection protocol for AAV production. Finally, the unnatu-
ral amino acid, azido-lysine, was supplemented into the cell media
during vector preparation (Figure 1A).

In the end, this creates an AAV-producing system in which the
expression of the prokaryotic tRNA/tRNA synthase forces the
mammalian translational system to recognize the UAG stop codon
as a regular codon and incorporate the azido-lysine on the AAV
capsid during the production of the chemically modified vector.10

This novel AAV, which we call Nε-AAV, carrying a single azido-
amino acid insertion on a specific capsid position, allowed us to con-
jugate any molecule containing a dibenzocyclooctyne chemical group
(DBCO) to the capsid by simply performing a click chemistry reac-
tion (Figure 1A). However, before the vector conjugation, we assessed
the transduction of the newly produced Nε-DJR/A mutants in HeLa
cells. We found that the Nε-DJR/A-N589 and Nε-DJR/A-A587 vec-
tors resulted in slightly higher luciferase activity compared with the
Nε-DJR/A-D555 and Nε-DJR/A-T456 vectors (Figure S1B).

Next, using a copper-free cycloaddition reaction,28 we conjugated the
Nε-DJR/A-N589 vector with a DBCO-biotin to detect the biotin-
AAV by western blot using a streptavidin-labeled antibody. As shown

https://www.rcsb.org


Figure 2. Development of the FA-AAV vector after folic acid conjugation

(A–C) Schematic representation of the plasmids used for (A) Nε-AAV, (B) Nε-VP2-AAV, and (C) Nε-VP3-AAV production. (D) Chemical formula of the DBCO-PEG (2K)-FA

molecule used for the Nε-AAV vector conjugation. (E) Western blot analysis of Nε-AAV, Nε-VP2-AAV, Nε-VP3-AAV upon DBCO-PEG (2K)-FA conjugation. An anti-AAV

antibody, clone B1, was used to detect the VP1/2/3 capsid proteins of AAV. Asterisks indicate the VP proteins where the folic acid has been conjugated. (F) Luciferase activity

in HeLa cells after transduction with DBCO-FA-conjugated AAV vectors. Mock-conjugated Nε-AAV vectors were used as controls. Cells were transduced at 1,000 vector

genomes (vg)/cell. Statistical analysis: for two-way ANOVA with Tukey’s post hoc test, the statistical significance was assumed with p value of <0.05 (*), <0.01 (**), <0.001

(***), and <0.0001 (****); with Sidak’s post hoc test the statistical significance was assumed with a p value of <0.05 (#), <0.01 (##), <0.001 (###), and <0.0001 (####). Error

bars represent standard deviation.
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in Figure 1B, both the unconjugated and conjugated Nε-AAV vectors
were detected by the anti-AAV antibody AAVB1 (red signal), while
the streptavidin antibody (green signal) recognized only the biotin-
conjugated Nε-AAV. Notably, the streptavidin signal overlapped
with the AAVB1 antibody (yellow signal), demonstrating the specific
nature of the biotin conjugation on the AAV capsid proteins VP1/2/3
(Figure 1B).

These data confirm that the azido-lysine was successfully incorpo-
rated on the AAV capsid and that the DBCO-biotin was specifically
conjugated to the Nε-AAV.

Design and characterization of Nε-AAVs upon folic acid

conjugation

Since the Nε-AAV capsid incorporates the azido-lysine on each of the
VP1, VP2, and VP3 proteins (Figure 2A), we also attempted to spe-
cifically target the insertion of the unnatural amino acid onto only
the VP2 (Figure 2B) or VP3 (Figure 2C) proteins.

To insert the azido-lysine on VP2, we used a strategy described for
other AAV vectors by making a single-nucleotide mutation at the
DJR/A sequence to circumvent VP2 expression29 (Nε-VP2-AAV,
Figure 2B). Next, we created another rep/cap DJR/A plasmid to elim-
inate VP3 expression, and an additional plasmid that only expressed
VP330 (Nε-VP3-AAV, Figure 2C).

Western blot analyses show that the Nε-VP2-AAV and Nε-VP3-
AAV can be complemented with the plasmids expressing either
VP2 (Figure S1C) or VP3 (Figure S1D). To functionalize the new
chemically modified AAV vectors, we performed a click chemistry re-
action using a DBCO-folic acid molecule with a 2 kDa polyethylene
glycol (PEG) linker (DBCO-FA) (Figure 2D). As a negative control
we used unconjugated Nε-AAV vectors. Western blot analysis
showed that the DBCO-FA conjugation resulted in a shift in the spe-
cific VP capsid protein bands where the folic acid conjugation took
place, as highlighted by the red asterisks in Figure 2E. This was further
confirmed and shown in a silver-stained gel of folic acid-conjugated
vector (Figure S1E). These data demonstrate that the unnatural
amino acid insertion and consequent folic acid conjugation occurred
either on all three VP1/2/3 proteins or specifically on VP2 and VP3
depending on the plasmid combination used for the vector
production.
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Figure 3. Assessment of novel Nε-AAV vectors upon folic acid conjugation

(A) Luciferase activity in HeLa cells of the Nε-AAV vectors produced in presence (+azido-lysine) or absence (�azido-lysine) of unnatural amino acid. AAV crude lysate was

used for HeLa transduction evaluation. (B–D) Luciferase activity in HeLa and MCF-7 cell lines upon transduction with (B) FA-DJR/A-N589, (C) FA-AAV8-T457, and (D) FA-

LK03-N588. The unconjugated Nε-AAV vectors were used as control. (E) Transmission electron microscopy images of AAV-DJR/A, unconjugated Nε-DJR/A-N589, and FA-

DJR/A-N589 vectors. (F) Regression plot showing the reverse correlation between the length of the PEG linker and AAV vector infectivity of FA-AAV8-T457 and FA-DJR/A-

N589 vectors. Statistical analysis (B–D): two-way ANOVA with Sidak’s post hoc test; statistical significance was assumed with a p value of <0.05 (*), <0.01 (**), <0.001 (***),

and <0.0001 (****). Error bars represent standard deviation.
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Based on these results, we producedNε-AAV vectors expressing lucif-
erase and tested the folic acid-conjugated AAV vectors on cancer cell
lines that are reported to express high levels of human folic acid recep-
tor (hFOLR1)31 (https://www.proteinatlas.org/ENSG00000110195-
FOLR1; Figure S1F). In HeLa cells, the folic acid-conjugated Nε-AAV
andNε-VP3-AAV (DBCO-FA) showed significantly higher luciferase
activity compared with the unconjugated Nε-AAV control vectors
(mock) (Figure 2F). Notably, the FA-conjugated Nε-AAV displayed
remarkably enhanced transduction efficiency compared with both
the FA-conjugated Nε-VP2-AAV and Nε-VP3-AAV (Figure 2F).
Moreover, the Nε-VP2-AAV and Nε-VP3-AAV vectors showed
significantly decreased infectivity even when transduced at higher
multiplicity of infection (MOI) (Figure S1G). Because the Nε-VP2-
AAV and Nε-VP3-AAV displayed an overall reduced ability to trans-
duce cells, we decided to use the Nε-AAV vectors in subsequent
studies (Figure 2A).

Rational mutagenesis screen to identify novel Nε-AAV mutant

capsids

After the successful conjugation of the AAV-DJR/A, we intro-
duced the unnatural amino acid on the AAV8 and AAVLK03
capsids. Thus, using the same rational design as used for the
Nε-AAV-DJR/A mutants, we generated new vectors with the
azido-lysine displayed on the capsid surface.26,32 We made eight
new Nε-AAV variants (five AAV8 and three LK03 mutants, where
the capital letter and the number next to the AAV serotype indi-
cate the position and amino acid replaced by the azido-lysine on
the vector capsid). Notably, all the new Nε-AAV vectors showed
386 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
a lower titer compared with their wild-type counterparts
(Figure S2A).

To test the infectivity of the new Nε-AAV mutants, we made lucif-
erase-expressing vectors using either regular medium, where no
vector is expected to be produced, or supplemented with azido-
lysine, and assessed their infectivity on HeLa cells. For a quick
assessment of transduction, we used crude AAV lysates. Among
the new vectors only Nε-AAV8-T457 and Nε-LK03-N588 retained
the ability to transduce cells when produced in the presence of
azido-lysine, while Nε-DJR/A-N589 was used as control (Fig-
ure 3A). These three vectors were conjugated with the DBCO-
PEG (2K)-FA and tested on three different cancer cell lines,
HeLa, MCF-7, and A549. FA-DJR/A-N589 and FA-AAV8-T457
showed a significantly higher transduction efficiency compared
with the unconjugated Nε-AAV controls (Figures 3B, 3C, S2B,
and S2C). Conversely, FA-LK03-N588 failed to transduce HeLa,
MCF-7, and A549 cells, possibly because the conjugation may
have disrupted the vector infectivity (Figures 3D and S2D).
Thus, it is possible that the AAV modification through unnatural
amino acid incorporation depends on the capsid region where the
unnatural amino acid is introduced, while other regions might not
be permissive to this modification.

Introduction of the unnatural amino acid and folic acid conjugation
did not show any structural differences based on transmission elec-
tron microscopy in the Nε-DJR/A-N589 and FA- DJR/A-N589
compared with the wild-type AAV-DJR/A vector (Figure 3E).

https://www.proteinatlas.org/ENSG00000110195-FOLR1/cell+line
https://www.proteinatlas.org/ENSG00000110195-FOLR1/cell+line
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To evaluate whether the length of the PEG linker would affect the
infectivity of the FA-AAV vectors, we conjugated the Nε-DJR/A-
N589 and Nε-AAV8-T457 with DBCO-FA containing different
lengths of PEG (2 kDa, 5 kDa, and 10 kDa). In MCF-7 cells, both
the Nε-DJR/A-N589 and Nε-AAV8-T457 conjugated with the
DBCO-FA-2k demonstrated a significant increase in luciferase activ-
ity compared with the vectors with longer PEG linkers, DBCO-FA-5k
and DBCO-FA-10k, and the unconjugated Nε-AAV. Remarkably, the
FA-AAVs also showed an increased infectivity compared with their
wild-type counterparts DJR/A and AAV8, respectively (Figures S2E
and S2F). Interestingly, we saw an inverse correlation between the
length of the PEG linker and FA-AAV infectivity regardless of the
Nε-AAV capsid utilized, whereby the increasing length of the linkers
significantly reduced the AAV transduction (Figure 3F). These data
demonstrate that an optimal distance between the AAV capsid and
the conjugated molecule (folic acid in this case) is pivotal to maintain-
ing the infectivity of the Nε-AAV vectors.

To rule out the possibility that the PEG, per se, might influence AAV
infectivity, we conjugated the Nε-DJR/A-N589 with a DBCO-PEG
moiety devoid of folic acid. Of note, the DBCO-PEG-conjugated
AAV showed a significant reduction in transduction compared
with both the unconjugated Nε-DJR/A-N589 and DJR/A AAV vec-
tors (Figure S2G). Finally, we tested whether we could further
improve the efficiency of DBCO-FA conjugation onto AAV by
increasing its concentration during the click reaction step. To this
end, incubating the Nε-DJR/A-N589 capsid with 2 mM versus
0.5 mMDBCO-FA increased the incorporation of FA into VP3 capsid
protein (Figure S2H). Nevertheless, as already reported by Lee and
colleagues,33 the increase in the ratio between PEGylated molecules
and AAV vector resulted in a loss of specific transduction efficiency,
as we also observed for FA-DJR/A-N589 (Figure S2I).

FA-AAV-specific uptake in vitro

To further characterize the FA-AAV vectors, we set up an in vitro
assay in which we co-cultured the cells with an excess of free folic
acid, which should compete with the FA-AAVs for the hFOLR1 on
the cell surface and eventually reduce the FA-AAV infectivity (Fig-
ure 4A). Indeed, the FA-DJR/A-N589 showed a dramatic 8-fold
reduction in luciferase activity when HeLa cells were co-cultured
with an excess of folic acid compared with cells without folic acid.
Conversely, the unconjugated Nε-DJR/A-N589 and the DJR/A,
used as controls, displayed a similar level of transduction regardless
of whether the folic acid was added onto cells (Figure 4B). Further-
more, similar results were obtained with two different Nε-AAV vec-
tors, FA-AAV8-T457 and FA-DJR/A-A587 (Figures 4C and 4D).
Notably, when the same assay was performed on MCF-7 using the
FA-DJR/A-N589 vector, the luciferase activity was massively reduced
by�30-fold while the unconjugated Nε-DJR/A-N589 showed similar
transduction levels with or without folic acid incubation (Figure 4E).

To further verify the specificity of the folic acid receptor-mediated up-
take, we treated the cells with an antibody directed against the
hFOLR1 (hFOLR1-Ab) to block its activity and, in turn, FA-AAV
transduction (Figure 4F). As shown in Figure 4G, FA-DJR/A-N589
displayed a significant 2-fold decrease in luciferase levels when
HeLa cells were pre-incubated with the hFOLR1-Ab compared with
cells that were not treated with the antibody. In contrast, the uncon-
jugated Nε-DJR/A-N589 and the DJR/A showed similar levels of
transduction regardless of whether the cells were treated with
hFOLR1-Ab. Similar results were obtained using FA-AAV8-T457,
showing again that the FA-AAV transduction was folic acid depen-
dent (Figure 4H). Of note, incubation with hFOLR1-Ab significantly
decreased transduction by 3-fold in MCF-7 cells (Figure 4I).

Overall, the use of two independent assays and different Nε-AAVs
corroborate that the uptake of the FA-AAV vectors was remarkably
receptor- and FA-specific and independent of the AAV serotype.

In vitro characterization of aptamer-conjugated Nε-AAVs

In contrast to folic acid and peptide-derived molecules, we sought to
conjugate the Nε-AAV vectors with nucleic acid ligands such as ap-
tamers, since they have shown binding properties comparable with
those of antibodies.34 As proof of concept, we decided to evaluate
one of the most characterized DNA aptamers utilized in cancer
research, AS1411.19 To conjugate the AS14411 aptamer to the
Nε-AAV, we needed to first make a conjugable DBCO-AS1411 mole-
cule. To this end, we combined a DBCO-PEG-NHS with an amine
(NH2) modified AS1411 aptamer to create DBCO-PEG-AS1411
(Figure 5A).

Subsequently, we conjugated the DBCO-PEG-AS1411 to the
Nε-AAV vectors. To assess the AS1411-AAV conjugation, we de-
signed a biotinylated oligonucleotide antidote that would specifically
bind to the AS1411 aptamer. Thus, the AS1411-AAV would be de-
tected by western blot using a streptavidin-conjugated antibody.
Indeed, western blot analysis showed that only the AS1411-AAV
can be detected by the streptavidin antibody (green signal) upon in-
cubation with the biotinylated probe (Figure 5B). Notably, the over-
lapping signal (yellow) of streptavidin (green) and AAVB1 (red)
antibodies show that the aptamer conjugation is specific to the VP2
capsid proteins on AS1411-AAV (Figure 5B). The reason for this
apparent VP2-specific conjugation is still unknown. However, we
cannot rule out the possibility that the conjugated aptamer is not fully
recognized by the biotinylated oligo probe and that the denaturing
conditions of the SDS-PAGE couldmask or change aptamer availabil-
ity on VP1 and VP3.

Moreover, as previously demonstrated with the FA-AAVs, we did not
see any significant structural changes in the Nε-AAV capsid upon
AS1411 aptamer conjugation (Figure S3A). Next, we conjugated the
Nε-DJR/A-N589 vector expressing luciferase to the DBCO-PEG-
AS1411 aptamer and transduced the MCF-7 breast cancer cell
line.35 We infected the cells with different amounts of AS1411-DJR/
A-N589 and used the unconjugated Nε-DJR/A-N589 as a control.
Notably, AS1411-DJR/A-N589 exhibited a remarkably enhanced
infectivity compared with the unconjugated Nε-DJR/A-N589 at all
tested MOIs (Figure 5C).
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Figure 4. Evaluation of FA-AAV vector-specific uptake in vitro

(A) Schematic representation of the uptake assay conducted by adding 200 mM folic acid into the cell medium during AAV transduction. (B–D) Luciferase activity in HeLa cells

transduced with (B) FA-DJR/A-N589, (C) FA-AAV8-T457, and (D) FA-DJR/A-A587. DJR/A, AAV8 and the unconjugated Nε-AAV vectors were used as controls. Folic acid

(200 mM) was added into the cell medium at the time of AAV transduction (+free folic acid group). (E) Luciferase activity in MCF-7 cells transduced with FA-DJR/A-N589. DJR/

A and the unconjugated Nε-AAV vectors were used as controls. Folic acid (200 mM)was added into the cell medium at the time of AAV transduction (+free folic acid group). (F)

Schematic representation of the uptake assay conducted by pre-incubating the cells with the monoclonal anti-hFOLR1 antibody. (G and H) Luciferase activity in HeLa cells

transduced with (G) FA-DJR/A-N589 and (H) FA-AAV8-T457. DJR/A, AAV8, and the unconjugated Nε-AAV vectors were used as controls. Cells were pre-incubated with an

anti-hFOLR1 monoclonal antibody for 1 h at 4�C and then transduced with the AAV vectors (+hFOLR1-Ab group). (I) Luciferase activity in MCF-7 cells transduced with FA-

DJR/A-N589. DJR/A and the unconjugated Nε-AAV vectors were used as controls. Cells were pre-incubated with an anti-hFOLR1 monoclonal antibody for 1 h at 4�C and

then transduced with the AAV vectors (+hFOLR1-Ab group). Statistical analysis: (B–E, G–I) two-way ANOVA with Sidak’s post hoc test; statistical significance was assumed

with a p value of <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****). Error bars represent standard deviation.
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For specific uptake assessment, we synthesized an antidote against the
AS1411 aptamer and set up an in vitro assay to demonstrate the spec-
ificity of the AS1411-AAV transduction.36 By treating the cells with
388 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
different concentrations of the antidote, we predicted that transduc-
tion of AS1411-AAV would be inhibited along with the luciferase ac-
tivity (Figure 5D). We used three different cancer cell lines, MCF-7,



Figure 5. Characterization of DNA and RNA aptamers conjugated to Nε-AAV vectors

(A) Schematic representation of the DBCO-PEG-aptamer molecule. (B) Western blot analysis of Nε-AAV vector upon conjugation with DBCO-PEG-AS1411. An anti-AAV

antibody, clone B1, was used to detect the VP1/2/3 capsid proteins of AAV. An anti-streptavidin antibody was used to detect the AS1411-conjugated Nε-AAV vector. (C)

Luciferase activity in MCF-7 cells transduced with AS1411-DJR/A-N589 and the unconjugated Nε-DJR/A-N589 vectors at different MOI. (D) Schematic representation of the

uptake assay conducted by incubating the cells with different concentrations of the AS1411 antidote. (E–G) Luciferase activity in (E) MCF-7, (F) A549, and (G) HeLa cells upon

transduction with AS1411-DJR/A-N589. Unconjugated Nε-DJR/A-N589 vectors were used as controls. Cells were incubated with different concentrations of AS1411

antidote. (H) Luciferase activity in HeLa cells upon transduction with AS1411-DJR/A-A587. Unconjugated Nε-DJR/A-N589 and CD-DJR/A-A587 vectors were used as

controls. Cells were incubatedwith different concentrations of AS1411 antidote. (I) Western blot analysis of Nε-AAV vector upon conjugation with DBCO-PEG-C36 or DBCO-

PEG-E3. An anti-AAV antibody, clone B1, was used to detect the VP1/2/3 capsid proteins of AAV. An anti-streptavidin antibody was used to detect the specifically E3-

conjugated Nε-AAV vector. (J) Schematic representation of the uptake assay conducted by incubating the cells with dynasore. (K and L) Luciferase activity in (K) Huh7 and (L)

MCF-7 cells upon transduction with E3-DJR/A-A587. Unconjugated Nε-DJR/A-A587 and C36-DJR/A-A587 vectors were used as controls. Cells were incubatedwith 10 mM

clathrin inhibitor, Dynasore. 0 mMAS1411-DJR/A-N589 = 3; 1 mMAS1411-DJR/A-N589 = 3; 10 mMAS1411-DJR/A-N589 = 3; 0 mMNε-DJR/A-N589 = 3; 1 mMNε-DJR/A-

N589 = 3; 10 mM Nε-DJR/A-N589 = 3. Statistical analysis: (E–G, K, and L) two-way ANOVA with Sidak’s post hoc test; (H) two-way ANOVA with Tukey’s post hoc test.

Statistical significance was assumed with p value of <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****) and with p value of <0.05 (#), <0.01 (##), <0.001 (###), and <0.0001

(####). Error bars represent standard deviation.
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A549, and HeLa, which have been extensively employed for AS1411
aptamer characterization.19 Notably, the luciferase activity from the
AS1411-DJR/A-N589 was massively reduced at the dose of 10 mMan-
tidote in all three cell lines, whereas the unconjugated Nε-DJR/A-
N589 did not show any inhibition (Figures 5E–5G). In addition, we
saw that as little as 1 mM antidote could partially inhibit the
AS1411-DJR/A-N589 transduction in MCF-7 and even more clearly
in HeLa cells (Figure 5G). Remarkably, in the absence of antidote,
AS1411-AAV resulted in a significant 9-, 10-, and 5-fold increase in
transduction compared with the unconjugated vector in MCF-7,
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A549, and HeLa cells, respectively (Figures 5E–5G). Furthermore, the
antidote significantly prevented the transduction of the other
AS1411-DJR/A-A587 vector in both HeLa and MCF-7 cells
(Figures S3B and S3C). Moreover, we conjugated Nε-AAV with a
different aptamer,37 originally isolated for the uptake in AML cells,
which we called CD-AAV, to further demonstrate the specific nature
of the AS1411-AAV uptake (Figure S3D). Indeed, HeLa cells infected
with CD-AAV and in the presence of AS1411 antidote did not show
any inhibition of transduction, similarly to the unconjugated
Nε-AAV vector. In contrast, AS1411-AAV showed a dose-dependent
decrease in luciferase activity (Figure 5H). AS1411 binding to cells has
been shown to be blocked in the presence of salmon sperm DNA
(ssDNA).38 To this end, we treated both MCF-7 and A549 cells
with 1 mg/mL ssDNA and transduced them with either the
AS1411-DJR/A-N589 or its unconjugated counterpart, Nε-DJR/A-
N589. The AS1411-DJR/A-N589 showed a massive �20-fold
decrease of infectivity in cells treated with the ssDNA, while the un-
conjugated Nε-DJR/A-N589 displayed similar transduction levels in
cells regardless of the ssDNA (Figures S3E and S3F). Taken together,
transduction by AS1411-AAV is strictly dependent on the AS1411
aptamer regardless of the Nε-AAV capsid used similarly to FA recep-
tor-dependent FA-AAV transduction.

To further demonstrate the versatility of this system beyond the use
of DNA aptamers, we conjugated the AAV with the E3 RNA ap-
tamer.22 This aptamer has been reported to specifically target
various tumor cells23 and was successfully conjugated with anti-can-
cer drugs to treat prostate cancer using a xenograft mouse model.22

To this end, upon vector conjugation, we probed the western blot
membrane with a biotinylated E3 oligonucleotide antidote. Similar
to the DNA aptamer conjugation, we showed that the E3 aptamer
is specifically conjugated to the AAV. In contrast, both the uncon-
jugated and the C36, non-specific control RNA aptamer-conjugated
vectors did not show any specific signal when incubated with the
E3-specific probe (Figure 5I). In vitro assessment of E3-AAV
showed a significantly enhanced transduction in liver hepatoma
cells compared with the unconjugated Nε-AAV or the C36-AAV
vectors (Figure S3G). To quickly evaluate the E3-specific uptake
in vitro, we incubated the cells with the clathrin inhibitor dynasore,
known to inhibit E3 uptake22 (Figure 5J). The E3-AAV uptake was
significantly inhibited by treating Huh7 (Figure 5K) and MCF-7
(Figure 5L) cells with dynasore, whereas the C36-AAV control vec-
tor was not inhibited. Interestingly, the addition of ssDNA onto
cells to block non-specific charged-based aptamer binding was
able to inhibit the uptake of the AS1411-AAV vector (Figures S3E
and S3F) but not of the E3-AAV vector.

Highly specific targeting of FA-AAV and AS1411-AAV vectors

in vivo

To evaluate the Nε-AAV vectors in vivo, we firstly needed to improve
their yield. Previously, researchers have found that the CAG promoter
element in the AAV cassette might negatively impact AAV produc-
tion as a result of vector genome truncation.39 This prompted us to
replace the large CAG promoter with a newly characterized small
390 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
ubiquitous promoter, INS84.40 The new Nε-AAV expressing firefly
luciferase under the small INS84 promoter resulted in significantly
higher vector titers compared with the AAV cassette carrying the
CAG promoter (Figure S4A).

Moreover, we conjugated the Nε-DJR/A-A587 (Nε-AAV hereafter)
containing the INS84-Fluc cassette with either folic acid (FA-AAV)
or the AS1411 aptamer (AS1411-AAV) and tested them in HeLa cells.
FA-AAV and AS1411-AAV resulted in significantly higher luciferase
activity compared with their unconjugated counterparts but with
similar activity compared with the Nε-AAV containing the CAG pro-
moter (Figures S4B and S4C).

To assess these new Nε-AAV vectors in vivo, we subcutaneously
transplanted HeLa cells into immunodeficient nude mice and subcu-
taneously injected the AAV vectors once the HeLa cells had formed
palpable tumors. The luciferase expression of the unconjugated
Nε-AAV, FA-AAV, and AS1411-AAV vectors was assessed 3, 7,
and 14 days after AAV treatment by in vivo imaging (Figure 6A).
All three vectors, Nε-AAV, FA-AAV, and AS1411-AAV, were able
to infect the tumor cells, and by day 14 reached maximal expression,
albeit expression was detectable at earlier time points (Figures 6B,
S4D, and S4E). Nε-AAV and FA-AAV displayed a slightly higher
luciferase signal in tumor cells compared with AS1411-AAV (Fig-
ure 6C). However, a major difference was the off-target expression
in the liver, with Nε-AAV exhibiting the most luciferase activity, fol-
lowed by FA-AAV, and finally AS1411-AAV, which did not show any
activity in the liver (Figures 6D and 6E).

Interestingly, luciferase measurement in the harvested tissues 14 days
after the AAV treatment confirmed that the liver was transduced by
the Nε-AAV and FA-AAV vectors but not by the AS1411-AAV vec-
tor. Conversely, we did not see any significant difference in luciferase
activity on the explanted tumor cells among the mice treated with
Nε-AAV, FA-AAV, and AS1411-AAV vectors (Figure S4F).

These results corroborated in vivo our previous in vitro findings
demonstrating the cell-specific transduction of FA-AAV and
AS1411-AAV.

DISCUSSION
Recently, the gene therapy field has seen a massive increase in the
development of novel AAV capsids.4 However, AAV vectors can still
result in off-target transduction and, when used at high doses, raise
the risk of acute AAV-related toxicity41–43 (https://www.fda.gov/
media/151969/download). Thus, designing vectors able to transduce
specific cells and at the same time minimize their off-target uptake is
still an unmet medical need in the context of AAV in vivo gene trans-
fer. In this study we developed new chemically engineered AAVs,
which could be programmed by single-molecule conjugation to re-
target vector tropism toward specific cells.

We pursued different strategies to incorporate the unnatural amino
acid onto the AAV capsid, by (1) introducing the modification in

https://www.fda.gov/media/151969/download
https://www.fda.gov/media/151969/download


Figure 6. In vivo characterization of FA-AAV and AS1411-AAV vectors

(A) Schematic representation of the in vivo study. (B) Dorsal image of mice treated with 5� 109 vg of Nε-AAV, FA-AAV, and AS1411-AAV 14 days after AAV treatment. PBS-

injectedmousewas used as negative control. (C) Luciferase signal from tumor of mice treated with 5� 109 vg of Nε-AAV, FA-AAV, and AS1411-AAV at 3, 7, and 14 days after

AAV treatment. (D) Ventral image of mice treated with 5 � 109 vg of Nε-AAV, FA-AAV, and AS1411-AAV 14 days after AAV treatment. PBS-injected mouse was used as

negative control. (E) Luciferase signal from liver of mice treated with 5 � 109 vg of Nε-AAV, FA-AAV, and AS1411-AAV at 3, 7, and 14 days after AAV treatment. Statistical

analysis: (C and E) two-way ANOVAwith Tukey’s post hoc test; statistical significance was assumed with p value of <0.05 (*), <0.01 (**), <0.001 (***), and <0.0001 (****). Error

bars represent standard deviation.
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all three VP capsid proteins and (2) inserting the unnatural amino
acid only on the VP229 or VP330 proteins. Nevertheless, the latter
approach resulted in a significant reduction of vector infectivity.
This might occur as a result of the low efficiency of modified VP2
and VP3 complementation when provided in trans during the vector
production. In this case, the final AAV preparation might possibly
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 391
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contain particles devoid of either VP2 or VP3 protein, which is known
to result in reduced AAV transduction.44–46

Despite the fact that we do not know the exact number of capsid VP
proteins that have been successfully conjugated in our vector prepa-
ration, the data in vitro and in vivo clearly supported the view that the
ligand-vector conjugation was able to specifically modify the AAV
tropism.

The other important parameter we learned was that placement of the
unnatural amino acid within the capsid affects both AAV production
and transduction efficiency, while transduction efficiency was also
dependent on the size of the linker.

Biorthogonal copper-free click chemistry28 for AAV conjugation has
been successfully exploited to label the capsid with fluorophores in or-
der to track the vector in live cells,47 and different chemical moieties
have been utilized in an attempt to shield the vector from anti-AAV
antibodies.48

To date, only two groups reported the use of AAV2 unnatural amino
acid-modified vectors in vivo, both using the RGD-derived peptides
as the ligand.49,50 However, the AAV2 yield is significantly low, and
large-scale production might prove to be challenging.51 Katrekar
et al. recently demonstrated that the use of AAV-DJ led to a signifi-
cant improvement of vector titers compared with AAV2.52 In our
study, to further improve the vector production, we replaced the reg-
ulatory elements within the AAV expression cassette. Of note, for the
subsequent vector conjugation in their study Katrekar et al. employed
copper as catalyst for the click chemistry reaction, whereas we used a
copper-free cycloaddition reaction reported to be more suitable for
use in living systems.28

Tumor cells usually undergo genomic and metabolic dysregulation,
which leads to the expression of tumor-specific cellular surface mol-
ecules. Hence, researchers have been trying to develop ligands to spe-
cifically target cancer cells.53 To this end, folic acid and aptamers have
been conjugated to drugs, nucleic acids, and lipid nanoparticles.13,17

Nevertheless, nanoparticles have been associated with acute cell
toxicity depending on their formulation.54,55 Moreover, like most
oligonucleotides, aptamers possess very poor and limited endosomal
escape56 that may hamper their development as therapeutics. By
contrast, AAV vectors use their intrinsic phospholipase A2 activity,
which allows their effective release from the endosomal compartment
and very efficient nuclear trafficking.57

To our knowledge, this is the first study to show the successful conju-
gation of aptamers to AAV capsids in order to efficiently enhance and
redirect their tropism. We have characterized, through a series of
in vitro uptake assays and the use of different cell lines, the transduc-
tion specificity of AAV conjugated to a peptide molecule (FA), an
RNA aptamer (E3), and a DNA aptamer (AS1411). We have also
shown that the ligand’s characteristics are transferable, since the
Nε-AAV serotype did not influence the vector uptake.
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In vivo study in a xenograft animal model demonstrated that FA-
AAVs and AS1411-AAVs can be efficiently and specifically taken
up by tumor cells, unlike the unconjugated vector which showed
off-target expression in liver. Nevertheless, the FA-AAV liver
transduction in some animals could likely be due to the ectopic
expression of folic acid receptors on the surface of murine
hepatocytes.

One of the limitations of this study could be the lower yield of
Nε-AAVs compared with their wild-type counterparts. However, en-
gineering the producer cells to constitutively express the prokaryotic
tRNA/tRNA synthases,58,59 combined with the discovery of novel
orthogonal tRNA/tRNA synthases that possess an enhanced ability
to incorporate unnatural amino acids,60,61 might dramatically
improve the manufacture of Nε-AAVs.

The use of aptamers to modulate AAV tropism presents apparent ad-
vantages: (1) large-scale production of nucleic acids is less expensive
than protein- or antibodies-based drugs;62 (2) the possible use of a
universal vector will further reduce the costs of manufacture; (3)
the aptamer selection for a specific type of cells is more simple than
screening libraries of antibodies or AAVs; and (4) chemical synthesis
of oligonucleotides facilitates straightforward attachment of moieties
that support their subsequent conjugation to the modified AAV cap-
sids described herein.

Recently, aptamer selection has been expanded in vivo through direct
injection of nucleic acid-based libraries in animal models.63–65 More-
over, organs-on-chip technology66 and organoids67,68 could be valu-
able resources for the isolation of specific aptamers for human cells.
These advances in combination with machine learning have allowed
researchers to predict and optimize an aptamer sequence with an
improved affinity for the desired target protein.69 A further evolution
of this approach could be the use of AlphaFold for precise protein
structure prediction70,71 which, in the future, might pave the way
for a total in silico design of aptamers that bind specific cell-surface
receptors.

Eventually, the chemically modified Nε-AAV combined with wider
aptamer versatility could create a novel class of easily programmable
vectors, which might help us move toward the goal of new cell-type-
specific vectors.

MATERIALS AND METHODS
Plasmid construction

All plasmids generated in this study have been produced by
Gibson assembly using NEBuilder HiFi DNA Assembly Master
Mix (NEB, catalog number [#]E2621S). Single-nucleotide muta-
tions were introduced by a QuickChange II Site-Directed Muta-
genesis Kit (Agilent Technologies, #200523). A pcDNA3.1 plasmid
backbone was used for the expression of VP2 or VP3 under the
control of a cytomegalovirus promoter. The pAcBac1.tR4-MbPyl
plasmid was a gift from Peter Schultz (Addgene plasmid,
#50832).27 The pAAV plasmid with the ubiquitous CAG promoter
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upstream of the firefly luciferase transgene for the in vitro exper-
iments was generated in the Kay lab and available at Addgene
(#83281). For the in vivo studies the CAG promoter was swapped
with the minimal ubiquitous INS84 promoter kindly provided by
Marcus Grompe.40
Nε-AAV vector production and titration

Cell transfection for AAV production was performed as previously
reported72 with few modifications. In brief, the Nε-2-azidoethyloxy-
carbonyl-L-lysine (Toronto Research, #A848920) was added to
the transfection medium at the final concentration of 1.5 mM for
the Nε-AAV production. Transfection was carried out using the
following plasmids: pRep/Cap (5 mg/225 cm2

flask), pXX6-Ad5
(10 mg/225 cm2

flask), pAAV plasmid with the gene of interest
(5 mg/225 cm2

flask), and pAcBac1.tR4-MbPyl (10 mg/225 cm2
flask).

The AAV vectors were purified using the AAVpro Purification Kit
(Takara, #6666) following the manufacturer instructions. For crude
lysate AAVs, the cells were harvested and underwent three cycles of
freeze-thaw for lysis. They were spun at 5,000 � g at 4�C for
15 min to pellet cell debris. Supernatant was collected and treated
with 1 mL of benzonase for 1 h at 37�C. Cells were spun at
5,000 � g for 10 min to pellet debris and the supernatant collected.
The supernatant was incubated for 1 h at 4�C in ice. Another centri-
fugation step at 7,000 � g at 4�C for 30 min was carried out. Super-
natant was collected and stored at �80�C until the day of AAV
transduction.

Vector titers were obtained by qPCR on the CFSX384 instrument
(Bio-Rad) using Brilliant III Ultra-Fast SYBR QPCR MM (Agilent,
#600882).

Primers: forward (luciferase) 50- ctt cga ggc taa ggt ggt gg-30; reverse
(luciferase) 50-tcg ggg ttg tta acg tag cc-30.
DBCO chemicals preparation and AAV conjugation

Nε-AAVs were conjugated with the DBCO-PEG folic acid or DBCO-
PEG biotin (NANOCS, #PG2-DBFA, #PG2-BNDB). DBCO-PEG
chemicals were resuspended in 20% DMSO to a final concentration
of 2 mM used as stock solution. Before the click reaction, the stock
was further diluted to 500 mM in 20% DMSO solution. DBCO-
PEG moieties were added to Nε-AAV to a final concentration of
100 mM and incubated overnight on a tube rotor at 4�C. The
Nε-AAV unconjugated control vectors were incubated in the same
20% DMSO solution used for the DBCO-PEG solubilization.
DBCO-PEG-Aptamer preparation was carried out as previously re-
ported.73 In brief, the DNA aptamers, AS1411 and CD, carrying an
amino (NH2) modified 50 end, were synthesized from Integrated
DNA Technology:

AS1411: 50-5AmMC6-TTT TTT TTT TTT GGT GGT GGT GGT
GTT GGT GGT GGT GG-30.

CD: 50-5AmMC6-TTT TTT TTT TTT GGG GCC GGG GCA
AGG GGG GGG TAC CGT GGT AGG AC-30.
The E3 and C36 RNA aptamers were synthesized as previously re-
ported.22 In brief, the E3 (GGC UUU CGG GCU UUC GGC AAC
AUC AGC CCC UCA GCC) and C36 (GGC GUA GUG AUU
AUGAAUCGUGUGCUAAUACACGCC) aptamers were synthe-
sized by solid-phase synthesis on a MerMade 12 Synthesizer (Bio-
search Technologies), as previously described.74 The aptamers were
synthesized using 20-F-modified pyrimidines and 20OH purines on
an inverted dT CPG column. Synthesis reagents were purchased
from Glen Research (Sterling, VA) and Chemgenes (Wilmington,
MA). All aptamers were synthesized bearing a 50 amine using a C6
phosphoramidite (Glen Research, Sterling, VA).

The aptamers were incubated with DBCO-PEG4-NHS Ester (Click
Chemistry Tool, #A134-10) at room temperature for 2 h. The result-
ing DBCO-PEG-aptamer was finally purified using Cytiva Illustra
MicroSpin G-25 columns (Cytiva Life Sciences, #27532501) following
the manufacturer’s instructions. DBCO-PEG-Aptamer was added to
the Nε-AAVs to a final concentration of 125 mM and incubated over-
night on a tube rotor at 4�C.

The conjugated AAVs, both aptamer- and FA-conjugated, were dia-
lyzed using Amicon Ultra-0.5 Centrifugal Filter Unit 100k (Sigma,
#UFC510024). The columns were washed by centrifugation at
10,000 � g for 10 min at 4�C using 450 mL of PBS-0.0001% Pluronic
F-68 (Pluronic F-68 Polyol, 100 mL, MP Biomedicals, Fisher,
#ICN2750049). The conjugated AAV was added to 450 mL of
PBS-0.0001% Pluronic F-68 and washed three times with 450 mL of
PBS-0.0001% Pluronic F-68 solution by three centrifugations at
10,000 � g for 10 min at 4�C. After the last washing step, the conju-
gated AAV was transferred into a new 1.5-mL sterile tube.

Silver stain analysis of AAV vectors was performed using SYPRO
Ruby Protein Gel Stain (Thermo Fisher, #S12000) following the man-
ufacturer’s instructions.
Cell lines

The cells used for the folic acid experiments were grown in RPMI
1640 medium (Fisher, #27016021) supplemented with 10% fetal
bovine serum (FBS) and 100 IU/mL penicillin/streptomycin.
The rest of the experiments were carried out using DMEM (Thermo
Fisher, #15017CV) supplemented with 10% FBS, 2 mM L-glutamine,
and 100 IU/mL penicillin/streptomycin. All the cells were maintained
in a humidified incubator at 37�C with 5% CO2. Total mRNA was ex-
tracted from HeLa, MCF-7, and A549 using an RNeasy mini kit
(QIAGEN) following the manufacturer’s instructions. mRNA was
converted to cDNA using a Maxima First Strand cDNA Synthesis
Kit for qRT-PCR (Thermo Fisher, #K1671).

qPCR was performed in the CFSX384 instrument (Bio-Rad) using
Brilliant III Ultra-Fast SYBR QPCR MM (Agilent, #600882).

Primers: forward (hFOLR1) 50-aca agg att gca tgg gcc ag-30; reverse
(hFOLR1) 50-agg tgc cat ctc tcc aca gtg-30; forward (hACTB) 50-gtc
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acc aac tgg gac gac at-30; reverse (hACTB) 50-gta cat ggc tgg ggt gtt
ga-30.

AAV transduction

Cells were incubated with AAV vectors for 48 h using an MOI of
5,000 unless specified otherwise in the figure legends. Cell lysis and
luciferase assay were performed using the Promega Luciferase 1000
Assay System (Promega, #E4550) following the manufacturer’s in-
structions. For the uptake experiments, 1.5 mg per well of anti-
hFOLR1 antibody (Thermo Fisher, #MA5-23917), 200 mM/well of
folic acid (Sigma, #F8758-25G), 1 mg/mL per well of ssDNA (Sigma,
#262,012-1GM), 10 mM/well of the clathrin inhibitor dynasore hy-
drate (MilliporeSigma, #D7693-5MG), and different concentrations
of AS1411 aptamer antidote (sequence 50-CCA CCA CCA CCA
CAA CCA CC-30) acquired from Integrated DNA Technology,
were used.

Western blot

AAV samples were loaded on a 4%–15% gradient polyacrylamide gel
(Fisher, #34028). Protein transfer was performed using the iBlot sys-
tem (Thermo Fisher, #IB23002). The membrane was blocked with
Odyssey buffer (Fisher, #NC0730870) and incubated with the anti-
AAV antibody (Gene Tex, #GTX44495) or a streptavidin-conjugated
antibody (Fisher, #NC9386176), both diluted 1:1,000 in Odyssey
buffer. The membrane was washed and incubated with a secondary
antibody (Fisher, #92532210) diluted 1:100,000 and visualized by
the Odyssey imaging system (Li-Cor Biosciences). For AAV-aptamer
detection, the membrane, after the blocking step, was incubated with
1 mM AS1411-(50-CCA CCA CCA CCA CAA CCA CCA CCA CC-
biotin-30), CD-(50-CCC CCC ATG GCA CCA TCC TG-biotin-30),
and E3-(50-GAT GTT GCC GAA AGC CCG AA-biotin-30) probes
overnight at room temperature, and subsequently incubated with a
streptavidin-conjugated antibody for 2 h at room temperature
(Fisher, #NC9386176).

Transmission electron microscopy

The AAV vectors were placed on a 300-mesh carbon/formvar-coated
Cu grid and allowed to settle for 3 min. Samples were washed two
times with MilliQ-H2O and stained for 1 min with 1% uranyl acetate
in mQ-H2O. AAV samples were allowed to dry. Image acquisition
was performed on a JEOL-JEM1400 microscope at 120 kV.

In vivo study

Mouse experiments were conducted and approved by the Adminis-
trative Panel on Laboratory Animal Care of Stanford University.
Nude mice (NU/J) were acquired from The Jackson Laboratory
(#002019). The animals were kept in the animal facility with a normal
night/day cycle and on autoclaved chow ad libitum. HeLa cells were
grown in 225-cm2

flasks at �90% confluence and >90% viability
before transplantation. On the day of transplantation, cells were har-
vested and resuspended in PBS. Cells (5 � 106) were injected subcu-
taneously in the animal flank in 200 mL of sterile PBS. AAV injections
were performed subcutaneously using 5 � 109 vector genomes/
mouse. In vivo luciferase imaging was performed using the Lago
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optimal imaging system (Spectral Instruments Imaging). Luciferase
images were analyzed using Aura Software (Spectral Instruments Im-
aging). Explanted liver and HeLa tumor were freshly homogenized in
PBS using a Bullet Blender (Next Advance). The luciferase assay was
performed using the Promega Luciferase 1000 Assay System (Prom-
ega, #E4550) following the manufacturer’s instructions. Protein con-
centration in tissue samples was measured with a Pierce BCA protein
assay kit (Thermo Fisher, #23227) following the manufacturer’s
instructions.

Statistics

GraphPad Prism was used for statistical analysis. Datasets were
compared byANOVAwith a proper post hoc correction (see figure leg-
ends). Statistical significancewas assumedwithpvaluesof <0.05 (* or #),
<0.01(** or ##), <0.001 (*** or ###), and <0.0001 (**** or ####). Bars in
graphs represent standard deviation for each group.
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