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Gene therapy using recombinant adeno-associated virus (rAAV)
relies on safe, efficient, and precise in vivo gene delivery that is
largely dependent on the AAV capsid. The proteinaceous capsid
is highly amenable to engineering using a variety of approaches,
and most resulting capsids carry substitutions or insertions
comprised of natural amino acids. Here, we incorporated a
non-canonical amino acid (ncAA), Nε-2-azideoethyloxycar-
bonyl-L-lysine (also known as NAEK), into the AAV5 capsid us-
ing genetic code expansion, and serendipitously found that
several NAEK-AAV5 vectors transduced various cell lines
more efficiently than the parental rAAV5. Furthermore, one
NAEK-AAV5 vector showed lung-specific transduction
enhancement following systemic or intranasal delivery in mice.
Structural modeling suggests that the long side chain of NAEK
may impact on the 3-fold protrusion on the capsid surface that
plays a key role in tropism, therebymodulating vector transduc-
tion. Recent advances in genetic code expansion have generated
synthetic proteins carrying an increasing number of ncAAs that
possess diverse biological properties. Our study suggests that
ncAA incorporation into the AAV capsid may confer novel vec-
tor properties, opening a new and complementary avenue to
gene therapy vector discovery.

INTRODUCTION
Recombinant adeno-associated virus (rAAV) is currently the leading
in vivo gene therapy delivery platform for preclinical and clinical ap-
plications.1,2 Attributing to its high transduction efficiency, broad tis-
sue tropism, durable transgene expression, and clinically proven
safety profile, rAAV gene therapy has shown encouraging outcomes
in clinical trials targeting monogenic disorders,3 leading to regulatory
approval of several AAV-based gene therapy drugs.4–6

Notwithstanding the encouraging safety and efficacy outcomes for
many genetic indications, rAAV-based gene therapy is facing several
hurdles toward broader utilization, such as immunogenicity,7,8 dura-
bility of transgene expression,9 and difficulties in achieving tissue-
specific delivery and requirement of high doses for certain applica-
tions. To overcome these limitations, AAV capsid development has
been a major focus in gene therapy research. A variety of strategies
are employed to generate novel AAV capsids with desired features,10
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including isolation of natural serotypes from human and other spe-
cies,11 rational design enabled by understanding of structure-function
relationships,12,13 directed evolution by DNA shuffling and random
peptide insertion,14–17 in silico design,18,19 and their combinatorial
approaches.20,21 These efforts continue to produce AAV vectors
with increasing specificity and potency.

Most engineered AAV capsids comprise structural viral proteins
(VPs) of canonical amino acids encoded by a modified AAV capsid
gene (Cap). Others carry additional chemical decorations to redirect
tropism or shield from neutralizing antibodies, among which ge-
netic code expansion provides a versatile platform to engineer
AAV capsid.13,22–25 In this approach, a non-canonical amino acid
(ncAA) is incorporated into VPs via recoding a nonsense mutation
in the Cap gene; the ncAA (e.g., Nε-2-azideoethyloxycarbonyl-L-
lysine, also known as NAEK) harbors a chemical moiety that en-
ables bio-orthogonal click reaction with a ligand, thereby allowing
site-specific ligand conjugation on capsid surface.13,22,23,25 As a
result, an additional purification step following click reaction is
necessary to remove unconjugated ligand, increasing the complexity
and cost associated with vector manufacturing. Furthermore, the
stoichiometry of conjugation needs careful optimization and charac-
terization because it may impact on AAV capsid stability, integrity,
and function.

In this study, we used genetic code expansion to generate a series of
AAV5 vectors bearing NAEK.We chose to engineer the AAV5 capsid
because recent studies showed that it has a favorable immunological
profile in clinical applications.26 Surprisingly, we found that some
NAEK-modified AAV5 (NAEK-AAV5) vectors exhibited enhanced
cell transduction efficiency compared with the parental AAV5 vector
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Figure 1. Schematic diagram showing NAEK incorporation into the AAV capsid during vector production

(A) NAEK (blue dot) is incorporated into the capsid via suppression of a premature termination codon in the CapmRNA (Cap*), also known as genetic code expansion. With

adenoviral gene products from pHelper, the transgene cassette flanked by inverted terminal repeats in pCis is packaged into the modified rAAV capsid harboring NAEK at a

specific site of the capsid surface. (B) Workflow of the NAEK-AAV vector packaging process. Four plasmids are co-transfected into HEK293 cells, and NAEK is added to the

culture medium. NAEK-AAV vectors are then purified using the same procedure for regular rAAV.
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without further conjugation to a ligand. In particular, NAEK substi-
tution of VP residue 374D (i.e., 374NAEK) confers lung-specific
transduction enhancement in mice. Structural modeling studies indi-
cate that the long side chain of NAEK may alter a critical receptor
binding region of the AAV5 capsid, thereby modulating tropism
and transduction.

Recent advances in genetic code expansion technology allow a variety
of ncAAs to be incorporated during protein synthesis.27 These ncAAs
possess diverse physical and chemical properties that are not present
in natural amino acids, and can functionalize the synthetic protein
products for a range of research and therapeutic applications.28 Our
study suggests that non-ncAA incorporation is a promising approach
to AAV capsid engineering.

RESULTS
Generation of NAEK-AAV5 vectors and screen for packaging

yield

We used genetic code expansion to incorporate NAEK into specific
sites of AAV5 capsid during vector production (Figure 1A). Specif-
2 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
ically, a nonsense mutation was introduced into the AAV capsid
gene (Cap*), resulting in Cap* mRNA bearing a UAG premature
termination codon. The UAGwas decoded by an orthogonal suppres-
sor tRNA system that comprises the pyrrolysyl-tRNA synthetase/pyr-
rolysyl-tRNA pair and NAEK, thereby incorporating NAEK into VPs
during translation. In the presence of adenoviral helper genes, the
NAEK-AAV5 capsid encapsidates a recombinant AAV vector
genome that expresses enhanced green fluorescent protein (EGFP)
as a reporter. NAEK-AAV5 vectors were purified in the same way
as for standard rAAV5 (Figure 1B).

Ten VP amino acid residues across variable regions (VRs) III to VIII
were selected for NAEK engineering (Figure S1) because VRs were
shown to impact on rAAV tropism.29 NAEK was incorporated as
either a substitution of a single residue or an insertion downstream
(Figure 2A), generating a total of 20 NAEK-AAV5 vector designs.
Next, we performed a small-scale vector production assay,30 and
found that NAEK modification generally compromised or abolished
packaging yield, consistent with a previous report.25 However, a few
NAEK-AAV5 vectors exhibited packaging yield close to or more
er 2023
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Figure 2. Packaging yield screen and validation of

NAEK incorporation

(A) NAEK was incorporated into the AAV5 capsid via sup-

pression of a TAG nonsense mutation in the Cap gene as

either a substitution (s) or insertion (i). Modification at res-

idue 374D is shown as an example. (B) Packaging yield of

20 NAEK-AAV5 vectors in a small-scale packaging assay.

Data are normalized to the yield of unmodified rAAV5.

Gray dashed line indicates 30% of rAAV5 yield. (C)

Space-filling rendering of AAV5 VP monomer (PDB:

7kp3). Five selected residues for NAEK modification are

highlighted in blue and labeled. (D) Schematic diagram

showing the conjugation between NAEK-AAV5 and

DBCO-IRDye800. Blue dots indicate NAEK. (E) Slot-

blotting image of purified rAAV5, or rAAV5 carrying

D374NAEK substitution (374NAEK) or T444NAEK

substitution (444NAEK). The green signal is generated

from antibody that detects intact AAV5 capsid, and the

red signal shows the fluorescence of IRDye800; a merged

image is shown at the bottom. (F) Western blotting image

of the purified rAAV shown in (E). The green signal is

generated from B1 antibody that detects all three AAV VP

isoforms (VP1, VP2, and VP3), and the red signal shows

the fluorescence of IRDye800; a merged image is shown

at the bottom. (G) SYPRO Ruby protein stain image of

SDS-PAGE of the purified rAAV shown in (E).
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than 30% that of rAAV5 (Figure 2B); we therefore selected the top 5
candidates for further studies.

These NAEK incorporation sites were mapped onto the cryogenic
electron microscopy (cryo-EM) structure of the AAV5 capsid (PDB:
7KP3), which suggested that NAEK was exposed to the outside of
assembled capsids (Figure 2C). To confirm the solvent-facing incorpo-
ration of NAEK, we took advantage of the azido moiety in NAEK that
enables click reaction with a dibenzocyclooctyne (DBCO) group (Fig-
ure 2D). As expected, purified NAEK-AAV5 vectors were successfully
conjugated with an infrared dye (IRDye800) via click reaction under
non-denaturing condition as demonstrated in a slot-blotting assay
(Figure 2E). Furthermore, western blotting assay revealed that all three
VPs contained NAEK (Figure 2F). To examine whether truncated VPs
generated by a Cap* gene were incorporated in purified rAAV (pre-
dicted molecular weight of truncated VPs: 20.5–41.3 kDa for D374*;
28.6–49.5 kDa for T444*, where asterisks indicate the premature
stop codon), we performed SDS-PAGE followed by SYPRO Ruby pro-
tein staining. Compared with the full-length VPs, we did not observe
appreciable truncated VP species of predicted molecular weights (Fig-
ure 2G). Together, these results showed that NAEK was incorporated
into the AAV5 capsid, and that capsid integrity was not impaired with
NAEK exposed to the outside of capsid.
Molecular Therapy: Methods &
In vitro transduction of cell culture by NAEK-

AAV5 vectors

Next, we investigated the transduction efficiency
of selected NAEK-AAV5 vectors in commonly
used cell lines, including a human embryonic kid-
ney cell line (HEK293), a human hepatocyte-derived carcinoma cell
line (Huh7), a mouse myoblast cell line (C2C12), and a human
lung epithelial cell line (A549), and compared them against parental
rAAV5. Fluorescence imaging (Figure 3A) and western blotting (Fig-
ure 3B) revealed that 374NAEK-AAV5 exhibited the highest trans-
duction efficiency among all cell lines tested, and was significantly
more potent than rAAV5 by 2.5- to 10.5-fold. In addition,
444NAEK-AAV5 and 539NAEK-AAV5 also showed a trend of
higher transduction than rAAV5 in HEK293 and A549 cells (Fig-
ure 3). Therefore, incorporating the ncAA NAEK into rAAV5 could
modulate cellular transduction.

Evaluation of NAEK-AAV5 transduction in vivo

The in vitro transduction results prompted us to further study NAEK-
AAV5 vectors for their tissue tropism in vivo. To this end, we injected
adult mice with individual NAEK-AAV5 vectors at a dose of 1� 1011

vector genomes (vg)/mouse via tail vein. Ten days later, mice were
euthanized and lung, liver, heart, and tibialis anterior (TA) muscle
were collected for molecular analysis (Figure 4A). Consistent with
the in vitro results, 374NAEK-AAV5 emerged as the most potent vec-
tor targeting the lung, resulting in 2.5- and 4.5-fold higher vector
DNA abundance and EGFP mRNA expression than rAAV5, respec-
tively (Figures 4B and 4C). Interestingly, 374NAEK-AAV5 was
Clinical Development Vol. 31 December 2023 3

http://www.moleculartherapy.org


A

B

Figure 3. Transduction of various cell lines by selected NAEK-AAV5 vectors

(A) Fluorescence microscopy images of various cell lines transduced by unmodified rAAV5 or rAAV5 carrying the indicated NAEK modifications. All rAAVs package the same

transgene cassette that expresses enhanced green fluorescent protein (EGFP). Cells were infected with each rAAV at a multiplicity of infection (MOI) of 50,000 with co-

infection of adenovirus type 5 (AdV5) at a MOI of 100. Scale bar, 500 mm. (B) Representative western blotting images of protein expression from cells as described in (A), and

quantification of EGFP protein expression normalized to either b-tubulin or GAPDH. Data are normalized to the rAAV5 group. Data are mean ± SD.
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comparable with rAAV5 for targeting the liver, heart, and skeletal
muscle, indicating tissue-specific transduction enhancement upon
in vivo delivery. To further confirm the enhanced lung-targeting ca-
pacity of 374NAEK-AAV5, total lung protein was extracted and sub-
jected to western blotting. Indeed, 374NAEK-AAV5-treated mice
showed nearly 8-fold higher EGFP protein expression in the lung
than those receiving rAAV5 (Figure 4D).

Encouraged by 374NAEK-AAV5’s superb lung transduction
following systemic delivery, we next performed intranasal instillation
to study its lung tropism in mice (Figure 5A) because intranasal de-
livery of rAAV was shown to target the lung more efficiently than
intravenous delivery.31 Following this localized treatment regimen
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
(Figure 5A), 374NAEK-AAV5 also outperformed the other vectors
to target the lung, reaching 3- and 6-fold higher transgene EGFP
expression than rAAV5 at mRNA and protein levels, respectively,
although difference in transgene DNA abundance among all vectors
did not reach statistical significance (Figure 5B). Taken together, these
results demonstrate that NAEK incorporation at a specific site of the
AAV5 capsid (i.e., residue 374) can enhance in vivo transduction in a
tissue-specific manner.

Characterization of lung tropism of leading NAEK-AAV5 vectors

To further characterize the lung tropism, another cohort of mice
receiving intranasal instillation of rAAV5 or 374NAEK-AAV5 were
euthanized at a longer timepoint of 4weeks post treatment (Figure 6A),
er 2023
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Figure 4. In vivo transduction by selected NAEK-AAV5 vectors in mice via systemic administration

(A) Schematic diagram of workflow. Six-week-old femalemicewere injected with rAAV at a dose of 1� 1011 vector genomes (vg) per mouse via tail vein. Lung, liver, heart, and

tibialis anterior (TA) muscle were collected 10 days post injection. (B) ddPCR quantification of rAAV transgene (i.e., EGFP) genome copy (GC) number in lung, liver, heart, and

TA muscle of the mice described in (A). (C) ddPCR quantification of EGFP cDNA reverse-transcribed from its mRNA in lung, liver, heart, and TAmuscle of the mice described

in (A). (D) Representative western blotting images and quantification of transgene EGFP protein expression in lungs of the mice described in (A). Data are shown as mean ±

SD; each white dot represents an individual mouse. n = 3–5 mice per group.
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when rAAV transgene expression plateaued and stabilized.32 In addi-
tion, we also included 444NAEK-AAV5 in this experiment, because
it repeatedly showed a trend of higher transgene expression than
rAAV5 in prior experiments (Figures 3B, 4C, 4D, and 5B). Molecular
analysis (Figure 6B) and immunostaining of lung sections (Figure 6C)
corroborated the previous finding that 374NAEK-AAV5 led to the
highest EGFP transgene expression in the lung.
Molecular T
Furthermore, we investigated the major lung cell types targeted by
rAAV5 or the two NAEK-AAV5 vectors. Immunostaining results
showed that most EGFP fluorescence was co-localized with pro-
SPC, a specific marker of alveolar type 2 cells33 (Figure 6D).
374NAEK-AAV5 not only led to 3-fold higher transgene expression
than rAAV5, but also transduced more alveolar type 2 cells than
rAAV5 (60% vs. 35%) (Figure 6D). In contrast, EGFP expression
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 5. In vivo transduction by selected NAEK-AAV5

vectors in mice via intranasal administration

(A) Schematic diagram of workflow. Six-week-old female

mice were injected with rAAV at a dose of 1 � 1011 vg per

mouse via intranasal instillation. Lungs were collected

10 days post injection. (B) Quantification of rAAV vector

DNA, transgene expression of mRNA, and EGFP protein

expression in lung of the mice described in (A). Represen-

tative western blotting images of transgene EGFP protein

expression are shown. Data are shown asmean ± SD; each

white dot represents an individual mouse. n = 4–5 mice per

group.
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from all vectors was rarely co-localized with the alveolar type 1 cell
marker podoplanin (Figure S2). Importantly, neither 374NAEK-
AAV5 nor 444NAEK-AAV5 triggered discernible inflammatory re-
sponses or histological changes to the lung (Figure 6E), suggesting
that NAEK-AAV vectors were well tolerated despite the unnatural
side chain of NAEK.

NAEK is a lysine (K) mimic (Figure 7A). To test whether the D374K
substitution would confer the same lung tropism as D374NAEK, we
performed intranasal instillation to another cohort ofmicewith various
vectors (Figure 7B). However, 374K-AAV5 showed comparable lung
transduction with rAAV5, both of which were inferior to 374NAEK-
AAV5 (Figure 7C). Previous studies showed that rAAV6 and its two
derivatives, rAAV6.2 and rAAV6.2FF, could transduce alveolar and
airway epithelium in mice following intranasal or intratracheal deliv-
ery.34–36 Therefore, we also included these vectors for comparison
and found that they were not as efficient as 374NAEK-AAV5 for
lung transduction (Figure 7C). As expected, liver and heart contained
much less vector DNA than the lung, presumably caused by vector
leakage following intranasal delivery, and the transgenemRNA expres-
sion in the liver and heart was largely comparable among all tested vec-
tors and much lower than that in the lung (Figures 7D and 7E).

Mechanistic studies on NAEK incorporation and vector

properties

To explore the mechanisms underlying the enhanced lung transduc-
tion by 374NAEK-AAV5, we characterized its cellular trafficking in
the human lung epithelial cell line A549 and compared it against
rAAV5 and other NAEK-AAV5 vectors. In this set of in vitro exper-
iments, 374NAEK-AAV5 exhibited the highest cell surface binding
capacity and the most efficient internalization among all tested vec-
tors (Figures 8A and 8B). After cell entry, 374NAEK-AAV5 delivered
the greatest total number of vector DNA copies to nuclei, where trans-
gene expression took place (Figure 8C). Notably, this cellular traf-
ficking pattern was unique to 374NAEK-AAV5 but not the other
6 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
NAEK-modified vectors, indicating that the
structural context of NAEK incorporation played
a key role in determining vector property.

Residue 374 resides in VR-III, which is remote
from the 3-fold protrusion, a capsid structural
feature determining receptor binding and tropism.29 However, we
noticed that VR-III is spatially close to a b turn near the 3-fold axis
(Figure 8D).When various amino acids (D, K, and NAEK) were fitted
at residue 374 by structural modeling, only 374NAEK was in prox-
imity with 498E in the neighboring b turn owing to its long side chain
(Figure 8E), potentially forming hydrogen bonds between the two res-
idues (Figure 8F). Thus, we postulate that the potential interaction be-
tween 374NAEK and 498E induces conformational changes near the
3-fold axis, thereby modulating the tropism of the 374NAEK-AAV5
vector.

DISCUSSION
In this study, we show that incorporation of a ncAA (i.e., NAEK) into
the AAV5 capsid can modulate vector transduction. In particular, the
374NAEK-AAV5 vector exhibits lung-specific transduction enhance-
ment in mice by either systemic injection or intranasal instillation,
and significantly outperforms leading lung-tropic AAV capsids
including AAV5, AAV6, and certain AAV6 variants. Our study sug-
gests that ncAA incorporation is a viable approach to improving AAV
vector tropism, expanding the arsenal of novel capsid discovery
strategies.

A variety of ncAAs have been used to modify recombinant proteins as
research tools. For example, Seidel et al. incorporated the photo-
crosslinking amino acid p-azido-Phe (Azi) into various sites of class
B G-protein-coupled receptors (GPCRs). When a peptide antagonist
binds to the Azi-GPCR and locates in proximity to the Azi residue,
crosslinking occurs upon UV light activation, which reveals the
detailed interaction between GPCR and peptide antagonists including
the structural footprints and contact sites.37 To our knowledge, ncAA
incorporation into the proteinaceous AAV capsid for gene therapy
vector development has been largely relying on NAEK as a chemical
handle, followed by ligand conjugation via click reaction.13,22,24,25

Alternatively, the capsid surface-exposed amino acid side chains
can be directly modified by chemical approaches.38–40 For example,
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Figure 6. Characterization of lung transduction by two NAEK-AAV5 vectors via intranasal administration

(A) Schematic diagram of workflow. Six-week-old female mice were injected with rAAV at a dose of 1 � 1011 vg per mouse via intranasal instillation. Lungs were collected

28 days post injection. (B) Quantification of rAAV vector DNA, transgene expression of mRNA, and EGFP protein expression in lungs of mice described in (A). Representative

western blotting images of transgene EGFP protein expression are shown. (C) Representative fluorescence microscopy images of lung sections and quantification of EGFP

immunofluorescence intensity. Five lobes of one mouse are shown in each image. IntDen, integrated density of EGFP signal. Scale bar, 1 mm. (D) Representative fluo-

rescence immunostaining images of lung sections and quantification. Alveolar type 2 (AT2) cells are labeled with antibody against pro-SPC (red). The fraction of EGFP+ AT2

cells is calculated as the percentage of EGFP+ pro-SPC+ double-positive cells among pro-SPC+ cells. Scale bar, 200 mm. (E) Representative images of hematoxylin and eosin

(H&E) staining of lung sections frommice administered with the indicated rAAV. Data are shown as mean ± SD; each white dot represents an individual mouse. n = 3–4 mice

per group. In (D) the Kruskal-Wallis test was used followed by Dunn’s test against the rAAV5 group, because the data did not pass normal distribution test.
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Figure 7. Comparison between NAEK-AAV5 vectors and other AAV vectors for in vivo transduction

(A) Chemical structures of canonical amino acids aspartic acid (D) and lysine (K) and the non-canonical amino acid NAEK. (D) The wild-type amino acid at residue 374 of AAV5

VP1. (B) Schematic diagram of workflow. Six-week-old femalemice were injected with rAAV at a dose of 1� 1011 vg per mouse via intranasal instillation. Lung, liver, and heart

were collected 10 days post injection. (C) Quantification of rAAV vector DNA, transgene expression of mRNA, and EGFP protein expression in lungs of mice described in (B).

Representative western blotting images of transgene EGFP protein expression are shown. (D) Quantification of rAAV vector DNA and transgene expression of mRNA in livers

of mice described in (B). (E) Quantification of rAAV vector DNA and transgene expression of mRNA in hearts of mice described in (B). Data are shown as mean ± SD; each

white dot represents an individual mouse. n = 3–5 mice per group.
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Horowitz et al. modified AAV2 arginine residues to the neutral
adduct hydroimidazolone by glycation, which redirected the vector
tropism from liver to skeletal and cardiac muscle in mice by systemic
administration.38

The simplicity of one-step ncAA incorporation without a downstream
chemical reaction sets our study apart from the aforementioned
methods for capsid engineering. Therefore, manufacturing ncAA-
AAV vectors is very similar to standard rAAV production, whereas
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
a two-step capsid modification method requires an additional purifi-
cation procedure, which increases the complexity and cost of vector
manufacture and may decrease yield. Importantly, ncAA incorpora-
tion occurs via genetic code expansion at a pre-defined premature
termination codon, and therefore is precise and consistently generates
a homogeneous batch of vectors. In contrast, decorating purified
rAAV via either click reaction or other chemical approaches usually
results in incomplete modification and/or unspecific modification at
multiple residues, consequently producing inconsistent vector batches.
er 2023
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Figure 8. Mechanistic studies of the impact of NAEK incorporation on vector properties

(A) Comparison between rAAV5 and five NAEK-AAV5 vectors for their binding capacity to A549 cells (a human lung epithelial cell line). (B) Comparison between rAAV5 and five

NAEK-AAV5 vectors for their internalization efficiency in A549 cells. (C) Comparison between rAAV5 and five NAEK-AAV5 vectors for their cytoplasmic and nuclear distri-

bution in A549 cells. (D) Ribbon diagram of AAV5 VP1 monomer (PDB: 7KP3). The position of the 3-fold axis is indicated by a black triangle. Enlarged views show the VR-III-

containing residue 374D and the neighboring b turn. (E) Ribbon diagrams (top panels) showing three amino acids at residue 374D (purple), 374K (green), and 374NAEK

(cyan). In the bottom panels, electron density maps of 374D (purple), 374K (green), 374NAEK (cyan), and their neighboring amino acid 498E (yellow) are shown as a colored

mesh. (F) Interatomic distances (in angstroms and indicated by dashed lines) between 374NAEK (cyan) and 498E (yellow) are labeled.

www.moleculartherapy.org

Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023 9

http://www.moleculartherapy.org


Molecular Therapy: Methods & Clinical Development
We identified 374NAEK-AAV5 as a potent vector to target lung alve-
olar type 2 cells in mice. AAV-based gene therapy is regarded as a
promising therapeutic modality to treat a range of lung diseases,
such as cystic fibrosis, and several lung-targeting AAV capsids have
been reported.35,41 For example, Limberis et al. compared AAV sero-
types 1–9 for their lung transduction efficiency in mice, and found
that AAV5 and AAV6 were among the most efficient. Furthermore,
they demonstrated that AAV6.2, an AAV6 F129L mutant, outper-
formed the other serotypes tested to transduce mouse lung epithe-
lium.35 Transduction efficiency of rAAV6.2 was approximately
2-fold higher than the parental rAAV6 in both airways and alveoli.34

Introducing Y455F and Y731F substitutions to AAV6.2 yielded
AAV6.2FF, which was shown to further increase transgene expression
in muscle and lung, presumably due to reduced proteasomal degrada-
tion of the capsid.36 Notably, 374NAEK-AAV5 vector showed higher
lung transduction efficiency than AAV5, AAV6, AAV6.2, and
AAV6.2FF vectors 10 days after intranasal delivery, suggesting that
374NAEK-AAV5 is a promising gene therapy vector targeting the
lung, especially for gene delivery to alveolar type 2 cells that are
involved in diseases such as surfactant B deficiency.42 Future transla-
tional studies may evaluate cell-type-specific transgene expression
over a longer time course and tropism in non-human primates. It is
also important to assess potential immune responses against ncAA
and possible new epitopes harboring ncAA. We note that other
AAV capsids, such as AAV443 and an engineered AAV9-derived
capsid,44 exhibit promising lung transduction in mice following intra-
venous delivery and hold promise in clinical translation.

Our comparative studies on several NAEK-AAV5 vectors indicate
that both NAEK incorporation and its insertion site (and hence struc-
tural context) play a role in modulating transduction efficiency and
intracellular trafficking. Consistent with this notion, structural
modeling reveals the potential interaction between 374NAEK and
498E that resides near the 3-fold protrusion, a critical structural deter-
minant of tropism. This interaction is enabled by the long side chain
of NAEK that does not exist in canonical amino acids, including the
wild-type aspartic acid (D) or lysine (K). Detailed interatomic inter-
actions and conformational changes caused by 374NAEK substitu-
tion will require structural analysis such as cryo-EM and three-
dimensional reconstruction. Moreover, how these interaction
changes impart enhanced cellular transduction also warrants further
investigation. Our in vitro study using A549 cells indicates that
374NAEK substitution confers stronger vector binding to the cell sur-
face, eventually leading to higher nuclear vector DNA. However, we
note that 374NAEK-AAV5 may exhibit enhanced lung transduction
via a different mechanism once delivered in vivo. Nevertheless, these
results support the conclusion that incorporation of ncAA with a syn-
thetic side chain may confer novel AAV capsid properties that are not
readily achievable by the limited canonical amino acids.

To identify ncAA-AAV vectors of desired properties more efficiently
and rapidly, it is plausible to synergize with a library screening
approach.45,46 Alternatively, rational design to incorporate specific
ncAAs with desired biological characteristics may also functionalize
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the resulting vectors. As advances in genetic code expansion make
an increasing number of ncAAs amenable to synthetic protein pro-
duction, the diverse ncAA-AAVs may provide an untapped yet rich
repertoire for gene therapy vector discovery.

MATERIALS AND METHODS
Cell culture

HEK293 cells (cat. no. CRL-1573), C2C12 cells (cat. no. CRL-1772),
and A549 cells (cat. no. CRM-CCL-185) were purchased from
ATCC. Huh7 cells were obtained from Wen Xue as a gift. All cells
were maintained in Gibco Dulbecco’s modified Eagle’s medium
(DMEM) (Thermo Fisher Scientific, cat. no. 11965-084) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin (culture medium hereafter) under 37�C and 5% CO2.

Small-scale AAV vector packaging assay

To generate pRep2/Cap5* plasmids, TAG nonsense mutations were
introduced in the Cap gene by Gibson Assembly (New England
BioLabs, cat. no. E2611) or site-directed mutagenesis (TaKaRa, cat.
no. R045A) according to the manufacturer’s instructions. Four plas-
mids (pAAVsc.PI-CB6-EGFP, pRep2/Cap5*, pHelper, and ptRNA/
aaRS [Addgene, cat. no. 50832]) were co-transfected into HEK293
cells at a mass ratio of 1:1:1:2 using the calcium precipitation method
(Promega, cat. no. E1200). After 12 h, culture medium was replaced
with fresh medium containing 1 mM NAEK (Aquila Pharmatech,
cat. no. SCI0043). At 72 h post transfection, cells were detached, sus-
pended in the culture medium, and subjected to three successive
freeze-thaw cycles. The crude lysates were centrifuged at 15,000
g/min for 15 min at 4�C to remove cell debris; supernatant was stored
at �20�C. DNase-resistant rAAV titer in cleared crude lysate was
determined by real-time quantitative PCR (qPCR) as described
previously.30

Large-scale AAV vector production

Similar to the small-scale AAV vector packaging process, the afore-
mentioned four plasmids were co-transfected into HEK293 cells. Af-
ter 12 h, culture medium was replaced with fresh DMEM containing
1 mM NAEK (Aquila Pharmatech, cat. no. SCI0043). At 72 h post
transfection, AAV vectors were purified from crude lysates by CsCl
gradient centrifugation followed by dialysis.47 All AAV vectors pack-
aged the same self-complementary vector genome expressing EGFP.
Purified AAV vectors were quantified by droplet digital PCR (ddPCR)
for vector genome titer and silver-stained SDS-PAGE analysis for pu-
rity assessment.

rAAV conjugation with DBCO-IRDye800 via click reaction

rAAV (2.5 � 1011 vg) and DBCO-IRDye800 (LI-COR Biosciences,
cat. no. 929–50000) was mixed at a molar ratio of 1:1,000 in 200 mL
of Dulbecco’s phosphate-buffered saline (DPBS) (pH 7.0) (Corning,
cat. no. 21-031-CV) in a 1.5 mL microcentrifuge tube, and incubated
at room temperature in darkness for 2 h. After click reaction,
the mixture was purified using Amicon Ultra 100K filter
(MilliporeSigma, cat. no. UFC510096) and reconstituted in 50 mL
of DPBS.
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rAAV transduction assay in vitro

Cells were seeded at a density of 2 � 105 to 4 � 105 cells/well in a
12-well plate. Next day, cells were co-infected with rAAV at a multi-
plicity of infection (MOI) of 50,000 and human adenovirus 5 (AdV5)
at a MOI of 100. At 48 h (HEK293, Huh7, A549 cells) or 168 h
(C2C12 cells) post infection, cells were subjected to fluorescence im-
aging to qualitatively detect EGFP expression. Another batch of cells
were infected in the same way, and cell lysates were collected at 48 h
post infection and subjected to western blotting to quantitatively mea-
sure transduction.

Animal use and treatment

Six-week-old female C57BL/6J mice were purchased from The Jack-
son Laboratory (Stock no. 000664). Mice were administered with
AAV vectors at a dose of 1 � 1011 vg/mouse by either tail vein injec-
tion or modified intranasal instillation.31 After 10 or 28 days post
treatment, mice were sacrificed for tissue collection. All animal exper-
iments were reviewed and approved by the Institutional Animal Care
and Use Committee of University of Massachusetts Chan Medical
School.

rAAV vector DNA and transcript quantification

Flash-frozen tissues, including lung, liver, heart, and TAmuscle, were
subjected to total DNA and RNA extraction using AllPrep DNA/
RNA Mini Kit (QIAGEN, cat. no. 80204). RNA was reverse-tran-
scribed into cDNA using a cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, cat. no. 4374966). Vector DNA and cDNA were
quantified using duplexing TaqMan ddPCR assays targeting EGFP
(Thermo Fisher Scientific, Assay ID Mr00660654_cn) and Tfrc
genomic sequences (Thermo Fisher Scientific, cat. no. 4458367), or
EGFP and Gusb cDNA (Thermo Fisher Scientific, cat. no.
4448490), respectively. ddPCR was carried out using QX200 (Bio-
Rad), and results were analyzed using QuantaSoft (Bio-Rad).

Western blotting

For rAAV5 conjugated with IRDye800, 1� 1010 vg of rAAV purified
using an Amicon filter was loaded in each lane for SDS-polyacryl-
amide gel electrophoresis (SDS-PAGE), followed by standard mem-
brane transfer procedure. Membrane was then incubated with mouse
anti-VP1/2/3 (B1) primary antibody (PROGEN, cat. no. 61058) at
4�C overnight and subsequently incubated with goat anti-mouse
IgG polyclonal antibody-IRD-680RD secondary antibody (LI-COR,
cat. no. 926–68070) at room temperature for 1 h. Membrane was
imaged using a LI-COR Odyssey Imaging System and images were
analyzed with Image Studio Lite Quantification Software (LI-COR).

To detect proteins in cells and tissues, total protein was extracted us-
ing Novex NP40 Cell Lysis Buffer (Thermo Fisher Scientific, cat. no.
FNN0021) and T-PER Tissue Protein Extraction Reagent (Thermo
Fisher Scientific, cat. no. 78510), respectively. Primary antibodies
include rabbit anti-EGFP antibody (1:3,000, Thermo Fisher Scientific,
cat. no. A-11122), rabbit anti-GAPDH antibody (1:3,000, Abcam, cat.
no. ab9485), anti-vinculin antibody (1:5,000, Abcam, cat. no.
ab219649), and mouse anti-b-tubulin antibody (1:5,000, Abcam,
Molecular Th
cat. no. ab7291). Secondary antibodies include goat anti-mouse IgG
polyclonal antibody-IRD-680RD and donkey anti-rabbit IgG poly-
clonal antibody-IRD-800RD (1:5,000, LI-COR, cat. no. 926–68070
and 926–32213, respectively).

Slot blotting

rAAV (1 � 1010 vg) was diluted in 150 mL of DPBS and then loaded
on a nitrocellulose membrane in a Blotting Manifold (Hoefer,
PR648). After the rAAV suspension filtered through by gravity
(�30 min), blocking buffer (LI-COR, cat. no. 927–70003) was added
onto the membrane and allowed to filter through by gravity (�1 h).
After blocking, the membrane was washed with DPBS three times us-
ing a vacuum. Washed membrane was incubated with mouse anti-
AAV5 intact particle antibody (PROGEN, cat. no. 610148) at 4�C
overnight. Subsequently, the membrane was incubated with goat
anti-mouse IgG IRD-680RD secondary antibody at room tempera-
ture for 1 h, and imaged using a LI-COR Odyssey Imaging System.

SYPRO Ruby protein stain

Purified rAAVs and molecular weight markers (Bio-Rad, cat. no.
1610363) were subjected to SDS-PAGE as mentioned above. The
gel was fixed in 50% methanol and 7% acetic acid for 60 min (two
30-min rounds), and incubated in SYPRO Ruby gel stain (Thermo
Fisher Scientific, cat. no. S12000) overnight. Next day, gel was washed
in 10% methanol and 7% acetic acid, rinsed in MilliQ water, and
imaged using a GelDoc Go Gel Imaging System (Bio-Rad).

rAAV binding, internalization, and subcellular distribution

analysis

rAAV binding and internalization assay was performed as previ-
ously reported48 with minor modifications. In brief, A549 cells
were seeded 18 h prior to assay. Cells were pre-chilled at 4�C for
30 min to stop endocytosis, infected with rAAV at a MOI of
67,000, and incubated at 4�C for 1 h. After incubation, cells were
washed gently with cold DPBS three times to remove unbound
rAAV. For binding assay, washed cells were harvested and subjected
to total DNA isolation using QIAGEN AllPrep DNA/RNA Mini Kit.
For internalization assay, after unbound vectors were removed, cells
were incubated in warm culture medium at 37�C and 5% CO2 for
1 h to allow rAAV endocytosis to occur. After incubation, cells
were detached in 0.05% trypsin (Cytiva, cat. no. SV3003101) for
5 min followed by quenching with culture medium. Cell suspension
was centrifuged and cell pellets were washed with DPBS three times
followed by total DNA isolation using the QIAGEN AllPrep DNA/
RNA Mini Kit.

Subcellular distribution of rAAV was analyzed as reported previ-
ously49 with minor modifications. A549 cells were infected with
rAAV at a MOI of 50,000 and harvested after 24 h. The cytoplasmic
and nuclear fractions were isolated using an NE-PER Kit (Thermo
Fisher Scientific, cat. no. 78833). Both fractions were subjected to du-
plexing TaqMan qPCR to quantify rAAV vector DNA distribution.
Vector DNA was detected using a TaqMan reagent targeting the
EGFP gene (Thermo Fisher Scientific, Assay ID Mr00660654_cn).
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For nuclear fraction, a TaqMan reagent targeting the human RNase P
gene (Thermo Fisher Scientific, TaqMan copy number assay ID
4331182) was chosen as a normalization reference of A549 genomic
DNA. For cytoplasmic fraction, a TaqMan reagent targeting mito-
chondrial DNA (forward primer: CACCCAAGAACAGGGTTTGT;
reverse primer: TGGCCATGGGTATGTTGTTA; probe: /5HEX/
TTACCGGGC/ZEN/TCTGCCATCT/3IABkFQ/; synthesized by In-
tegrated DNA Technologies) was used as normalization reference.
The qPCR assays were performed using TaqMan Gene Expression
Master Mix (Thermo Fisher Scientific, cat. no. 4369016) on a
StepOne Real-Time PCR System (Thermo Fisher Scientific).
Immunofluorescence staining of lung sections

Mice were intratracheally perfused with fresh 4% paraformaldehyde
(PFA). Lungs were dissected, fixed in 4% PFA for 24 h, and dehy-
drated in 15% sucrose in 1� PBS for 24 h. Dehydrated lung was
embedded in a disposable mold containing OCT and flash frozen at
�80�C for at least 24 h. Embedded lung was cut into 15 mm sections
using a cryostat microtome and stored at �80�C. Sections on glass
slides were permeabilized with 0.1% Triton X-100 in 1� PBS for
10 min and blocked with 5% donkey serum for 30 min, followed by
primary antibody incubation at 4�C overnight and secondary anti-
body incubation at room temperature for 1 h. Primary antibodies
used were anti-EGFP antibody (1:1,000, Aves Labs, cat. no.
GFP1010), anti-podoplanin (1:500, Abcam, cat. no. ab11936), and
rabbit anti-pro-SPC (1:1,000, MilliporeSigma, cat. no. AB3786). Sec-
ondary antibodies include goat anti-chicken IgY H&L Alexa Fluor
488 (1:1,000, Abcam, cat. no. ab150169) and goat anti-rabbit IgG
(H + L) Alexa Fluor Plus 594 (1:1,000, Thermo Fisher Scientific,
cat. no. 32740). Immunostained sections were mounted with
ProLong Diamond Antifade Mountant (Thermo Fisher Scientific,
cat. no. P36970) and subjected to imaging using a THUNDER Imag-
ing System (Leica Microsystems, Germany). Fluorescence intensity
was quantified and analyzed using ImageJ (National Institutes of
Health).
Structural modeling of AAV capsid

The structure of intact 60-mer AAV5 capsid (PDB: 7KP3) was
retrieved from RCSB PDB and VP monomer was displayed using
PyMOL 2.4.1. The amino acid residues selected for NAEK substitu-
tion or insertion were pseudo-colored and mapped onto the VP
monomer structure. The NAEK chemical structure was created using
the Builder module of PyMOL. The Mutagenesis module of PyMOL
was used to replace the wild-type 374 aspartic acid (D) to either lysine
(K) or NAEK. Interatomic distance was measured using the measure-
ment module of PyMOL.
Statistical analysis

Data are presented as mean ± standard deviation (SD). Comparison
among multiple groups was analyzed by one-way analysis of variance
(ANOVA) followed by Dunnett’s multiple comparison test against
rAAV5 group, corrected for multiple comparison. GraphPad Prism
9 was used for statistical analysis and data plotting.
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