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ABSTRACT: Adeno-associated virus (AAV) has emerged as a P;'I‘:: a :;;I':::’
leading platform for gene therapy, enabling the delivery of

therapeutic DNA to target cells. However, the potential of AAV
to deliver protein payloads has been unexplored. In this study, Insertion of
we engineered a protein carrier AAV (pcAAV) to package and =@ nanobody [P
deliver proteins by inserting binding domains on the interior (3 Packaging of
capsid surface. These binding domains mediate the packaging jargel proten
of specific target proteins through interaction with cognate
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demonstrate the packaging of multiple proteins, including
green fluorescent protein, Streptococcus pyogenes Cas9, Cre
recombinase, and the engineered peroxidase APEX2. Packaging efficiency is modulated by the binding domain insertion site,
the viral protein isoform containing the binding domain, and the subcellular localization of the target protein. We show that
PcAAYV can enter cells and deliver the protein payload and that enzymes retain their activity after packaging. Importantly, this
protein packaging capability can be translated to multiple AAV serotypes. Our work establishes AAV as a protein delivery
vehicle, significantly expanding the utility of this viral vector for biomedical applications.
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deno-associated virus (AAV) is a leading platform for
Agene therapy due to its ability to efficiently deliver

DNA payloads to target cells.' > This efficiency is
attributed to evolved characteristics of the AAV capsid that
overcome biological barriers during cell entry, intracellular
trafficking, and nuclear transport.4’5 While AAV has been
extensively engineered to optimize tissue tropism and evade
immunity,6_13 its potential as a protein delivery vehicle has not
been explored.

Protein therapeutics are an increasingly important class of
drugs'* but often suffer from poor stability, limited tissue
distribution, and inefficient cellular uptake.>'® Nanoparticle
encapsulation of proteins can address these issues,'® but
engineering nanoparticles to navigate biological barriers
remains challenging.

We hypothesized that the AAV capsid, which has naturally
evolved to overcome many of these barriers, could be
repurposed as a protein delivery vehicle. Supporting this
hypothesis, our previous domain insertion profiling study of
AAV-DJ identified external capsid positions for inserting
tropism-redirecting domains like nanobodies and notably
revealed that the capsid interior could also accommodate
domain insertions.'” This unexpected finding led us to propose
that a domain insertion at the inside can be deployed to
capture a cognate protein or ligand inside the capsid during
AAV production, effectively converting AAV into protein
carrier AAV (pcAAV).
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To test this approach, we inserted a green fluorescent
protein (GFP) nanobody (GFPnb) into the VP1 protein of
AAV-DJ inside the capsid and replaced the AAV payload
plasmid with a GFP expression plasmid lacking ITRs during
production. Analysis of the iodixanol-gradient-purified virus
confirmed successful GFP packaging within the AAV capsids.
We improved the packaging efficiency by inserting the
nanobody into the more abundant VP3 protein and by
enriching GFP in the nucleus during production. This protein
packaging strategy proved to be compatible with multiple AAV
serotypes and enabled successful payload delivery to cells. By
substituting GFPnb with an ALFA nanobody (ALFAnb),
which binds any protein tagged with the short (13 amino acid)
ALFA peptide, we demonstrated the versatility of our
approach. We were able to successfully package three different
proteins: Streptococcus pyogenes Cas9 (spCas9), Cre recombi-
nase, and engineered ascorbate peroxidase (APEX2). Im-
portantly, packaged APEX2 retained its enzymatic activity,
highlighting the potential of this AAV-based protein delivery
platform for therapeutic applications.
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Figure 1. Insertion of a GFPnb into VP1 enabling packaging of GFP within AAV capsids. (A) Schematic of the modified cap genes and GFP
expression cassette used for protein packaging. (B) Model showing the AAV-D]J capsid (gray) containing two GFPnb (dark green) insertions
at position H631 and packaging two GFP (light green). The model was generated in PyMol using the AAV-DJ capsid structure obtained
from the RCSB Protein Data Bank (PDB) identifier 7KFR. The structure of a VP monomer with a GFPnb insertion at position H631 was
predicted using AlphaFold2'® and subsequently aligned with two manually selected VP monomers in the AAV-DJ capsid structure. The
GFP:GFPnb complex (RCSB PDB identifier 30GO) was aligned with the two GFPnb insertions within the VP monomers to generate the
final image. (C) Representative Western blot of wtAAV-DJ and AAV-D]J capsids incorporating VP1 with a GFPnb inserted at position H631

or H643 produced in cells overexpressing GFP during production.

RESULTS AND DISCUSSION

Engineering of the AAV Capsid to Package Proteins.
On the basis of our previous domain insertion profiling of
AAV-DJ VP1,"” which systematically mapped insertion
tolerance of a high-affinity GFPnb (K = 1.4 nM),"”** we
selected GFPnb insertion sites at residues H631 and H643 on
the capsid interior. To achieve GFPnb incorporation
specifically in VP1, we mutated the start codons of VP2
(T138A) and VP3 (M203 K, M211L, and M235L). This VP1-
GFPnb capsid construct was complemented during AAV
production with wild-type (wt)VP2/VP3, generated by
mutating the VP1 start codon (M1K), enabling stochastic
assembly of capsids from VP1-GFPnb, VP2, and VP3 (Figure
1A). We anticipated that GFP would be packaged within AAV
capsids through interaction with GFPnb (Figure 1B), a process
expected to occur during capsid assembly in the nucleus
(Figure S1A).”'~** For pcAAV production, we modified the
standard helper-free AAV packaging protocol, which involves
transient transfection of 293AAV cells,”*** by introducing the
engineered VP1-GFPnb, wtVP2/VP3, a CAG-driven GFP
expression plasmid (lacking ITRs), and adenoviral helper
genes. The engineered AAV packaging protein was then
purified using an iodixanol gradient, which removed any
nonpackaged GFP. As a control for nanobody-dependent
packaging, we also produced wtAAV-DJ in the presence of a
GFP expression.

Using Western blot analysis of the purified AAV, we probed
with both the Bl antibody, which recognizes a common
epitope in VP1/VP2/VP3,** and a GFP antibody. This analysis
confirmed successful GFP packaging in capsids containing

GFPnb in VP1 at either H631 or H643. Capsids lacking the
binding domain showed no detectable GFP, indicating that the
presence of the binding domain on the capsid interior is
essential for packaging (Figure 1C). The GFPnb insertion
position affected both VP1 incorporation and GFP packaging
efficiency, with position H631 yielding stronger VP1 and GFP
signals compared with H643 (Figures 1C and S1B). To
exclude the possibility that the GFP signal arisen from free
GFP contaminates the 40% iodixanol phase containing
assembled AAV capsids, we performed a control gradient
purification using cells expressing only GFP, which demon-
strated that free GFP localizes to the 25% phase (Figure S2).
To validate the interior localization of the nanobody, we
generated capsid variants with the nanobody inserted at either
an interior position (H631) or an exterior position (T456).
We assessed nanobody localization using a nanobody-specific
pulldown assay (Figure S3A). Consistent with interior
localization of the nanobody at position H631, this variant
showed minimal enrichment in the pulldown assay compared
to the exterior insertion at position T456 (Figure S3B).

To probe whether GFPnb interacts with the target protein
during the packaging process, we prepared crude lysates from
cells producing AAV with GFP fused to an ALFA tag, enabling
pulldown via immunoprecipitation. We reasoned that if GFPnb
inserted into the VP subunit interacts with the target protein
during production, then pulldown of the target protein would
enrich capsid assembly intermediates (e.g., VP pentamers and
trimers) containing at least one GFPnb-modified subunit.
Western blot analysis of input and bound fractions showed VP
subunit enrichment only when both the target protein and
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GFPnb insertion were present, supporting our model that
protein packaging occurs during capsid assembly through
direct interaction with the GFPnb insertion (Figure S4).

Taken together, these results demonstrate that AAV capsids
containing internal GFPnb insertions, particularly at position
H631, can efficiently package GFP during virus production,
with the specificity confirmed through multiple controls,
including wt capsids, iodixanol-gradient analysis, and com-
parative studies of internal versus external nanobody position-
ing.

Increasing Efficacy of Protein Packaging. We next
sought to improve protein packaging efficiency through two
complementary approaches: (1) increasing the nuclear
concentration of the target protein, because capsid assembly
occurs in the nucleus,”” and (2) increasing the incorporation of
binding domain-containing subunits into assembled capsids.
For the first approach, we added a c-Myc nuclear localization
signal (NLS) to the C-terminus of GFP (GFP-NLS). Western
blot analysis of the iodixanol-purified AAV showed no
conclusive increase in GFP packaging with the NLS addition
(Figure 2A). For the second approach, we leveraged the higher
abundance of VP3 in AAV capsids (approximately 10-fold
more abundant than VP1) by inserting GFPnb into VP3
instead of VP1. Drawing from our previous experience with
nanobody insertions into VP3,'" we anticipated that capsid
assembly would require wtVP3 supplementation. Therefore,
we coexpressed VP3-GFPnb with wtAAV-DJ VP1/VP2/VP3
in a 1:1 ratio (Figure 2B). While our initial results showed no
conclusive benefit from the NLS addition alone, we maintained
the NLS in subsequent experiments to ensure consistent
conditions across studies and to test for potential synergistic
effects when combined with VP3 targeting. We produced
wtAAV-DJ and AAV variants containing the GFPnb in VP3 at
either H631 or H643 in cells expressing GFP-NLS, followed by
iodixanol purification. Western blot analysis revealed enhanced
protein packaging efficiency compared with VP1-GFPnb
insertions (Figure 2C and SS).

Quantification of Protein Packaging through Label-
Free-Based Mass Spectrometry (MS). Up to this point, we
had been assessing the degree of protein packaging using a
Western-blot-based approach. To quantify how much target
protein is packaged per capsid, we used label-free-based MS.
We produced and purified AAV containing a GFPnb inserted
into either VP1 or VP3 at position H631. AAV capsids with a
GFPnb inserted into VP1 were produced in cells over-
expressing either GFP or GFP-NLS, while those with a GFPnb
inserted into VP3 were produced in cells overexpressing GFP-
NLS. These samples were analyzed by liquid chromatography
with tandem mass spectrometry (LC MS/MS) using data-
independent acquisition (DIA). The raw LC MS/MS data
were used to calculate intensity-based absolute quantification
(iBAQ) values. The iBAQ value is the sum of all peptide
intensities divided by the number of theoretical peptides for a
given protein and has been demonstrated to be a useful proxy
of the relative molar abundance of a protein within a
sample.”””” The iBAQ_values for GFP and VP proteins were
used to calculate the ratio of GFP/capsid in each of the capsid
variants (Table 1). For capsids with the GFPnb inserted into
VP1 at position H631, we found ~1 GFP per capsid and
between 1 and 3 GFP-NLS per capsid. This aligns with our
previous Western blot data showing the addition of an NLS
only having a modest effect on GFP packaging. Capsids with
the GFPnb inserted into VP3 at position H631 packaged
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Figure 2. Addition of a c-Myc NLS to GFP and insertion of the
GFPnb into VP3 increasing protein packaging efficiency. (A)
Representative Western blot comparing the packaging efficiency of
wtAAV-DJ capsids and capsids incorporating a GFPnb in VP1 at
position H631 in packaging GFP with or without the addition of a
c-Myc NLS. (B) Schematic of the two cap genes used for
producing AAV-DJ capsids with a GFPnb inserted into VP3 and
the expression cassette used for generating GFP tagged with a c-
Myc NLS at the C-terminus. (C) Representative Western blot
comparing the packaging of GFP tagged with a c-Myc NLS at the
C-terminus in the indicated capsid variants. wtAAV-DJ produced
in cells overexpressing GFP-NLS protein was included as a
negative control.

significantly more GFP per capsid, between 3 and 15 GFP-
NLS per capsid, than wtAAV-D]J by the Kruskal-Wallis test
with a post hoc Dunn’s test, p value = 0.0174 (Table S2).
Delivering an AAV Protein Payload to Cells. We next
determined whether our engineered capsids retained the ability
to be taken up by cells and to deliver a protein payload.
293AAV cells were transduced with capsids containing the
GFPnb inserted into VP3 at position H631 and packaging
GFP-NLS because this capsid variant demonstrated the highest
protein packaging efficacy (Figure 2C and Table 1). Non-
transduced cells and cells transduced with wtAAV-D]J
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Table 1. MS Quantification of Select AAV Capsids
Packaging GFP Variants®

GFP/capsid
VP
insertion nanobody payload  Repl  Rep2 Rep3 avg

WT GFP- 0.02 0.17 0.06 0.08 + 0.06
NLS

VP1 GFPnb GFP 0.89 0.73 0.33 0.65 + 0.24

VP1 GFPnb GFP- 0.89 2.27 0.81 1.33 + 0.67
NLS

VP3 GFPnb GFP- 13.14 2.17 1.35 5.8§ £ 5.37
NLS

VP3 ALFAnb  GFP- 8.63 111 0.30 3.35 £ 3.75
NLS-
ALFA

“The data from three biological replicates are shown.

produced in cells overexpressing GFP-NLS served as negative
controls. We assessed GFP-NLS delivery using flow cytometry
2 h post transduction and found that 79.7% of cells transduced
with pcAAV packaging GFP-NLS protein were GFP positive.
As expected, wtAAV-DJ coproduced with GFP-NLS did not
result in GFP uptake above the nontransduced cells levels
(Figure 3A).

Having established that pcAAV can deliver the GFP-NLS
protein to cells, we further investigated the subcellular
localization of the delivered protein payload using live cell
fluorescence microscopy. 293AAV cells were transduced with
the same pcAAV capsid variant as was used in our flow
cytometry approach. As negative controls, we included cells
alone, cells transduced with wtAAV-DJ coproduced with GFP-
NLS, and cells incubated with 1 X 10° molecules recombinant
GFP per cell. Live cell fluorescence microscopy was performed
10 h post transduction to assess the delivery of GFP to cells.
The nucleus and cell membrane were counterstained to
facilitate the localization of the delivered protein. As seen in
Figure 3B, the GFP signal was detected exclusively in cells
treated with AAV-DJ capsids incorporating the GFPnb in VP3
at position H631 packaging GFP-NLS protein. The GFP signal
was distributed in puncta throughout the cytoplasm of the
cells. We saw little to no GFP signal located within the nucleus,
which aligns with previous reports that AAV capsids lacking a
genome are not transported to the nucleus.”® An automated
image processing pipeline was subsequently used to quantify
the mean GFP fluorescence signal for each sample (Figures 3C
and S6). We found that cells treated with AAV packaging GFP-
NLS protein demonstrated a significant increase in the mean
GFP intensity compared to cells alone. To further investigate
the subcellular localization of the delivered GFP, we treated
cells with pcAAV packaging GFP-NLS protein, stained
lysosomes, and then acquired confocal images of live cells
2 hours post transduction (Figure S7). We found that a
portion of the delivered GFP puncta colocalized with labeled
lysosomes, indicating that some of the delivered protein is
sequestered into lysosomes. Taken together, these results
establish that engineered pcAAV capsids can deliver a protein
payload to cells, indicating, however, that nuclear uptake of
these proteins does not occur.

Protein Packaging in Multiple AAV Serotypes. The
utility of AAV as a gene delivery vector is, in part, due to the
existence of multiple AAV serotypes, both naturally occurring
and engineered, that enable targeted delivery of DNA payloads
to specific tissue types.””’ To investigate whether our

approach to generate pcAAV can be generalized to other
serotypes, we selected AAV1, AAV2, AAVS, AAV6, AAV9, and
AAV-PHP.eB as candidates. Multiple sequence alignment of
these serotypes with AAV-D] revealed that residue H631 is
conserved across all selected serotypes, while residue H643 is
conserved in all but AAV1 (Figure S8). As for AAV-DJ, we
generated constructs that express selected VP proteins (e.g.,
VP3 only) for each serotype through mutations of the
respective start codons. A GFPnb was then inserted into
VP3 at the positions used for protein packaging in AAV-DJ
based on sequence alignment for each of the listed serotypes.
Each engineered capsid variant was supplemented with
wtVP1/2/3 for the respective serotype and produced in cells
cotransfected with GFP-NLS protein. We also produced the
wtAAV of each serotype in the presence of GFP-NLS to verify
that each serotype requires the binding domain insertion for
protein packaging. Western blot analysis of the AAV
productions post iodixanol purification demonstrated success-
ful packaging of GFP-NLS protein for all serotypes containing
GFPnb insertion at either position (Figure 4), with no
packaging seen in the absence of GFPnb insertion. These
results demonstrate that our protein packaging strategy can be
extended to multiple AAV serotypes, potentially enabling
efficient protein delivery to different tissues based on the
evolved or engineered, in the case of AAV-PHP.eB, serotype
tropism.

Packaging spCas9 Protein. Because our rationale for
engineering GFP-packaging pcAAV was based on our prior
work,'” we next determined the ability of our engineered AAV
capsid to package proteins other than GFP. With an eye
toward potential application in delivering gene editing
reagents, we attempted to package the gene editing tool
spCas9 tagged with a GFP at the C-terminus (spCas9-GFP).
AAV capsids incorporating a GFPnb inserted into VP1 at
H643 were produced in cells cotransfected with a spCas9-GFP
construct or with a spCas9 construct lacking the GFP fusion
protein. wtAAV-DJ was produced in cells simultaneously
transfected with the spCas9-GFP construct as a negative
control. Surprisingly, Western blot analysis of the iodixanol-
purified virus utilizing B1 and Cas9 antibodies demonstrated
that packaging of spCas9-GFP occurred both in capsids with
GFPnb insertion and in the wtAAV-DJ negative control.
Additionally, the packaging of spCas9 lacking the GFP tag was
seen in capsids with GFPnb insertion (Figure SA). These data
suggest that nonspecific packaging, which we define as
packaging of the target protein in the absence of either the
binding domain or its cognate ligand, occurs for spCas9.
Considering that nonspecific packaging did not occur when
packaging GFP, we hypothesize that differences in the
subcellular localization and biochemical properties of the
target protein may affect its propensity to be packaged either
specifically or nonspecifically. To test the ability of spCas9
protein packaged within AAV to induce editing, we
cotransduced cells with AAV containing a GFPnb inserted
into VP1 at position H643 and packaging spCas9-GFP with an
AAV containing a DNA genome encoding for a guide RNA
targeting a test locus. However, we were unable to detect any
degree of editing at the target locus (data not shown).
Considering our results that show a lack of nuclear localization
of pcAAV-delivered GFP (Figure 3), we speculate that this is
again related to the defective nuclear trafficking of pcAAV-
delivered spCas9, and therefore nuclear delivery, of the current
generation of pcAAV.
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Figure 3. Flow cytometry and live cell imaging of pcAAV-mediated GFP delivery. (A) The delivery of GFP-NLS protein to 293AAV cells by
PcAAV packaging GFP-NLS protein was assessed by flow cytometry. 24 h after seeding into a 24-well plate, 293AAV cells were mock
transduced or transduced with 250 uL of either wtAAV-DJ or AAV-DJ capsids incorporating the GFPnb in VP3 at position H631 and
packaging GFP-NLS protein. The GFP fluorescence intensity for each sample was assessed by flow cytometry 2 h post transduction. (B) The
subcellular localization of GFP delivered by AAV-D]J capsids incorporating a GFPnb in VP3 at position H631 and packaging GFP-NLS
protein was visualized using fluorescence microscopy. 24 h post seeding into a 96-well glass bottom plate, 293AAV cells were either mock
transduced, treated with 1 X 10° molecules recombinant GFP-ALFA protein per cell, or incubated with 15 uL of either wtAAV-DJ or AAV-
DJ capsids incorporating a GFPnb at position H631 in VP3 and packaging GFP-NLS protein. 10 h post transduction, the nucleus and cell
membrane were labeled and subsequently imaged. In the merged image, the nucleus, GFP, and membrane are colored blue, green, and red,
respectively. Representative images were from at least four fields of view. (C) An automated image processing pipeline was used to quantify
the GFP fluorescence intensity for each of our treatment conditions. The log transformed mean GFP fluorescence intensity values are
quantified in each condition indicated in the figure. The box represents the interquartile range (IQR), where the horizontal bar represents
the median and the top and bottom hinges represent the 25th and 75th percentiles, respectively. Whiskers extend to +1.5 times the IQR,
with points representing potential outliers. ***p < 0.001 by the Kruskal-Willas test followed by a post hoc Dunn’s test with Benjamini—
Hochberg correction.

Protein-Specific Propensity for Packaging into the target protein affects packaging efficiency, we selected five
pPcAAV. To further investigate how subcellular localization of GFP-tagged proteins that localize to distinct compartments
12312 https://doi.org/10.1021/acsnano.5c¢01498
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Figure 4. Protein packaging in multiple AAV serotypes. Representative Western blot demonstrating packaging of GFP-NLS protein in
WtAAV capsids or capsids containing a GFPnb insertion at one of two positions in VP3 for each of the indicated serotypes. The B1 antibody
and a GFP antibody were used for visualizing the VP subunits and GFP-NLS, respectively. The dashed line separates the distinct blots.

within the cell, including nucleophosmin (nucleolus), MHC
I receptor (endoplasmic reticulum and plasma membrane),*
Twinkle (mitochondria),”> PEX3 signaling peptide (perox-
isome),” and CEP290 (cytoplasm),”* and attempted to
package each in either wtAAV-DJ or AAV-DJ incorporating a
GFPnb in VP3 at position H631 (Figures S9 and S10). We
observed both nonspecific and specific packaging of the
nucleolar-enriched protein nucleophosmin, which aligns with
our previous results for packaging spCas9. This suggests that
proteins with intrinsic nuclear localization may have a higher
propensity of being packaged by pcAAV. Interestingly, we also
observed nonspecific and specific packaging of the peroxisome
localized PEX3, as well as a PEX3 degradation product
(smaller band in Figure S9B). For the PEX3 construct, the
GFP tag is exposed to the cytoplasm,™ potentially allowing for
interactions with capsid assembly intermediates that facilitate
packaging into assembling capsids. Further, we observed
specific packaging of a degradation product of CEP290-GFP,
which localizes to the cytoplasm, but not the full length
CEP290-GFP (291 kDa). In addition to a potential molecular
weight limit for packaging into pcAAV, this suggests that
interactions with capsid assembly intermediates containing the
GFPnb that are formed in the cytoplasm can also enrich low-
abundance cytoplasmic protein into assembled capsids. We
observed no protein packaging of either the MHC I receptor,
localized to the endoplasmic reticulum and plasma membrane,
or the mitochondrial helicase Twinkle, localized to mitochon-
drial nuclei, which is consistent with the localization of the
proteins to compartments not trafficked in by capsid proteins
during assembly (i.e., the extracellular space or the interior of
organelles). Taken together, our data support a model in which
packaging into pcAAV is favored by specific interaction
between capsid protein and payload protein and localization
to a shared compartment (cytoplasm and/or nucleus).

Small Peptide Tag-Mediated Packaging of Protein
Payloads. The use of GFPnb as the binding domain requires
tagging of a target protein with the 27 kDa GFP to enable
packaging within our engineered capsids. To expand the
versatility of our protein packaging system, we explored
changing the binding domain to the ALFAnb (Figure S11).
The ALFAnb binds with high specificity and affinity (Kyq = ~26
pM) to a rationally designed 13 amino acid sequence, the
ALFA tag, that forms a neutrally charged, hydrophilic, a
helix.’® The ALFA tag, being both small and having little to no
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effect on the function of the tagged protein, is an ideal fusion
tag for our protein packaging system. We first inserted the
ALFAnD into either VP1 or VP3 at H631 or H643 and tested
the ability of capsids incorporating the nanobody containing
the subunit to package GFP C-terminally tagged with a c-Myc
NLS followed by the ALFA tag (GFP-NLS-ALFA). Western
blot analysis demonstrated successful packaging of GFP-NLS-
ALFA protein in all capsids incorporating an ALFAnb
containing subunit, while no packaging was seen in the
wtAAV-DJ negative control (Figures SB and S12A). Similar to
our results using GFPnb, the degree of protein packaging was
dependent on both the insertion position and the identity of
the VP containing insertion. Accordingly, insertion into VP3 at
position H631 demonstrated the highest protein packaging
efficacy. To determine if the affinity of the tag for the binding
domain affects protein packaging, we packaged GFP tagged
with two lower affinity variants of the ALFA tag into AAV-D]J
capsids containing the ALFAnb in VP3 at position H631. We
found that protein packaging efficiency decreased as the affinity
between the tag and binding domain decreased, suggesting that
the strength of the affinity between the binding domain and
the target protein affects the packaging efficiency (Figure
S12B).

To better compare the packaging efficiency of capsids
incorporating the ALFAnb versus the GFPnb, we used our LC
MS/MS approach to determine the GFP/capsid ratio of
capsids incorporating VP3 with the GFPnb at position H631
and packaging the GFP-NLS-ALFA protein. These capsids
were found to package between 1 and 9 GFP-NLS-ALFA
proteins per capsid, while the comparable GFPnb incorporat-
ing capsids packaged between 3 and 15 GFP-NLS-ALFA
proteins per capsid (Table 1). This suggests that the ALFAnb
is only slightly less efficient than the GFPnb at mediating
protein packaging.

Having established the ALFAnb as an alternative binding
domain for protein packaging, we selected two target proteins
for ALFA tag-mediated protein packaging into AAV capsids:
the recombinase Cre and the peroxidase APEX2. Cre
recombinase is a widely used tool for genetic manipulation
because it catalyzes the site-specific recombination of DNA
through the recognition of specific nucleotide sequences
termed loxP sites.”” We produced wtAAV-DJ and capsids
incorporating VP3 with the ALFAnD inserted at position H631
in cells cotransfected with a Cre recombinase fused to an
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Figure 5. Engineered AAV capsids capable of packaging several proteins, which can retain enzymatic activity. (A) Representative Western
blot demonstrating packaging of spCas9 protein with or without a GFP tag in wtAAV-DJ capsids or capsids with a GFPnb inserted into VP1
at position H643. The B1 antibody and a spCas9 antibody were used for visualizing the VP subunits and spCas9, respectively. (B)
Representative Western blot demonstrating that GFP tagged with both a c-Myc NLS and an ALFA tag is packaged within capsids containing
the ALFAnb inserted into either VP1 or VP3 at either position H631 or H643. The Bl antibody and a GFP antibody were used for
visualizing the VP subunits and GFP, respectively. (C) Representative Western blot showing packaging of Cre recombinase protein tagged
with an ALFA tag. The B1 antibody and an ALFA tag antibody were used for visualizing the VP subunits and ALFA-tagged Cre, respectively.
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Figure 5. continued

(D) Representative Western blot demonstrating packaging of the indicated APEX2 constructs in both engineered and wtAAV-DJ capsids.
The B1 antibody and VS antibody were used for visualizing the VP subunits and VS-tagged APEX2, respectively. (E) Fluorescence values per
capsid obtained for each AAV-D]J capsid variant packaging the indicated APEX2 constructs. Points represent biological replicates, with lines
indicating the mean for each sample. Biological replicates one, two, and three are colored blue, orange, and red, respectively. *p < 0.05 and
**p < 0.01 by the Kruskal-Wallis test followed by a post hoc Dunn’s test with Benjamini—Hochberg correction.

ALFA tag and SV40 NLS at the C-terminus (Cre-ALFA).
Western blot analysis demonstrated successful packaging of the
Cre-ALFA protein in capsids incorporating the ALFAnb
(Figure SC). A faint band is visible in the wtAAV-DJ negative
control, suggesting that Cre-ALFA protein, similarly to spCas9,
undergoes some degree of nonspecific packaging. We
subsequently performed a Cre recombinase activity assay to
determine if AAV-mediated delivery of Cre protein could
catalyze recombination; however, no recombinase activity was
observed (data not shown), again likely due to lack of nuclear
trafficking.

As a second target protein, we chose to package the heme
peroxidase APEX2, which has applications in labeling intra-
cellular proteins for electron microscopy and proximity ta%ging
of proteins with biotin for spatiotemporal proteomics.”>*” We
produced wtAAV-DJ and capsids incorporating VP3 with the
ALFAnb inserted at position H631 in cells simultaneously
transfected with either APEX2 alone or C-terminally tagged
with one of the following: (1) a c-Myc NLS, (2) a nuclear
export signal (NES), (3) a c-Myc NLS and ALFA tag, or (4) a
SV40 NLS and ALFA tag. Interestingly, Western blot
demonstrated packaging of all variants of APEX2 irrespective
of ALFAnb incorporation in the capsid (Figure SD). In fact,
incorporation of the ALFAnb, to capture ALFA-tagged
APEX2, did not increase the APEX2 content within AAV
capsids. The addition of a NES decreased APEX2 packaging
somewhat, and nuclear localization of APEX2 (by the addition
of an NLS) appeared sufficient for efficient packaging. The
nonspecific packaging seen here was similar to that observed
for spCas9 and nucleophosmin further underscoring that the
biochemical properties of the target protein may affect the
packaging efficiency.

Packaged APEX2 Protein Retaining Enzymatic Activ-
ity. Considering inconclusive results for SpCas9 and Cre, we
asked if proteins retain enzymatic activity when packaged into
pcAAV. An in vitro peroxidase assay that produces a
fluorescent readout was used to test the activity of each of
the purified AAV variants packaging APEX2 as described
above. The resulting fluorescent values were normalized to
input capsids for each sample, as determined using an AAV-D]J
capsid ELISA (Figure SE). We observed a significant increase
in the peroxidase activity for wtAAV-DJ packaging APEX2-
cMyc and for AAV-DJ incorporating the ALFAnb in VP3 at
H643 packaging either APEX2-ALFA or APEX2-SV40-ALFA
compared to wtAAV-DJ. These experiments establish that an
enzyme packaged within AAV capsids can retain its activity.

CONCLUSIONS

AAV demonstrates proven efficacy in research and therapeutic
applications through its ability to efficiently deliver DNA
payloads both in vitro and in vivo. The AAV capsid’s evolved
functionalities enable this efficiency by facilitating critical steps
in the infectious pathway: cell surface binding, endosomal
escape, and nuclear transport.”>*°~** While these capabilities
are essential for cellular protein cargo delivery, engineering

them into new synthetic delivery systems like lipid nano-
particles remains challenging.”>** This highlights the need for
alternative approaches to overcome biological delivery barriers
for therapeutic cargos including proteins. Our work represents
initial steps toward harnessing the AAV capsid’s naturally
evolved characteristics for protein payload delivery.

Our research establishes fundamental principles governing
protein packaging efficiency. We found that both the binding
domain insertion position and the specific VP protein targeted
for insertion significantly impact the packaging efficiency. We
selected two binding domain insertion positions (H631 and
H643) based on their ability to accommodate insertion while
minimizing effects on DNA packaging and viral infectivity.'”
Position H631 resides within a highly conserved nucleotide
binding pocket shared across multiple AAV serotypes,”~**
while H643 sits just outside this pocket but maintains
conservation across serotypes (Figure S8). H631 insertions
consistently yielded higher packaging efficacy compared with
H643, suggesting that exploring additional insertion positions
could further enhance the packaging efficiency. Additionally,
the improved protein packaging observed with VP3 versus VP1
binding domain insertion indicates that optimizing the
incorporation ratio of domain-containing subunits may
increase the protein packaging performance.

For pcAAV-DJ, both target protein characteristics and
subcellular localization influence specific and nonspecific
protein packaging. We theorized that protein packaging occurs
during capsid assembly with target proteins associating with
inserted binding domains before becoming enclosed within
assembled capsids. While we hypothesized that adding a NLS
to target proteins might enhance the packaging efficiency by
increasing the protein concentration at assembly sites, we
observed only modest improvements for GFP or APEX2 with
NLS addition (Figures 2A and SD). This aligns with previous
findings that proteins under 60 kDa can passively diffuse into
the nucleus, with larger proteins also showing nuclear
accumulation at reduced rates.*” For smaller proteins (GFP,
APEX2, Cre, and PEX3), passive nuclear diffusion likely
provides sufficient protein availability for packaging, regardless
of localization signals. However, larger proteins like CEP290
and spCas9 showed strong subcellular localization effects on
the packaging specificity. spCas9’s high nonspecific packaging
into binding-domain-free capsids may result from its nucleolus
detention signal,50 which concentrates it at the nucleolus—a
primary site of AAV capsid assembly for most serotypes.”>>'
Proteins localized within organelles or at the plasma membrane
showed no packaging, while those with cytoplasmic distribu-
tion or cytoplasm-exposed GFP tags demonstrated successful
packaging (Figure S9). The efficient packaging of nucleolar-
associated proteins mirrors our spCas9 observations and aligns
with previous studies identifying nucleolar proteins as common
AAV production contaminants.”>** This systematic copackag-
ing of nucleolar proteins as contaminants suggests that
studying their interaction mechanisms with the AAV capsid
could reveal new insights into both viral assembly dynamics
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and potential strategies for enhancing desired protein cargo
packaging efficiency.

The conservation of both binding domain insertion
positions across multiple AAV serotypes facilitated rapid
translation of protein packaging capabilities into six additional
AAV serotypes, which collectively target diverse tissues
including liver, heart, muscle, and lung, with AAV9 and
AAVPhP.eB specifically demonstrating blood—brain barrier
penetration capacity.”””** We achieved this multiserotype
protein packaging without optimizing the binding domain
insertion site, suggesting that our approach may be universally
applicable across all AAV serotypes, including novel
engineered variants designed for highly specific tissue
targeting.”>> ™" This broad applicability implies that engi-
neered pcAAV, when pseudotyped with specific AAV
serotypes, could enable targeted protein delivery to challenging
tissues such as the brain without requiring extensive retargeting
validation. While redosing with AAV can be a challenge due to
the generation of neutralizing antibodies (NAbs) against the
capsid,”® the use of antigenically distinct capsid variants,
includin§ engineered variants that evade NAbs,* is a validated
strategy””®' that could be applied when repeated protein
delivery with pcAAV is desired. Future investigations could
explore how serotype-specific variations in capsid assembly—
such as differential assembly localization between nucleus and
nucleolus® and varying degrees of AAP dependence®’—
influence both protein packaging efficiency and nonspecific
packaging patterns.

The inability of pcAAV to deliver protein payloads to the
nucleus presents a significant limitation despite our flow
cytometry and live cell imaging experiments, demonstrating
successful cellular protein delivery. Previous research by
Johnson et al. revealed that AAV2 capsids lacking a DNA
cargo fail to reach the nucleus,”® although the underlying
mechanisms remain poorly understood. Two potential
explanations exist: either AAV requires a DNA genome to
trigger VP1u externalization—necessary for both phospholi-
pase domain-mediated endosomal escape and NLS-directed
nuclear transport—or protein packaging physically prevents
VPlu internalization. Supporting this sensitivity to VPlu
regulation, Sonntag et al. demonstrated that premature VPlu
exposure significantly reduces infectivity,”’ highlighting the
importance of precise temporal and spatial control of VP1u
exposure. Our trafficking data help to explain the lack of
activity in both spCas9 and Cre assays—these proteins likely
remained encapsulated during intracellular trafficking, sharing
the fate of empty capsids through lysosomal degradation.
However, our APEX2 activity assays demonstrate that enzymes
maintain functionality while packaged within AAV capsids,
suggesting that if we can resolve the intracellular trafficking
challenges of protein-carrying AAV capsids, the delivered
proteins should retain their biological activity.

Further research should focus on restoring the nuclear
trafficking capabilities of pcAAYV, given its potential for versatile
transient protein cargo delivery. Two primary strategies could
restore intracellular trafficking: incorporating phospholipase
domains and NLSs on the capsid exterior to enable endosomal
escape and nuclear transport independent of VP1u exposure or
inducing controlled VP1u pre-exposure through insertion of a
small domain near the unique region’s start, a modification
previously shown to maintain limited infectivity,”* which might
suffice for delivering highly active protein payloads. Success-
fully restoring pcAAV trafficking would enable transient

nuclear protein delivery, which is particularly valuable in
scenarios where sustained protein expression risks immune
responses, off-target effects, or cytotoxicity. In gene editing
applications, protein-based delivery offers distinct advantages:
delivering spCas9 as either pure protein or ribonucleoprotein
complexed with guide RNA enhances the editing efficiency
while reducing off-target editing and genotoxicity.” %’
Furthermore, our engineered AAV capsids demonstrate
potential for delivering diverse proteins within size constraints,
as evidenced by successful packaging of proteins up to 194.2
kDa (spCas9-GFP). The system could also enable delivery of
therapeutic enzymes for treating metabolic disorders, where
precise dosing and transient activity are crucial, or transcription
factors for cellular reprogramming, where temporal control
over protein levels is essential for proper cell fate conversion.
This expansion of AAV’s natural payload beyond DNA to
include proteins significantly enhances the versatility of this
already adaptable viral vector system.

METHODS AND EXPERIMENTAL DETAILS

Cloning. The GFP expression plasmid was generated by
amplifying the entire expression cassette from pAAV-CAG-GFP
(Addgene #37825) and subcloning it into pATT-Dest (Addgene
plasmid #79770). For the GFP-NLS plasmid, a c-myc NLS was added
to the C-terminus of the GFP by Gibson assembly. Similarly, the
GFP-NLS-ALFAtag plasmid was assembled by inserting a gBlock
encoding the c-Myc NLS and the ALFAtag separated by a GS linker.
The plasmid pdCas9-GFP was obtained from Addgene (Addgene
#181906) and the point mutations D10A and H840A were reversed
to obtain spCas9-GFP. The plasmid spCas9 was generated by
removing the coding sequence of GFP of the aforementioned spCas9-
GFP plasmid and adding a stop codon behind the spCas9 coding
sequence. The Cre-ALFA plasmid was generated by replacing the
Cas9-GFP coding sequence by a gBlock encoding an ALFA-SV40-
NLS-Cre coding sequence using the restriction sites Nhel and Notl.
The ALFA tag is separated by a GGGGS linker from SV40-NLS. The
APEX2 expression plasmid was obtained from APEX2-NLS (Addgene
#124617). The NLS was removed or replaced with a c-Myc NLS to
generate the APEX2 only and APEX2-cMyc-NLS plasmids,
respectively. Separately, SV40-NLS was codon-optimized, ordered as
a gBlock, and used to generate an APEX2-SV40-NLS plasmid. Two
oligomers encoding the ALFA tag were annealed and used to insert
the ALFA tag behind SV40-NLS to generate the final APEX2-SV40-
NLS-ALFA plasmid. A gBlock containing the ALFA tag was inserted
to generate the APEX2-cMyc-NLS-ALFA plasmids, while a gBlock
containing the NES was inserted to generate the APEX2-NES
plasmid. The coding sequence for Twinkle was PCR-amplified out
from Addgene plasmid #129705 and inserted upstream of a GFP
coding sequence, generating a C-terminal fusion, and downstream of a
CAG promoter. All cloning for the Twinkle and APEX2 constructs
was done using Gibson assembly.

The DJ-MI1K plasmid as well as DJ-VP1 and DJ-VP3 were
previously published by us.'”*® The GFPnb or ALFAnb was inserted
behind the residues H631 or H643 by Golden Gate assembly® using
BsmBI overhangs. The nanobodies were flanked by SGGGG linkers.
Plasmids encoding GFPnb insertions in all serotypes except AAV-DJ
were constructed by first generating constructs expressing VP3 only
through the iterative site-directed mutagenesis of VP1 and VP2 start
sites beginning with rep-cap encoding plasmids obtained from
Addgene or CellBiolabs (Table S1). These VP3-only constructs
were then used for the insertion of a GFPnb, flanked by SGGGG
linkers, behind the indicated residues for each serotype by Golden
Gate assembly using BsmBI overhangs.

All plasmids used or generated in this study are listed in Table SI.
Select GFP, spCas9, Cre, and APEX2 protein sequences are shown in
Figure S13. Restriction enzymes for cloning were obtained from New
England Biolabs (NEB), oligos and gBlocks from Integrated DNA
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Technologies (IDT), and plasmids were isolated using either the
Zyppy Plasmid Miniprep Kit, ZymoPURE II Midiprep Kit, or
ZymoPURE II Maxiprep Kit, all from Zymo Research. For all PCR
amplifications, the PrimeSTAR Max DNA Polymerase (Takara Bio
Inc.) was used by following the manufacturer’s instructions. PCR
products were analyzed on 1% agarose gel and purified by using the
Zymoclean Gel DNA Extraction Kit (Zymo Research). Trans-
formations were made into NEB Stable Competent E. coli (Thermo
Scientific), and cells were plated on LB plates containing 100 pg/mL
carbenicillin.

Tissue Culture. 293AAV cells (Cell Biolabs) and 293FT cells
(Invitrogen) were cultured in Dulbecco’s modified Eagle medium
(DMEM,; Gibco) containing 4.5 g/L p-glucose, L-glutamine, and 110
mg/L sodium pyruvate and supplemented with 10% fetal bovine
serum (FBS; Gibco) and 100 U/mL penicillin/100 pg/mL
streptomycin (Gibco). Cells were kept in a humidified cell culture
incubator at 5% CO, and 37 °C and passaged every 2—3 days when
reaching 70—90% confluency.

lodixanol-Gradient AAV Purification. AAV was purified using
iodixanol gradients according to previously published protocols.***>
In brief, 5 million 293AAV cells were seeded into 15 cm dishes. At 48
h post seeding, cells were transfected with 47 ug of DNA per dish
using PEI (MW 25000, Kyfora Bio, Cat. No. 23966-1). The DNA was
split up in an equimolar ratio between (i) an Adeno-helper plasmid,
(i) a cargo plasmid encoding either a transgene flanked by ITR for
ssDNA packaging or a transgene without ITRs for protein packaging,
(iii) a plasmid encoding the rep and cap genes for a VP with nanobody
insertion, and (iv) a plasmid complementing the remaining VP
proteins. Cells from 10 dishes each were harvested 72 h post
transfection, washed with phosphate-buffered saline (PBS) once, and
resuspended in a buffer containing 2 mM MgCl,, 0.15 M NaCl, and
50 mM Tris-HCI at pH 8.5. Next, five freeze and thaw cycles were
performed by alternating between liquid nitrogen and a 37 °C water
bath to lyse the cells and free the AAV particles. Free plasmid and
genomic DNA was digested with benzonase nuclease (Sigma-Aldrich)
for 1 h at 37 °C. To separate the cell debris from the AAV lysate,
samples were spun down twice at 4000g at 4 °C. The AAV lysate was
then loaded into ultracentrifugation tubes (Beckman Coulter), and
iodixanol (Iodixanol-OptiPrepTM, Progen) amounts of 15%, 25%,
40%, and 60% were layered underneath. The density gradient
centrifugation was performed in a 70.1Ti rotor (Beckman Coulter) for
2 h at 50000 rpm and at 4 °C. Post centrifugation, the 40% phase
containing the AAV particles was isolated. For the Western blot
analysis of Figure S2, fractions of the 60%, 40%, and 25% phases were
taken instead of just the entire 40% iodixanol phase.

Quantitative Polymerase Chain Reaction (qPCR). To assess
titers of gradient-purified AAV carrying a DNA payload, qPCR was
performed as follows: 1 L of purified AAV was mixed with 43 yL of
PBS, S uL of Proteinase K buffer [100 nM Tris-HCl, pH 8.0, 10 mM
EDTA, and 10% sodium dodecyl sulfate (SDS)], and 1 uL of
Proteinase K (20 mg/mL; Zymo Research). Subsequently, samples
were incubated for 30 min at 50 °C to free the ssDNA payload,
followed by heat inactivation of Proteinase K for 10 min at 95 °C.
ssDNA was purified using the DNA Clean & Concentrator-5 Kit
(Zymo Research) kit according to the manufacturer’s instructions and
samples diluted to 1:1000. gPCR was done with the PowerUp SYBR
Green Master Mix (Applied Biosystem) on a QuantStudioS Real-
Time PCR System (Applied Biosystems). A primer set binding in the
CMV-enhancer’® (forward, AACGCCAATAGGGACTTTCC; re-
verse, GGGCGTACTTGGCATATGAT) of the ssDNA payload
was used together with a plasmid standard at a known concentration
to calculate the titer in viral genomes per milliliter.

Western Blot. A total of 30 L of purified AAV was mixed with 10
UL of 4x Laemmli Sample Buffer (Bio-Rad), supplemented with 10%
2-mercaptoethanol and denatured for 10 min at 95 °C. Samples were
then separated by molecular weight on a 4-20% precast
polyacrylamide gel (Bio-Rad), alongside 7.5 uL of the Precision
Plus Protein Dual Color Standard (Bio-Rad), for 90 min at 120 V in
in Tris/glycine/SDS Electrophoresis Buffer (Bio-Rad). Subsequently,
proteins were transferred onto a nitrocellulose membrane (pore size =

0.4S pm; Thermo Scientific) in an ice-cold blotting buffer (25 mM
Tris base, 96 mM glycine, and 20% methanol) for 80 min at 110 V.
Post blotting, the membrane was washed once for 2 min in TBS-T
buffer (20 mM Tris base, 137 mM NaCl, pH 7.6, 0.05% Tween-20)
and then incubated in a blocking solution (5% skim milk in TBS-T)
for 1 h at room temperature on a rocker. When possible, the
membrane was then cut horizontally between the VP proteins and
packaged protein before the primary antibody was added. In instances
in which the molecular weight of the packaged protein(s) overlapped
with that of the VP proteins, a separate blot was used to determine
packaging. The appropriate membrane or membrane section received
a primary antibody binding all three VP proteins (1:250; anti-AAV
VP1/VP2/VP3 mouse monoclonal, Bl, supernatant, Progen) or a
primary antibody binding the packaged protein, which include GFP
and GFP-tagged proteins (1:1000; anti-GFP mouse monoclonal,
Invitrogen MAS-15349), ALFA-tagged proteins (1:1000; anti-ALFA
antibody mouse monoclonal, NanoTag Biotechnologies N1582),
APEX2 (1:2000; anti-VS tag mouse monoclonal, Invitrogen R960-
25), and spCas9 (1:1000; anti-CRISPR-Cas9 mouse monoclonal,
abcam 7A9-3A3). All primary antibodies were diluted in $% skim milk
in TBS-T and incubated overnight at 4 °C. The next day, the
membrane was washed four times for 5 min in TBS-T before the
secondary antibody was added (1:50000 in 5% skim milk in TBS-T;
antimouse IgG-peroxidase antibody produced in a goat, Sigma-
Aldrich). The secondary antibody was incubated for 1 h at room
temperature on a rocker. Afterward, the membranes were washed
again four times for S min in TBS-T, and subsequently the
SuperSignal West Dura Extended Duration Substrate kit solution
(Thermo Scientific) was applied. The chemiluminescence signal was
detected with an Amersham Imager 600 (GE Healthcare). All
uncropped Western blots are available in Figure S14.

Co-immunoprecipitation (co-IP) Assay. For generating input
cell lysates, 293AAV cells were seeded into a 10 cm plate at a density
of § million cells. At 24 h following cell seeding, cells were transfected
with 20 pug of total DNA comprised of an Adeno-helper plasmid
supplemented with the following constructs in an equimolar ratio, as
indicated for each condition: (i) a plasmid encoding the rep and cap
genes for a VP with nanobody insertion, (ii) a plasmid
complementing the remaining VP proteins, and (iii) a plasmid
encoding GFP-NLS-ALFA. Cells were harvested 72 h post trans-
fection, resuspended in 65 uL of PBS, and lysed by five freeze—thaw
cycles alternating between liquid nitrogen and a 37 °C water bath. All
following steps were performed with an ice cold buffer, and
incubations were done at 4 °C unless otherwise stated. A total of
40 puL of a GFP Selector bead slurry (NanoTag Biotechnologies) was
equilibrated by washing once with 1 mL of PBS. The beads were
resuspended in 30 uL of protein cell lysate diluted in 500 L of PBS,
followed by an incubation in an end-over-end rotator for 1 h at 4 °C.
Next, samples were washed three times with 1 mL of PBS and
afterward with 1 mL of TBS via pipetting to remove proteins binding
nonspecifically, followed by resuspension in 60 uL of PBS. For each
sample, 30 uL of the initial crude lysate and 30 uL of resuspended
beads were prepared for Western blot analysis through the addition of
10 puL of 4x Laemmli Sample Buffer (Bio-Rad), supplemented with
10% 2-mercaptoethanol and denatured for 10 min at 95 °C. Western
blot analysis was performed as described above.

Flow Cytometry. 293AAV cells were seeded into a 24-well plate
at a density of 90000 cells/well in 1 mL of a culture medium. At 24 h
following cell seeding, the medium was aspirated, and cells were
incubated with 250 yL of the indicated iodixanol-purified virus diluted
up to 1 mL in a culture medium. The medium of mock transduced
cells was replaced at this time. Cells were incubated at 37 °C for 2 h
following treatment. The medium was aspirated, and cells were
washed with 500 uL of PBS. A total of 500 uL of Accutase (500 uL;
Sigma-Aldrich) was added to each well and incubated at room
temperature until the cells detached. An additional 500 L of PBS was
added to each well, with cells being flushed off wells via pipetting and
then collected into a microcentrifuge tube. The collected cells were
centrifuged at 600g for 3 min at room temperature and then
resuspended in 500 uL of PBS. Cells were centrifuged once more at
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600g for 3 min and then resuspended in 500 uL of flow cytometry
buffer (PBS supplemented with 2.5% FBS and S mM EDTA) before
being passed through a 35-um cell strainer to avoid cell clumps. Flow
cytometry analysis was performed on a SONY SH800 instrument
using a 100-ym microfluidic sorting chip by analyzing GFP
fluorescence (excitation 488 nm laser, emission 525/50 bandpass
filter). At least 20000 cells were collected for each condition, with
gating of GFP* cells set so that less than 1% of mock transduced cells
were detected as GFP".

Live Cell Imaging. 293AAV cells were seeded into a 96-well glass
bottom plate (Greiner Bio-One) at a density of 12000 cells/well in
100 uL of a culture medium. At 24 h following cell seeding, the
medium was aspirated, and cells were incubated with either 15 pL of
iodixanol-purified virus or 1ES molecules per cell of recombinant
GFP-ALFA protein (NanoTag Biotechnologies) diluted up to 100 uL
in a culture medium. The medium of mock transfected cells was
replaced at this time. At the indicated times following treatment, cells
were prepared for live cell imaging by staining first with either a WGA
Alexa Fluor 555 conjugate (Invitrogen W32464) or LysoTracker
Deep Red (Invitrogen L12492) and then with NucBlue Live
ReadyProbes Reagant (Invitrogen R37605) in the following manner:
For membrane labeling, the culture medium was removed from all
samples and then replaced with 50 xL of a 1.0 mg/mL WGA Alexa
Fluor 5SS conjugate solution prepared in Hanks Balanced Salt
Solution. Samples were incubated in the labeling solution at 37 °C for
10 min and then washed twice with 100 uL of prewarmed (37 °C)
FluoroBrite DMEM (Gibco). Following the last wash, 100 uL of
warm FluoroBrite DMEM was added to each sample. For lysosome
labeling, the medium was replaced with S0 pL of a 50 nM
LysoTracker Deep Red solution prepared in a culture medium.
Samples were incubated in the labeling solution for 30 min at 37 °C
and then washed once with 100 yL of warm Fluorobrite DMEM.
Following the last wash, 100 yL of warm FluoroBrite DMEM was
added to each sample. Immediately prior to imaging, 12 uL of
NucBlue Live ReadyProbes Reagant was added to each sample and
incubated at room temperature for 20 min.

Samples were imaged using a Nikon A1Rsi HD Confocal with SIM
Super Resolution using a Nikon PlanApo VC 20X 0.75 NA objective,
with acquisition being performed using Nikon Elements. Nuclear
Hoechst 33342 (NucBlue Live ReadyProbes) labeling was excited
with a 405 nm laser, and emission was selected with a 460/50 nm
filter. AAV-delivered enhanced GFP (EGFP) was excited with a 488
nm laser, and emission was selected with a 525/50 nm filter. WGA
Alexa Fluor 555 cell membrane labeling was excited with a 561 nm
laser, and emission was selected with a 620/60 nm filter. LysoTracker
Deep Red labeling was excited with a 637 nm laser, and emission was
selected with a 700/75 nm filter. The 96-well glass bottom plate was
placed onto a Tokai Hit Stage Top Incubator (model INUB-GSI-BP-
F1) and maintained at 37 °C and 5% CO, for the duration of imaging.
Galvano scanning mode was used to acquire at least four unique fields
of view for each sample. Images were then processed for automated
imaging analysis in the following manner. First, the spectral overlap
between the WGA Alexa Fluor 555 labeling and EGFP required
subtraction of the WGA 555 channel from the EGFP channel, which
was achieved using a custom-built FIJI (version 1.54f)”" macro. The
processed images were then used as input for a CellProfiler (version
4.2.6)"* pipeline (Figure S6). Briefly, nuclei were identified as primary
objects through the DAPI channel by using a global thresholding
strategy and an Otsu thresholding method. Next, cells were identified
as secondary objects using nuclei as input objects and the WGA 55§
channel as the input image through a global thresholding strategy and
a Minimum Cross-Entropy thresholding method. From here, the GFP
fluorescence intensity was measured for each object identified as a cell
and subsequently exported as a spreadsheet. The output measure-
ments were subsequently analyzed by using a custom-built R-script (R
version 4.3.3) to determine the mean GFP fluorescence intensity for
each sample.

For colocalization measurements, images were obtained using a
Nikon PlanApo IR with correction collar 60X 1.27 NA water
immersion objective at Nyquist. Resonance scanning mode was used

to acquire zStacks using a step size of 0.1 yM for at least 10 cells per
sample group. Images were processed for colocalization measure-
ments in the following manner. A custom FIJI macro was used to
calculate the background GFP signal present in cells treated with
wtAAV-DJ. The calculated value was subtracted from the GFP
channel of cells treated with pcAAV packaging GFP-NLS to remove
the background. These background-subtracted images were used as
input into a CellProfiler pipeline. Here, 3D masks for GFP and
lysosome signals were generated and subsequently used to calculate
Manders’ colocalization coefficients for each image, with the results
being exported as a spreadsheet.

MS. All AAV samples submitted for MS analysis were produced
from 10 15-cm dishes of 293AAV cells and then purified by iodixanol-
gradient ultracentrifugation as described above. The iodixanol-purified
AAV was subsequently buffer exchanged to PBS using a 10 kDa
MWCO filter (Amicon) in the following manner. All buffers were
used ice-cold, and all centrifugation steps were performed at 3140g
and 4 °C. The 10 kDa MWCO filter was first equilibrated by twice
adding PBS to the max fill line and centrifuging until the level of PBS
was at the level of the filter. A total of 1 mL of iodixanol-purified AAV
was then added to the filter and topped up to the max fill line with
PBS. The sample was mixed via pipetting until the solution appeared
homogeneous. The sample was centrifuged until the solution was at
the level of the filter, at which point PBS was added to the max fill
line, and the sample was mixed via pipetting until it was
homogeneous. These steps were repeated until no iodixanol could
be seen remaining in the solution, at which point the sample was
concentrated via centrifugation down to 250 uL. The concentrated
samples were submitted to the University of Minnesota Center for
Metabolomics and Proteomics where LC MS/MS analyses were
performed on an Orbitrap Fusion Tribrid (ThermoFisher Scientific)
equipped with a ThermoFisher Dionex Ultimate 3000 RSLCnano
system. All MS/MS analyses were performed in DIA mode.

The raw MS/MS data were processed using MaxQuant (version
2.6.3.0) to generate iBAQ values for select proteins. The amino acid
sequences for the following target proteins were provided for the
analysis: VP1, GFPnb, ALFAnb, GFP, GFP-NLS, and GFP-NLS-
ALFA. A list of contaminant proteins derived from Homo sapiens
found in samples purified from mammalian cells and common MS
contaminants was also provided. Oxidation and acetyl protein N-term
were included as variable modifications, and carbamidomethyl was
included as a fixed modification. A custom R script was used to extract
the iBAQ_values for each sample corresponding to the target proteins
listed above. The GFP/capsid ratio was calculated using the following
equation:

GFP iBAQ
VP iBAQ
60

GFP/capsid =

The MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE” partner repository
with the data set identifier PXD054767 and 10.6019/PXD054767.

Pulldown Assay. All steps of the pulldown assay were performed
with ice-cold buffer, and incubations were done at 4 °C unless
otherwise stated. First, 20 uL of a GFP Selector bead slurry (NanoTag
Biotechnologies) was washed three times with 1 mL of cold PBS to
equilibrate the beads. Next, the beads were resuspended in 490 uL of
cold PBS, and 10 yL of recombinant GFP with a C-terminal ALFA tag
(GFP-ALFA, NanoTag Biotechnologies) was added. To allow for
binding of the GFP-ALFA protein to the beads, samples were
incubated for 1 h in an end-over-end rotator. Next, samples were
washed three times with 1 mL of PBS and afterward with 1 mL of
TBS by pipetting up and down a couple of times to eliminate
unbound GFP-ALFA protein. The beads were then resuspended in
490 uL of PBS, and 10 uL of iodixanol-gradient-purified AAV was
added. Samples were incubated for another 1 h in an end-over-end
rotator. Samples were washed again three times with 1 mL of PBS
followed by 1 mL of TBS before they were resuspended in 50 uL of
PBS. To extract the ssDNA payload from the AAV particles bound to
the beads, 5.5 yL of Proteinase K buffer and 1 uL of Proteinase K

https://doi.org/10.1021/acsnano.5c01498
ACS Nano 2025, 19, 12308-12322


https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c01498/suppl_file/nn5c01498_si_001.pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.5c01498?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acshano.org

were added and samples incubated for 20 min at 50 °C. Proteinase K
was then heat inactivated by an incubation at 95 °C for 10 min before
ssDNA was extracted using the DNA Clean & Concentrator-$ Kit.
AAV samples from before and after the pulldown were then quantified
using qPCR as described above. Percentages of bound AAV were
calculated and normalized to the wtAAV-DJ control.

AAV-DJ Capsid ELISA. A 100 uL portion of capture antibody
(PROGEN antipan AAV, 1C4-m2a, BK610383), diluted in PBS to a
concentration of 1.5 ug/mL was added to the required wells of a 96-
well plate (Thermo Scientific Immulon 4 HBX) and incubated at 4
°C overnight. The capture antibody was removed by inverting and
flicking the plate, and the treated wells were washed three times with a
wash buffer (PBS with 0.05% Tween-20, pH 7.4), which was used for
all subsequent washes. A total of 200 yL of blocking buffer (PBS with
3% bovine serum albumin, 5% sucrose, and 0.05% Tween-20) was
added to each well and incubated for 2 h at room temperature. A
standard curve ranging from 3.2 X 10" to0 2.5 x 10® capsids/mL was
prepared using an AAV-DJ empty capsid standard (Virovek) through
a 1:2 serial dilution using PBS as the diluent. All iodixanol-purified
virus samples were diluted 1:2000 in PBS. Blocking buffer was
removed and 100 uL of each standard or sample was added to the
appropriate wells, with two technical replicates being performed for
each, followed by a 2-h incubation at 37 °C. The plate was washed
three times followed by the addition of 100 uL of biotinylated antipan
AAV (PROGEN), diluted in blocking buffer to a concentration of 0.7
pg/mL, and incubated for 1 h at room temperature. The plate was
washed three times followed by the addition of 100 L of horseradish
peroxidase (HRP)-conjugated streptavidin (Thermo Scientific),
diluted in blocking buffer to a concentration of 0.25 ug/mL, and
incubated for 1 h at room temperature. The plate was washed three
times followed by the addition of 50 4L of a room temperature 1-Step
Ultra TMB ELISA Substrate Solution (Thermo Scientific) and by a
20 min incubation at room temperature. A total of 50 uL of 2 M
sulfuric acid was added to each well to stop the reaction. The
absorbance was measured at 450 nm by using a F200 PRO plate
reader (Tecan). The capsid standard was fitted with a four-parameter
logistic curve and used to interpolate the unknown virus
concentrations.

APEX Activity Assay. To test for packaged peroxidase activity,
the AMPLEX Red Hydrogen Peroxide Assay kit was used
(Invitrogen). AMPLEX reaction mix was prepared according to
manufacturer’s instructions, and 50 pL of the mix was added to each
well of a 96-well glass bottom plate (Greiner Bio-One). A total of 10
uL of iodixanol-purified virus was then added to each well, and the
reaction was incubated in the dark at room temperature for 30 min.
Fluorescence was detected using a Synergy HTX multiwell plate
reader with excitation/emission at 540/600 nm, respectively. 1X
Reaction Buffer and wtAAV-DJ were used as negative controls, while
a dilution of HRP from the kit was used as a positive control. Three
biological replicates and at least two technical replicates were
performed for each sample.

Statistics. For the MS data, the nonparametric Kruskal—Wallis
test was used to test for statistical difference between the variants
followed by a post hoc Dunn’s test with Benjamini—Hochberg
correction for a comparison to the indicated control. For the live cell
imaging data, the normality of the data set was assessed using the
Shapiro—Wilk test, which indicated a nonnormal distribution. The
nonparametric Kruskal-Wallis test was used to test for statistical
difference between the indicated variants followed by a post hoc
Dunn’s test with Benjamini—Hochberg correction for a comparison to
the indicated control. The APEX2 data were also assessed using a
Kruskal-Wallis test followed by a post hoc Dunn’s test with
Benjamini—Hochberg correction. p values of <0.05 were considered
statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001). All p
values are listed in Tables S2—S4. All statistical analyses were
performed in R (version 4.3.3).
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