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Recombinant adeno-associated viruses (rAAVs) have emerged as promising

gene therapy vectors due to their proven efficacy and safety in clinical appli-
cations. In non-human primates (NHPs), rAAVs are administered via supra-
choroidal injection at a higher dose. However, high doses of rAAVs tend to
increase additional safety risks. Here, we present a novel AAV capsid

(AAVv128), which exhibits significantly enhanced transduction efficiency for
photoreceptors and retinal pigment epithelial (RPE) cells, along with a broader
distribution across the layers of retinal tissues in different animal models
(mice, rabbits, and NHPs) following intraocular injection. Notably, the supra-
choroidal delivery of AAVv128-anti-VEGF vector completely suppresses the
Grade IV lesions in a laser-induced choroidal neovascularization (CNV) NHP
model for neovascular age-related macular degeneration (nAMD). Further-
more, cryo-EM analysis at 2.1 A resolution reveals that the critical residues of
AAVV128 exhibit a more robust advantage in AAV binding, the nuclear uptake
and endosome escaping. Collectively, our findings highlight the potential of
AAVV128 as a next generation ocular gene therapy vector, particularly using

the suprachoroidal delivery route.

Adeno-associated viruses (AAVs) are small non-enveloped viruses with
a size of approximately 25 nm. They belong to the dependoparvovirus
genus of the parvoviridae family and carry a 4.7-kb single-stranded
DNA (ssDNA) genome'. AAV vectors have gained significant attention
as highly effective gene therapy vectors in clinical settings®. The unique
characteristics of AAV vectors, such as their broad tissue tropisms, low
immunogenicity, ease of production, stable, long-term gene expres-
sion, non-pathogenic nature, and rarely integrate into the host
chromosome®~, make them the most promising vector for in vivo gene
therapy. Currently, there are six vectorized rAAV serotypes that have

obtained regulatory approval for commercial use in patients. These
include AAV1 (Glybera, 2012; uniQure)®, AAV2 (Luxturna, 2017; Spark
Therapeutics)’, AAV9 (Zolgensma, 2019; Novartis)®, AAV2 (Upstaza™,
2022; PTC Therapeutics)’, AAV5 (Roctavian™, 2022; BioMarin
Pharmaceutical)'® and AAVS (Hemgenix, 2022; uniQure)™. As of 25 July
2023, there were 223 interventional clinical trials involving rAAV
registered at ClinicalTrials.gov.

Despite the numerous advantages of recombinant adeno-
associated viruses (rAAVs), their clinical development is limited by
dose-limiting immunotoxicity and poor tissue-specific targeting’. To
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overcome these challenges, scientists have employed various strate-
gies such as capsid engineering and vector genome optimization. One
notable example is the use of an AAV2-based engineered AAV2.7m8
capsid, which significantly enhances transgene transduction in retinal
photoreceptors and retinal pigment epithelium (RPE) following intra-
vitreal injection compared to wild-type AAV2™2 In addition to the
naturally occurring AAVs, the engineered AAV variants were also
investigated in many studies. Multiple engineered AAV variants have
gone to therapeutic applications. Among the ongoing clinical trials for
retinal diseases, 34% used engineered AAV serotypes”. These include
AAV2tYF (generated by rational design, clinical trials include
NCT02599922, NCT02935517, NCT03316560 and NCT02416622),
AAV2.7m8 (generated by directed evolution, clinical trials include
NCT04645212, NCT03748784, NCT04418427 and NCT03326336) and
4D-R100 (generated by directed evolution, clinical trials include
NCT04483440 and NCTO04517149). Encouragingly, more and more
engineered AAV variants are explored in clinical applications. To
develop novel AAV capsids, researchers have explored four main
approaches: natural discovery, directed evolution, rational design, and
artificial self-competent Al design'°. Each approach has its own
advantages and limitations. In the current study, we focused to mod-
ifying and improving the naturally derived AAV8 capsid through
rational design for ocular gene delivery.

Neovascular age-related macular degeneration (nAMD) is a lead-
ing cause of irreversible vision loss in individuals aged 65 and above,
making it an attractive target for ocular gene therapy”*. The patho-
genesis of AMD involves choroidal neovascularization (CNV), a process
regulated by vascular endothelial growth factor (VEGF)*. Current
standard treatment for nAMD involves repetitive intravitreal injections
of VEGF inhibitors such as anti-VEGF biologics (e.g., Aflibercept or
Conbercept), which has significantly improved patient outcomes?.
However, it is important to note that this approach necessitates fre-
quent injections every 2 to 3 months, which can be inconvenient for
patients and may pose certain risks. These risks include sub-
conjunctival and vitreal hemorrhages, corneal edema, conjunctival
scars, retinal tears and detachment, lens damage, development of
cataracts, choroidal rupture, ocular hypertension, and
endophthalmitis® %, In this context, rAAVs present a promising and
transformative therapeutic modality for nAMD. By delivering ther-
apeutic genes to target cells, rAAVs have the ability to provide sus-
tained and targeted expression of therapeutic proteins, potentially
reducing the need for frequent injections and enhancing treatment
convenience and efficacy.

However, high rAAV doses may cause more trouble and health
problems. It has been reported that a higher rAAV dose leads to a
higher incidence of intraocular inflammation®. In the Phase 2 INFINITY
trial, one subject receiving a high dose of ADVM-022 encountered a
truly unexpected and serious adverse reaction of hypotony with
panuveitis and loss of vision following a single intravitreal injection®.
The subretinal injection is an invasive surgical procedure and requires
high technical skills and advanced equipment, and carries the risk of
retinal tears, detachments, and macular holes®. The suprachoroidal
injection is a recent breakthrough in the retinal gene-delivery land-
scape and may provide a unique opportunity to perform less invasive
surgeries® ., In order to effectively reach the target tissues, rAAVs have
to cross the Bruch’s membrane after injection through the supra-
choroidal space (SCS), with a larger titer of 7 x 10" vg/eye®. Unfortu-
nately, high doses of rAAVs tend to increase production costs
significantly and may increase additional safety risks. To address these
critical issues, we aim to engineer the capsid of rAAV and lower the
dose of rAAV.

In this study, we present a novel capsid, AAVv128, which was
generated through rational design and exhibits significant differences
from its parental capsid, AAVS, despite a high sequence similarity of
99%. We demonstrate several key properties that distinguish AAVv128

from AAVS. First, AAVvI28 shows improved transduction efficiency
specifically targeting photoreceptors and RPE in the retina, regardless
of the route of administration (subretinal, intravitreal, or suprachor-
oidal injection). Second, AAVv128 demonstrates a broader transduc-
tion across different layers of retinal tissue following intraocular
injections. This wide spread of transduction is observed consistently in
various animal models, including mice, rabbits, and non-human pri-
mates (NHPs), highlighting the translatability of AAVv128'’s properties
across different species. Most importantly, in the laser-induced CNV
NHP model, the administration of AAVv128 via suprachoroidal injec-
tion and expressing an anti-VEGF protein results in more effective
treatment compared to its parental vector, AAV8. AAVv128 exhibits
significantly higher expression of the anti-VEGF protein, indicating its
potential as a more potent therapeutic vector for inhibiting the pro-
gression of CNV lesions associated with nAMD. Finally, to gain insights
into the structural and functional characteristics that define AAVv128S,
we performed biophysical and cryogenic electron microscopy (cryo-
EM) analyses. The 2.1A resolution cryo-EM structure of AAVVI12S8
revealed notable differences compared to the structure of AAVS,
providing valuable information about the unique features and func-
tional properties of the AAVv128 capsid. This structural feature may
create a “sponge effect” and exhibits a more robust advantage in AAV
binding, the nuclear uptake and endosome escaping.

Results

Rational engineering and screening of AAV8-based capsid
variants

Naturally derived AAV8 vector has shown some promises in ocular
gene delivery*. In this study, we aimed to improve its retina tropism
through different routes of administration by employing a rational
design approach. Briefly, we used the AAVS capsid as a scaffold and
replaced its amino acid sequences between Q588-~A592 or
N263 ~ T274 at the VP3 VIl or VP3 Vl variable region. To construct these
capsid variants, we designed a set of 18 peptides, ranging from 5 to 14
amino acids in length, based on the known structural biology and
cellular receptorology of AAV8*** (Supplementary Table 1). Our
design approach considered the significance of R585 and R588 as
crucial amino acids for the AAV2 cellular receptor heparan sulfate
proteoglycan (HSPG)*. These amino acids also played a role in inter-
acting with the laminin receptor (LamR)*. Furthermore, we acknowl-
edged the importance of positively charged amino acids in enhancing
cell binding and facilitating immune evasion post-cell entry**’. These
rationally engineered capsid variants were generated by separately
packaging a vector genome containing an enhanced green fluorescent
protein (eGFP) expression cassette flanked with AAV2 inverted term-
inal repeats (ITRs) by using HEK293 cell-triple transfection method
(Fig. 1a).

In our study, we compared the efficacy of intravitreal injection of
different engineered AAVS variants for intraocular delivery in C57BL/
6] mice. We chose intravitreal injection among the three commonly
used intraocular injection methods (intravitreal, suprachoroidal, and
subretinal) due to its ease of clinical translatability (Fig. 1b). Four weeks
after injection, a careful examination was conducted to assess the
expression of eGFP transgene mRNAs in the eyes of mice exposed to
different vectors (6 x 10® vg/eye, n=3). This assessment was carried
out using the quantitative reverse transcription polymerase chain
reaction (qRT-PCR). In Fig. 1c, the color depicted represent relative
mRNA expression levels from highest to lowest value (red to white,
respectively). Among the tested vectors, v121, v123, and v128 exhibited
significantly higher mRNA levels compared to AAVS. Notably, AAVv128
demonstrated the highest mRNA expression, with a level that was 75-
fold higher than that of AAV8 (Supplementary Table 3). Furthermore,
we obtained fluorescent images of the coronal sections of the retina
tissues from mice that received the leading vectors, as well as AAV8
control vector (Fig. 1d,e). The images showed that AAVvI28, in
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Fig. 1| rAAV library screening via intravitreal injection in mice. a Schematic
diagram of rAAV and rAAV variants components. b Three injection routes com-
monly used for AAV ophthalmic gene therapy. ¢ Mice were sacrificed at D28 and
eyes were harvested. The detection of eGFP mRNA expression levels in AAV8 and
AAVS variants after intravitreal injection in mice using RT-qPCR (6 x 10® vg/eye,
n=3). The color depicted represent relative mRNA expression levels from highest
to lowest value (red to white, respectively). d The cell types across the retina were

illuminated. e Mice were sacrificed at D28 and eyes were harvested. Coronal sec-
tions of rAAV-CBA-eGFP transduced mice retina. Immunofluorescence (IF) stained
sections (Green) with antibodies against eGFP indicate the positively transduced
cell type across the retina. (Scale bar: 50 pm, GCL ganglion cell layer, INL inner
nuclear layer, ONL outer nuclear layer;). We conducted three repetitions for each
sample, with each assay being operated independently. Source data are provided as
a Source Data file.

particular, exhibited clear transduction primarily in the ganglion cell
layer (GCL). In contrast, AAV8 showed virtually no transduction in the
retina after intravitreal delivery in mice. These findings suggest that
the engineered AAVS variant, AAVv128, achieved enhanced transduc-
tion efficiency in the ganglion cell layer following intravitreal injection
compared to the native AAV8 vector.

Subretinal injection of AAVv128 vector produces more robust

transduction in different layers and cell types of mouse retinas
We evaluated the outcomes of subretinal injections in the eyes of mice
by collecting optical coherence tomography (OCT) images. Figure 2a
illustrated the formation of blebs and the successes of subretinal
injections in representative eyes from the groups treated with PBS,
AAVS8 and AAVVI28 vectors, respectively. To assessed eGFP expression,
the treated eyes were visualized using fundoscopy at D14 and D28. The

mean pixel intensity per pixel area of AAVv128 was significantly higher
compared to AAVS, with a 2-fold increase at Day 14 and a 1.4-fold
increase at Day 28 (1 x 10° vg/eye, Fig. 2e, f). Similarly, the total pixel
intensities were significantly higher in the AAVv128 group, with a 3.7-
fold increase at Day 14 and a 3.2-fold increase at Day 28 compared to
AAVS. (Fig. 2e, f, Supplementary Fig. 1). It was generally assumed that
AAV8 would reach peak expression after 21 days*®™°, Interestingly, the
mean pixel intensity per pixel area of AAVv128 increased significantly
from day O to day 14, but only slightly between days 14 and 28. This
observation suggests that the AAVv128 vector has a faster onset of
transgene expression compared to AAVS (Fig. 2e, f). Additionally, flat
mounts of the retina were prepared at Day 28 and evaluated using
fluorescence microscopy. The mean pixel intensity per pixel area and
total pixel intensity of the AAVvI28 group were 1.9-fold and 2-fold
higher, respectively, than those of AAV8 (Fig. 2g, i). These findings
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Fig. 2 | Testing transduction of AAVS and AAVv128 capsid following subretinal
injections. a OCT images showing retinal blebbing formed at the site of subretinal
administration. Representative animal eyes were shown at post-injection of
necropsy (1pL volume, n = 6). b Fluorescence fundoscopy of mouse eyes treated
with PBS (1 pL volume, n = 6, scale bar: 500 pm). c-f Fluorescence fundoscopy of
mouse eyes treated with ssAAV-CBA-eGFP vectors packaged with AAVS8 (c) or
AAVV128 (d) capsids (1x10° vg/eye, 1 uL volume, n = 6, scale bar: 500 pm). Mice were
imaged at D14 and D28 post-injection, and each image of pixel intensity and mean
pixel intensity per pixel area was quantified by using Image J (e, f). g, i Mice where
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sacrificed at D28 and eyes were harvested. Flat mounts of the retina were prepared
and imaged by fluorescence microscopy to visualize native eGFP expression (g) and
quantify by pixel intensity and mean pixel intensity per pixel area (i). Scale bar:
500 pum. h, j Mice retinal tissues were isolated and the relative eGFP copy number
per cell were measured by qPCR. Values represent mean + SD. P Values were
determined by one-way ANOVA. Compared with PBS, *P < 0.05, *P< 0.01,

**P < (0.001, ***P < 0.0001. Compared with AAVS, #P<0.05, ##P<0.01,

###P < 0.001, ####P < 0.0001. n=3/group (i). ns not significant. n = 6/group

(e, f, j). Source data are provided as a Source Data file.

indicate that the AAVvI28 vector leads to significantly higher mean
pixel intensity per pixel area and total pixel intensity, reflecting
enhanced eGFP expression and distribution in the subretinal space
compared to AAVS8. The lack of substantial increase in mean pixel
intensity per pixel area from Day 14 to Day 28 suggests a faster and
more robust transgene expression with AAVv128. The results from the
flat mounts further support the superior performance of the AAVv128
vector in terms of eGFP expression compared to AAVS.

In our study, we performed molecular analysis to further validate
the superior performance of AAVvI28 compared to AAV8. We quan-
tified vector genomes in total cellular DNAs and the relative eGFP copy
number per cell extracted from mouse retina tissues. The results
showed that the mean eGFP vector genome copies detected in
AAVv128-treated retina tissues were 3.7-folds more abundant than
those in AAV8-treated tissues. Furthermore, the relative eGFP copy
number per cell in AAVv128-treated tissues were 3.9-folds higher than
those in AAV8-treated tissues (Fig. 2j). These molecular findings sup-
port and reinforce the previous observations of higher mean pixel
intensity per pixel area and total pixel intensity in AAVv128-treated
retina tissues, indicating a greater abundance of eGFP expression. The
quantification of vector genomes and the relative eGFP copy number
per cell provides further evidence for the enhanced performance of
AAVVI28 compared to AAVS.

In addition, we performed co-immunofluorescent staining on
coronal sections of retina tissues using antibodies against specific
cellular markers. This allowed us to examine the distribution and
transduction pattern of eGFP expression in different retinal layers with
AAVV128 and AAVS vectors. The results of the co-immunofluorescent
staining revealed that AAVv128 vector exhibited much wider spread
and stronger eGFP transduction across various layers of the retina
compared to AAVS. Specifically, AAVv128 vector robustly transduced
photoreceptors (Rod and Cone), retinal pigment epithelium (RPE) and
horizontal cells. However, AAVv128 vector did not show transduction
in astrocytes, ganglion cells, anaplastic cells and Miiller cells (Fig. 3). In
contrast, AAV8 vector showed transduction in photoreceptors, RPE,
and horizontal cells, but at lower frequencies compared to AAVv128
vector.

The thermal stability of AAVv128 is comparable to AAVS and
shows stronger cell transduction in vitro

A good capsid variant possesses immense commercial value and holds
promising prospects for application™”.. Its significance extends
beyond its high transduction efficiency, encompassing attributes such
as exceptional stability, ease of purification, and remarkable packaging
efficiency. To assess the stability of the AAVvI28, we conducted
experiments comparing the temperature dependence of AAVv128
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Fig. 3 | Cross-section and immunofluorescence analyses of mice retina treated
with subretinal injection of AAV8 and AAVVI128 capsids. a Coronal sections of
mice retina transduced with rAAV-CBA-eGFP. Native eGFP expression (green)
shows the positively transduced cell. Scale bar: 200 um. We conducted four
repetitions for each sample, with each assay being operated independently. b IF
stained sections (red) with antibodies against Rhodopsin (photoreceptors, Rod),
Peanut agglutinin (PNA, photoreceptors, Cone), RPE65 (RPE cells), GS (Miiller cells),

AAV8 AAVV128

GFAP (astrocytes), RBPMS (ganglion cells), PROX1 (anaplastic cells and ganglion
cells) and Calbindin D28K (horizontal cells, anaplastic cells and ganglion cells)
indicate the distribution of cell types across the retina. Native eGFP expression
(green) that colocalize with IF staining (yellow or white) reveals the positively
transduced cell type indicated. Scale bars: 20 pum (right column) or 200 um (left
column). INL inner nuclear layer, ONL outer nuclear layer. We conducted four
repetitions for each sample, with each assay being operated independently.

genome release with that of AAVS8 at different pH values. We employed
atechnique called differential scanning fluorimetry (DSF) analysis with
SYBR Gold dye by using Uncle, which fluoresces upon binding to
DNA*., The peak fluorescence observed is an indirect measure of the
maximal accessibility of the encapsidated genomes to the dye
solution’.

In our study, we found that the release of the capsid genome at pH
7.0 was concurrent with capsid stability. The signal peaks for DNA
accessibility were observed at approximately 58.2°C for AAVS8 and
57.4°C for AAVvI28. Compared to AAVS, AAVvI28 exhibited more
evident DNA accessibility at pH 6.0. The peak DNA accessibility for
AAVS8 occurred at around 60.5 °C, while AAVv128 showed peak signals
at approximately 58.5°C. At pH 8.0, AAVv128 demonstrated peak sig-
nals at approximately 56.8 °C, while the peak DNA accessibility for

AAVS8 occurred at around 58.2 °C (Fig. 4a). Those observation indicate
that AAVv128 capsid is at least as stable AAVS8. The stability of a capsid
variant is crucial for its commercial value and application prospects®.
When moving into human use under the auspices of an FDA Investi-
gational New Drug (IND) application, it is necessary to demonstrate the
stability of AAV under various conditions of storage, dilution, and
administration when used in humans®. The results of our stability
analysis suggest that AAVv128 possesses good stability, which is an
important characteristic for its potential use as a gene delivery vehicle.
Additionally, AAVvI28 has demonstrated high transduction efficiency,
ease of purification, and high packaging efficiency, further enhancing
its potential for commercial applications.

The use of Capillary Isoelectric Focusing (cIEF) allowed us to
determine the isoelectric point (pl) of AAV8 and AAVvI28. The
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measured pl of AAVv128 was 7.6930, which was significantly higher
than the pl of AAVS at 6.8590. This finding further confirms that the
insertion of positively charged amino acids in the VP3 VIII region of
AAVS led to a substantial increase in the pl of AAV (Fig. 4b).

The accurate determination of rAAV infectivity is crucial for
assessing the activity and ensuring the quality of each rAAV. To
determine the infectivity of rAAV, we employed a 96-well TCIDsq for-
mat combined with quantitative polymerase chain reaction (qQPCR)
detection. The results, as shown in Fig. 4c, revealed that the infectivity
of AAVv128 was 75.0 + 37.5 vg/IU, while that of AAV8 was 797.7 +165.1
vg/IU (Fig. 4c). These findings indicate that AAVv128 exhibited a 10-
fold greater ability to infect HeLaRC32 cells compared to AAVS, which
further supports the superior transduction efficiency of AAVvI28
observed in mice (Figs. 2, 3). Interestingly, we observed differential
transduction results among ARPE19, HeLaRC32 and HEK293 cells for
AAVVI28 compared to AAV8. AAVvI28 demonstrated more specific
transduction in ARPE19, HelLaRC32 and HEK293 cells than AAVS8
(HEK293, AAVV128 vs. AAVS at MO1=5.0 x 10%, 1769.17 + 67.66 ng/mL
vs. 824.10 + 62.21 ng/mL; ARPE19, AAVV128 vs. AAVS at MOl =5.0 x 10*,
843.27ng/mL vs. 25+9.17 ng/mL; HeLaRC32, AAVVI28 vs. AAV8
at MOI=15 x 10% 2022.17+17.14 ng/mL vs. 477.93 +59.28 ng/mL;
Fig. 4d-f). Overall, the combination of enhanced infectivity, higher
isoelectric point, and specific transduction patterns makes AAVvI2S8 a
highly valuable and promising candidate for gene delivery in ocular
therapies.

AAVV128 exhibits a more robust advantage in AAV binding, the
nuclear uptake and endosome escaping

We utilized the positive-AAV8 neutralizing antibody (Nab) serum (Nab
blockade, 99.73%) to investigate if the AAVv128 could evade positive-

AAVS8 Nab detection (Fig. 5a). The findings demonstrated that the Nab
assay for AAVv128 aligned with AAVS8 (Fig. 5b).

To compare the cellular transduction efficiencies of AAV8 and
AAVV128, we used a virus-cell binding and nuclear uptake assays on
cultured HeLaRC32 and ARPE19 cells (Fig. 5c). The results, as shown in
Fig. 5, revealed that the AAV binding and cellular uptake of AAVv128
were 5754.0 vg/cell and 123.5 vg/cell in ARPE19, while that of AAV8
were 186.6 vg/cell and 5.0 vg/cell (Fig. 5f, g). These findings indicated
that the binding and cellular uptake of AAVv128 were 30.8-fold and
24.7-fold higher than AAV8. What’s more, we found that AAVvI28 were
also 15.6-fold and 64-fold more efficient than AAVS8 at the binding and
cellular uptake assays in HeLaRC32 cells (Fig. 5d, e). To interrogate
nuclear association of AAV variants, HeLaRC32 cells were transduced
for 4 h or 6 h with AAV8-eGFP or AAVv128-eGFP and then subjected to
nuclear fractionation and quantitative PCR (qPCR) to determine the
localization of viral genomes (Fig. 5c). The results showed that the
nuclear fraction ratio of AAVv128 was 28.3% and 34.6% at 4 h and 6 h,
respectively, which was significantly higher than the nuclear fraction
ratio of AAVS at 7.8% and 15.8% (Fig. 5h, i). Additionally, we found that
the relative anti-VEGF protein expression levels of AAVvI28 were sig-
nificantly higher than AAVS at different time points when transduced
with HeLaRC32 and ARPE19 cells. This further supports the higher
nuclear fraction ratio of AAVv128 compared to AAV8 in HeLaRC32 cells
(Fig. Sh-k).

Cryo-EM reveals VP3 VIII variable region of AAVv128 form
stronger interaction with the surrounding amino acids and may
act as a “zipper” for the “pocket” loop

To characterize the structural properties of AAVvI2S8, the purified
AAVV128-eGFP vector was subjected to cryo-EM analysis. A total of
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Fig. 5 | Assessing the performance of the AAVv128 and AAVS during
trafficking steps. a Schematic diagram for studying the effect of AAV8 Nab-
positive monkey serum on AAVvI28. b Neutralizing antibody (Nab) assay for the
determination of the AAVv128 could escape positive-AAV8 Nab recongnition.

¢ Depicting the process of the AAVv128 and AAV8 during trafficking steps.

d, e f, g h,ij k The AAV binding (d, f), cellular uptake (e, g), nuclear uptake (h, i)
and expression (j, k) of AAV8 and AAVv128 were detected by qPCR and ELISA,
respectively. Values represent mean + SD. P Values were determined by a two-tailed
Student t Test. *P<0.05, *P < 0.01, **P < 0.001, ***P < 0.0001. n = 5/group

(d, e, f, g h,i), n=3/group (j, k). Source data are provided as a Source Data file.

90,744 particle images were obtained, which allowed the generation of
a cryo-EM map at 2.1A resolution (Fig. 6, Supplementary Table 7,
Supplementary Fig. 3). Using this map, a structural model was con-
structed, showing optimal real-space fit and stereochemical para-
meters (Supplementary Table 7). The overall structure of AAVv128 was
found to be highly similar to AAVS, both in terms of its overall struc-
ture and amino acid sequence (Fig. 6b, ¢, Supplementary Fig. 4).

The AAVV128 (8JRE) exhibited characteristic features observed in
AAVS8 capsid, including a depression at the 2-fold symmetry axis,
protrusions surrounding the 3-fold symmetry, a channel at the 5-fold
symmetry axis that was comprised of five monomers that form the
interface and pore for Rep binding, and a 2/5-fold wall separating the
depression surrounding the 5-fold axis and at the 2-fold axis (Fig. 6a).
While the reconstructed density maps looked similar on the outer
capsid surface for the empty/full structures (The results weren’t

shown). Of note, VP1u and VP2 domains were not resolved in our cryo-
EM map, which were consistent with previous observations in other
AAV structures®*% Consequently, only residues 218 ~ 743 were defi-
nitively resolved within the cryo-EM map (Fig. 6¢c, Supplementary
Fig. 5).

A comparison of the AAVvI28 structure with that of AAV8
revealed a distinctive structural feature that may contribute to differ-
ences in capsid thermal stability and transduction ability. The AAVv128
and AAVS structures were similar, except for the 3-fold protrusions
(Root-mean-square deviation (RMSD) of 0.507 A after superimposition
of 516 Ca atoms; Fig. 6b, c). The 3-fold protrusions were more pro-
nounced in AAVvI28 due to the 5-amino acid insertion, which pro-
truded radially outward from the capsid surface, forming a larger loop
that had greater spatial flexibility (Fig. 6b, c). The 3-fold region,
including the protrusions, contained receptor binding, infectivity and
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were labeled. d The residues in a featured fragment from AAVv128 VP3 VIII variable
region (D584-N604) were shown as colored sticks and cartoon surrounded by
density. e, f The residues of main difference between AAVS (f) and AAVv128 (e) lied
in the VP3 VIII variable region were shown as colored sticks. The residues that the
insertion and the ‘pocket loop’ were labeled in a resplendent shade of red. g The
identical or conserved residues were shown as letters with red or yellow back-
grounds, while the non-conserved residues have a white background. The variable
regions between different AAV serotypes were shown in cyan.

antigenicity controlling residues®. In AAVS, only a few hydrogen
bonds were formed between amino acid sequences in this loop, such
as the interaction between the hydroxyl group of T591 and the back-
bone carbonyl of the symmetry-related Q588 (3.3 A, Fig. 6f). In con-
trast, AAVv128 formed a large number of hydrogen bonds between
amino acid sequences in this loop, including interactions between
R588 to R596, Q593 to A595, among others (Fig. 6e, Supplementary
Table 8).

Furthermore, the amino acid sequence of AAVv128 loop was more
positively charged, resulting in a 0.83 higher isoelectric point for the
entire AAVvI128, with a pl of 7.69 (compared to a pl of 6.86 for AAVS,
Fig. 4b). Within the amino acid sequence of AAVv128, R588 formed a
strong interaction with R596, which appeared to stabilize this loop,
acting as a zipper for the “pocket” loop (Fig. 6e). L586 in AAVvI28
interacted with R596, whereas L586 in AAVS8 did not form such an
interaction with the surrounding amino acids (Fig. 6e, f). These
observations suggested that the transduction efficiency of AAVv128 at
the animal level was substantially better than that of AAVS, potentially
due to the charged nature and stability of this loop. The VP3 VIII
variable region of AAV2 has been shown to assist AAV2 in entering cells
by recognizing the heparan sulfate proteoglycan (HSPG) site on the

cell surface receptor*>*>*°, However, the VP3 VIII variable region of
AAVSis not involved in HSPG recognition by the cell surface receptor”’.
The data on copy number in mice suggest that AAVvI28 is more
favorable than AAVS for recognition by the cell surface receptor and
entry into cells (Fig. 2j, Supplementary Fig. 11). This suggests that the
more positively charged loop in AAVv128 may play a role in facilitating
the recognition of AAV by cell surface receptors, thereby enhancing
cellular uptake of the virus.

AAVV128 outperforms AAVS in intravitreal and suprachoroidal
gene deliveries to rabbits and suprachoroidal gene delivery

to NHPs

In an attempt to assess translatability of the strong retina tropism of
AAVVI28 from murine to large animals, we used the mCherry trans-
gene to perform a comprehensive comparison of three capsids,
namely AAVS, AAV2.7m8, and AAVVI28, through intravitreal injection
and suprachoroidal injection in New Zealand rabbits (1x10" vg/eye).
The results showed that AAVv128 exhibited the highest transduction
efficiency when administered via suprachoroidal injection, while
AAV2.7m8 outperformed other AAV variants when delivered through
intravitreal injection (Supplementary Fig. 6). It is worth noting that the
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column). e Infrared imaging analysis of suprachoroidal injections in cynomolgus
monkeys. NHPs eyes treated by suprachoroidal injection of the AAV8 and AAVv128
capsid confers detectable eGFP expression at days 14 post-injection (3.5x10" vg/
eye, 100 pL volume, n=1). f Transduction validation of NHPs eyes treated with
AAVS8 and AAVv128 by Scanning laser ophthalmoscopy (SLO); scale bars: 200 pm.
GCL ganglion cell layer, INL inner nuclear layer, ONL outer nuclear layer. Values
represent mean + SD. P values were determined by a two-tailed Student t Test.
#P<0.05, ##P < 0.01, ###P < 0.001, ####P < 0.0001. Source data are provided as a
Source Data file.

AAVVI28 capsid was developed based on the AAVS capsid, using it as a
scaffold and introducing specific amino acid substitutions in the vari-
able region of VP3 VIII (Q588 ~ A592). In subsequent experiments, we
focused on the use of AAVv128 compared to AAVS.

For intravitreal injections, the superior transduction of AAVv128
was supported by quantitative data, as the vector genome abun-
dance detected by qPCR in total cellular DNAs from the whole retina-
choroid tissues was 12.4-fold higher for AAVv128 compared to AAV8
(Fig. 7b). In the case of suprachoroidal injections, the superiority of
AAVV128 over AAVS in retinal transduction was even more apparent.

The red fluorescence signal was much stronger in the retina sections
of rabbits injected with AAVv128 compared to AAVS (Fig. 7c). Con-
sistently, the qPCR analysis revealed that AAVv128 had 23.2-fold
more vector genome copies in the whole retina-choroid tissues
compared to AAV8 (Fig. 7d). Noticeably, AAVv128 predominantly
transduced the photoreceptor inner and outer segments (IS/0S) and
GCL after both intravitreal and suprachoroidal injections, whereas
AAVS8 primarily transduced the IS/OS (Fig. 7a, c). This indicates that
AAVV128 exhibits a broader range of transduction across different
layers of the retina compared to AAV8. These findings suggest that
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AAVVI28 maintains its strong retina tropism in large animals, as
observed in murine models.

We also assessed the retina transduction of AAV8 and AAVv128-
eGFP vectors in NHPs through suprachoroidal injection (3.5x10" vg/
eye). The injection process was monitored using an infrared camera,
allowing us to observe the successful infusion of the vectors into the
suprachoroidal space. The injection sites were confirmed by the infu-
sion of low-temperature testing articles, which changed color spectra
from blue to red as the vectors gradually reached body temperature
(Fig. 7e, Supplementary Fig. 6, see video in Supplementary Movie.1).
Animals were scheduled for in vivo fluorescence retinal imaging by
scanning laser ophthalmoscopy (SLO) to measure eGFP expression at
Dayl4 after AAV8 and AAVVI28 injection, followed by immuno-
fluorescently analysis. Fluorescence imaging revealed a significant
increase in eGFP fluorescence in the peripheral fundus when using the
AAVVI28 vector compared to AAVS8 in cynomolgus monkey eyes. This
effect was observed when the vectors were delivered via suprachor-
oidal injections at a dose of 3.5 x 10 vg/eye (Fig. 7f, Supplementary
Fig. 9). Collectively, these findings indicated that AAVvI28 out-
performed AAVS8 in delivering the transgene to the fundus more effi-
ciently through the suprachoroidal space in both rabbits and NHPs.
The stronger and more widespread fluorescence signal observed in
AAVVI28-treated eyes suggests its potential as a highly effective vector
for ocular gene delivery in translational and clinical applications.

In the co-immunofluorescently analyses of coronal sections of the
NHPs retinas, the results further supported the superior transduction
efficiency of AAVv128 compared to AAV8 (Supplementary Fig. 8). The
images revealed that the transduction of AAVvI28 was much more
efficient, showing stronger eGFP fluorescence compared to AAVS. In
the case of AAVv128, the transduction was predominantly observed in
photoreceptors and RPE. On the other hand, AAVv128 showed limited
transduction in astrocytes, horizontal cells, bipolar cells, Miiller cells
and ganglion cells (Supplementary Fig. 8). In contrast, AAV8 primarily
targeted photoreceptors and RPE, but with lower efficiencies com-
pared to AAVv128. These findings highlight the differential transduc-
tion patterns of AAVvI28 and AAVS in NHP retinas. This information is
crucial for understanding the cellular tropism and potential applica-
tions of these vectors in ocular gene delivery.

Suprachoroidal injection of AAVv128 vector can prevent nAMD
by Laser-induced CNV and produces more robust transduction
and inhibition of VEGF in NHP retinal tissues

Before conducting the animal efficacy studies, we thoroughly vali-
dated the quality of the AAV8-anti-VEGF vector and AAVv128-anti-VEGF
vector (Supplementary Fig. 2). The results showed comparable purity
and empty and full ratios for both vectors. In summary, based on our
comprehensive evaluation of the rAAV samples, we have confidence in
the satisfactory quality and reliability of our experimental materials.
The therapeutic potential of AAVv128-anti-VEGF vector efficacy was
performed using a Laser-induced choroidal neovascularization (CNV)
NHPs model. Briefly, AAVv128-anti-VEGF vector was injected into
suprachoroidal space at Day 0, and six laser spots were applied around
the macula of each eye using laser at 28-days (1x10" vg/eye). At the
evaluation timepoint of 56-days post injection (28-days post Laser-
induced CNV model), the NHPs were sacrificed and eyes were har-
vested. The retinal tissues of the NHPs retinas after suprachoroidal
injection were isolated and the anti-VEGF protein expression level were
measured. A higher concentration of the anti-VEGF protein was found
in the AAVv128-treated NHP retinal tissue and other tissues, with levels
of 2112 ng/g (OS, oculus sinister) and 4056 ng/g (OD, oculus dextrus) in
retinal, respectively, compared to the prototype AAVS. In the control
AAVS8 group, transgene expression in NHP retinal tissue was 39.12 ng/g
(0S) and 52.8 ng/g (OD), respectively (Fig. 8a, Supplementary Table 4).
Other tissues including choroidal, sclera, aqueous humor, conjunctiva
and vitreous body etc.

In order to further evaluate the treatment efficacy for nAMD,
fluorescein fundus angiograph (FFA) was used to determine the
number of Grade IV lesions (the gold standard for evaluating the effi-
cacy of treatment for nAMD) at 35-days and 49-days (Fig. 8b, 2 x 102
vg/eye). The anti-VEGF protein level of AAV8 and AAVvI28 in the
aqueous humor were measured at 35-days. A higher concentration of
the anti-VEGF protein was found in the AAVv128-treated NHP aqueous
humor, compared to the prototype AAVS8 (n =8, Supplementary Table
5). In the Vehicle group, the percentage of Grade IV lesions was 43.75%
and 70.83% at 35-days and 49-days (14-days and 28-days post Laser-
induced CNV model), respectively, indicating the formation of new
vessels. In the AAVvI28-treated group, the percentage of Grade IV
lesions was 0% and 0% at 35-days and 49-days (Fig. 8c-e, Supple-
mentary Table 6, Supplementary Fig. 10). However, in the AAVS-
treated group, the percentage of Grade IV lesions was 31.25% and
41.67% at 35-days and 49-days, respectively. These initial findings
indicate that the AAVv128, compared to its prototypical capsid AAVS,
demonstrated much higher efficacy for treating nAMD, particularly
using the route of suprachoroidal injection. These results suggest that
the engineered AAVVI28 capsid holds promise as a potential gene
delivery vehicle for treating ocular disorders of the retina.

Discussion

AAV has shown great potential as a gene therapy vector due to its
broad host tropism, long-expression, and low-immunogenicity. How-
ever, there have been concerns regarding the specificity, potency, and
off-target effects of some first-generation AAV products®. To address
these challenges, researchers have developed new AAV variants
through capsid modification to improve transduction efficiency and
specificity in on-target cells or tissues. Rational design approaches,
based on knowledge about potential receptor interactions, have been
employed to create capsid variants with desired features and to reduce
the size of the AAV capsid variants library™. In addition to the naturally
occurring AAVs, multiple engineered AAV variants have gone to clin-
ical trials for retinal diseases, including AAV2tYF, AAV2.7m8 and 4D-
R100".

AAVS8 has been shown to effectively infect photoreceptors and
RPE when administrated via subretinal injection®. In fact, the trans-
duction efficiency of AAV8 in photoreceptors and RPE was found to be
superior to that of AAV2°°, In this study, we designed and constructed
the AAVv128 variant using a rational design approach. Despite there
are only 10 amino acid differences form AAVS, AAVvI28 exhibited
higher transduction efficiencies, a larger transduction area, faster
expression rates, and the enhanced ability to enter cells when targeting
retinal tissues. These improvements highlight the potential of the
AAVV128 variant in gene therapy applications, particularly in the con-
text of retinal diseases.

In the field of ophthalmology, different routes of administration,
such as subconjunctival, intravitreal, suprachoroidal and subretinal
injections, are commonly used to treat various diseases®. Each route
may require the use of specific AAV serotypes or variants for effective
gene delivery. For example, AAV2 or AAV2 variants are often used to
for intravitreal injection®®*, while AAVS is commonly used for sub-
retinal injection®*°, Subconjunctival injection often utilize AAV8 and
AAV6 for gene delivery®’, and AAVS is considered a reliable choice for
suprachoroidal injections®****°, Compared with subretinal and intra-
vitreal injections, suprachoroidal injections is a recent breakthrough in
the retinal gene-delivery landscape and may provide a unique oppor-
tunity to perform less invasive surgeries and less likely to cause side
effects such as inflammation®. However, rAAVs have to cross the
Bruch’s membrane after injection through the suprachoroidal space
(SCS) in order to effectively reach the target tissues, with a larger titer
of 7x10"? vg/eye®. Unfortunately, high doses of rAAVs tend to increase
production costs significantly and may introduce additional
safety risks.
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Fig. 8 | Laser-induced CNV model in NHPs are used to evaluate the efficacy of
nAMD by AAVv128-anti-VEGF vector. a The anti-VEGF protein levels of monkey
treated with suprachoroidal injection of AAV8-anti-VEGF vector and AAVv128-anti-
VEGF vector (1x10* vg/eye, 100 uL volume, n=1) were measured at Day 56. AAVS-
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space at DayO, six laser spots were applied around the macula of each eye using
laser at 28-days. The NHPs were sacrificed at Day 56 (after induction of choroidal
neovascularization by Laser-induced CNV model) and eyes were harvested. The
retinal tissues of the NHP retinas after suprachoroidal injection were isolated and
the anti-VEGF protein expression level of AAV8-treated group and AAVv128-treated
group were measured by ELISA. b Timeline of studying AAV-anti-VEGF vector to
evaluate the efficacy of nAMD by using Laser-induced CNV model in NHP eyes.
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¢, d Fluorescein fundus angiograph (FFA) was used to determine the number of
Grade IV lesions. Representative FFA of NHP eyes treated with suprachoroidal
injection of Vehicle, AAV8-anti-VEGF vector and AAVv128-anti VEGF vector at 35-
days (c) and 49-days (d) (2x10" vg/eye, 100 pL volume, n=8). e Percentage of
Grade IV lesions with suprachoroidal injection of Vehicle (formulation buffer),
AAVS8-anti-VEGF vector and AAVvI128-anti-VEGF vector. Numbers on the top of bars
show the number of Grade IV lesions scored over the total number of assessable
lesions (six laser spots/eye, n=8). OD oculus dextrus, OS oculus sinister, FFA fun-
dus fluorescence angiography. Values represent mean + SD. P values were deter-
mined by one-way ANOVA. Compared with vehicle, *P < 0.05, *P< 0.01,

**P < 0.001, ***P < 0.0001. Compared with AAVS, #P< 0.05, ##P < 0.01
(P=0.0074). n=8/group. Source data are provided as a Source Data file.

In our study, we found that AAVvI28 exhibited stronger trans-
duction efficiency than AAV8 when delivered via subretinal injection in
mice. AAVVI28 showed a 4-fold increase in its ability to enter cells and
expanded transduction to a wider range of cell types, including pho-
toreceptors, RPE and horizontal cells (Figs. 2 and 3). Additionally, we
investigated the transduction of AAVvI28 and AAV8 in New Zealand
rabbit eyes. We observed significantly higher levels of target gene
expression in retinal-choroidal tissues with AAVv128 compared to AAV8
when administered via intravitreal or suprachoroidal injections (Fig. 7a,
¢). Encouragingly, similar results were observed in monkey eyes (Sup-
plementary Table 4, Supplementary Table 5). In a study, it was observed
that the administration of a lower dose of AAVS8 (7x10" vg/eye, rhesus
01) did not result in any detectable expression at any time points.
However, when a higher dose of 7x10% vg/eye (rhesus 02) was injected,
scattered areas of punctate eGFP fluorescence were observed bilaterally
in the peripheral fundus®. In contrast, the use of the AAVv128 vector led

to a significant increase in eGFP fluorescence in the peripheral fundus
compared to AAVS (dose: 3.5x10" vg/eye). Additionally, it was reported
that suprachoroidal delivery of AAV in monkey might have a greater
tendency to distribute circumferentially along the periphery rather than
posteriorly toward the macula™”., Suprachoroidal AAV delivery might
be better suited for gene therapies that target peripheral or RPE dis-
eases, for example the production of anti-angiogenesis agents for
neovascular retinal conditions, rather than macular diseases”. The
transduction cell types of AAVv128 in these eyes were mainly photo-
receptors and RPE (Supplementary Fig. 8). It was shown that supra-
choroidal delivery of AAV8 in Sprague-Dawley rats mainly resulted a
larger average transduction diameter and an abundance of transduced
cells within the outer nuclear layer (ONL)”% This could be due to the
structural differences between species that result in different trans-
duction cell types, including Bruch’s membrane (BrM) thickness, the
thickness or number of cells within the retinal layers™’*.
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Traditional treatment for nAMD often involves frequent intravi-
treal injections every 2-3 months”. However, AAV gene therapy has the
potential to provide long-lasting effectiveness with a single injection.
In our study, using NHPs with a laser-induced CNV model, the
AAVV128-anti-VEGF vector demonstrated promising efficacy. All Grade
IV lesions were effectively suppressed using AAVv128-anti-VEGF vector
via suprachoroidal injection, while the percentage of Grade IV lesions
was 31.25% and 41.67% at 35-days and 49-days in the AAV8-anti-VEGF
vector, respectively (Fig. 8c-e, Supplementary Table 6). Most impor-
tantly, those results were the first to report complete inhibition of
Grade IV lesions in the laser-induced CNV NHP model using AAVv128
delivered by suprachoroidal injection. Moreover, the AAVv128 group
exhibited significantly higher levels of anti-VEGF protein expression in
retinal tissue, surpassing the AAV8 group by several folds (Fig. 8a,
Supplementary Table 4, Supplementary Table 5). These findings sug-
gest that the AAVv128 variant may hold promise for ophthalmic
treatments, particularly using the route of suprachoroidal injection.

To better understand the high transduction capacity of the
AAVVI28 variant, we resolved its structure using cryo-electron micro-
scopy (cryo-EM) with a resolution of 2.1 A. In comparison to AAVS, we
observed the presence of positively-charged amino acids and hydro-
gen bonds in the AAVvI28 variant’s variable region of VP3 VIII. This
structural feature likely facilitates the formation of a pocket structure
in the VP3 VIII loop, which may enhance the interaction with cell sur-
face receptors (Fig.6¢-f). This finding could explain the higher levels of
viral genome detected in target tissues 28 days after administration of
the AAVVI28 variant (Figs. 2j and 7b, d). Despite the formation of a
larger loop in the variable region of VP3 VIII, the AAVvI28 variant
exhibited comparable stability to AAVS, as determined by the Uncle
assay. These results suggest that the AAVv128 variant possesses
favorable characteristics for ophthalmic gene therapy, including
enhanced transduction efficiency and stable capsid structure
(Figs. 4 and 5). The detection of the isoelectric point (pl) of the
AAVVI28 variant using cIEF indicated that it contained a higher number
of positively charged amino acids (Fig. 4b). This characteristic may
create a “sponge effect” and enhance endosome escaping’. Conse-
quently, more viral particles may be able to reach the nucleus, as
suggested by the results shown in Figs. 2j and 5d-i. It exhibited a
greater propensity for cellular recognition, particularly in ARPE19 cells.
This increased recognition was observed at a minimum infecting dose
(MOI) of 50,000 viral particles per cell. Notably, AAVv128 achieved the
same protein expression level as AAV8 while requiring only 1/39th of
the titer of AAVS8 (Fig. 4e). The infectivity of AAVvI28 was assessed
using TCIDsg format and qPCR, which confirmed that AAVv128 had a
10-fold higher ability to infect cells compared to AAVS8 (Fig. 4c).

In order to understand the molecular mechanism of AAVv128, the
Nab assay for AAVv128 was consistent with AAV8 by using the positive-
AAV8 Nab serum. This result suggested that the epitope of Nab of
AAVVI28 was consistent with AAVS (Fig. 5b). We also used a virus-cell
binding and nuclear uptake assays to explore the cellular transduction
efficiencies of AAV8 and AAVvI28. The results showed that the AAV
binding, cellular uptake, nuclear uptake and expression of AAVvI28
were significantly higher than AAVS (Fig. 5d-k). This is a strong indi-
cation that AAVvI28 has tremendous advantages over AAVS8 in the
treatment of ophthalmic diseases.

In conclusion, the rational design of the AAVvI28 variant has
resulted in significant improvements in its biophysical properties and
in vivo tropism compared to AAVS8. The enhanced transduction effi-
ciency, stability, cellular recognition, and tissue specificity make
AAVV128 a promising gene therapy vector, particularly in the field of
ophthalmology. These findings demonstrate the potential for engi-
neering novel and improved viral vectors for gene therapy based on
the rational design approach. The development of such vectors holds
great promise for advancing the field of gene therapy and expanding
the range of diseases that can be effectively treated.

Methods

Viral vector production and purification

To generate recombinant AAV8 and AAVS variants, a triple-plasmid
transfection approach was employed’®”’. Briefly, the transfection was
conducted in HEK293T cells (ATCC, #CRL-3216) using the following
plasmids: pAAV-Transgene, pAAV-luciferase, pAAV-mCherry, pAAV-
anti-VEGF (The coding region of the anti-VEGF protein includes
domain 2 of human VEGFR1, domain 3 of human VEGFR2, and the Fc
portion of human IgGl.) or pAAV-eGFP; pRC encoding AAV2 Rep and
AAVS8 Cap proteins or variants RC plasmids carrying various VP var-
iants; and pHelper. The AAV8 variants were generated through rational
design strategies, incorporating knowledge about AAV structure and
immunology to enhance their properties and functionalities®***757°_ All
transgenes were driven by the CMV early enhancer/chicken 3 actin
(CBA) ubiquitous promoter®°,

The HEK293T cells used for transfection were cultured in Dul-
becco’s modified essential medium (DMEM; Gibco) supplemented
with 10% fetal bovine serum (Gibco) and 1% penicillin-streptomycin
antibiotics (Gibco). The cells were maintained at 37°C and 5% CO,
incubator until they reached approximately 80% confluence. For
transfection, the cells were seeded in 150-mm plates and transfected
with a mixture of plasmids, including the pHelper plasmid, pRC plas-
mid, and pAAV-Transgene plasmid, in a molar ratio of 1:1:1. The total
amount of plasmid DNA used was 60 pg. At 72 h of transfection, the
cells were harvested by centrifugation at 1,500 x g at 4 °C for 15 min-
utes. The cell pellet was collected and resuspended in a buffer con-
taining 150mM NaCl, 20mM EDTA, and 20mM Tris-HCI. The
resuspended lysate was subjected to three freeze-thaw cycles to dis-
rupt the cells and release the viral particles. To remove unpackaged
rAAV DNA, the crude lysate was treated with Benzonase and 10%
deoxycholic acid at 37 °C for 1 hour. The lysate was then centrifuged at
10,000xg for 30 minutes to separate the packaged rAAV particles from
the cellular debris. Simultaneously, rAAV particles released into the
culture medium were recovered by adding a PEG/NaCl solution (10%
polyethylene glycol 8,000(w/v), 0.5M NaCl) and precipitation at 4°C
for 16 hours. Purification of rAAV was performed using affinity chro-
matography (Thermo, USA, POROS™ CaptureSelect™ AAVX Affinity
Resin, #A36745) and subsequent anion exchange chromatography.
The purified rAAV particles were then dialyzed in stock buffer (20 mM
Tris-Cl pH8.0, 150 mM NaCl, 1mM MgCl,, 0.003% Poloxamer 188)
using Slide-A-Lyzer™ Dialysis Cassettes (Thermo, 20K MWCO,
12 mL, #66012).

ddPCR for viral titer

The rAAV samples were treated with DNase | (200U, Thermo,
#18047019) at 37°C for lhour. DNase I degrades any residual
unpackaged DNA in the sample. After the digestion, the DNase |
activity was terminated by adding 20 pL of 0.1M EDTA (ethylenedia-
minetetraacetic acid), and heated in a water bath at 85 °C for 20 min-
utes. The high temperature inactivates the DNase | enzyme. Proteinase
K (TakaRa, #9034) was added to the reaction mixture and incubated at
55°C for 2 hours. To stop the Proteinase K activity, the reaction mix-
ture was heated in a boiling water bath for 15 minutes. The treated
rAAV samples were subjected to PCR analysis using PerfecTa® Multi-
plex PCR Tough Mix® (Quanta bio, #95147-250). The PCR reaction was
set up in a 25 pL reaction system with the following protocol: Partition
at 40 °C “Sapphire V1, 95 °C for 10 minutes, followed by 38 cycles of
denaturation at 95 °C for 20 seconds, annealing at 63 °C for 20 sec-
onds, and extension at 72 °C for 20 seconds. Release P “Sapphire V1”.
After completing the PCR reaction, the chip containing the PCR pro-
ducts was removed and placed in a microdrop analyzer. The Crystal
Reader software was then opened to collect and process the PCR data.
The eGFP primers are as follows: Forward, 5-CACATGAAGCAGCA
CGACTT-3, Reverse, 5-TCGTCCTTGAAGAAGATGGT-3, Probe, 5-
FAM-AGTCCGCCATGCCCGAAGGCT-TAMRA-3; anti-VEGF  protein
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primers are as follows: Forward, 5-~AAAGGCTTCTATCCCAGCGA-3',
Reverse, 5-CGGAGCATGAGAAGACGTTC-3’, Probe, 5-FAM-CAAGG
CCACGCCTCCCGTGC-BHQI-3’; mCherry primers are as follows: For-
ward, 5-CACTACGACGCTGAGGTCAA-3, Reverse, 5-TAGTCCTCGTTG
TGGGAGGT-3, Probe: FAM-5-AAGAAGCCCGTGCAGCTGCC-BHQ1-3'.

AAV capsid mutant construction

The Mutation Generation System kit (Thermo, USA, #F701) was used to
generate mutations in the AAV8 capsid ORF. Supplementary Table 1
listed all AAV8 variants. Primer pairs for mutagenesis displayed in
Supplementary Table 2.

Animal use

Six- to eight-week-old male C57BL/6 ] mice, twelve- to thirteen-week-
old male New Zealand White rabbits with weight ranging from 2.0 to
2.5kg (Dashuo Laboratory Animal Technology Co., Ltd., China), and
two-year-old Cynomolgus monkeys with weight ranging from 2.5 to
5.0 kg (monkeys were purchased from Hubei Topgene Biotechnology
Co., Ltd., and housed in West China-Frontier PharmaTech Co., Ltd.
(WCFP), Tianfu Drug Research Center, SYXK(Chuan)2021-238) were
used in this study. The mice and rabbits were housed under specific
pathogen-free (SPF) conditions (70 ~ 74 F with humidity at 35 - 45%) at
West China school of Pharmacy, Sichuan University, with a 12-hour
light/12-hour darkness cycle. Mice and rabbits were fed normal chow
(#1010088, #1010070). At the end of the study, the animals were
deeply anesthetized and euthanized by carbon dioxide exposure. The
animal experiments were approved by the Committee on the Ethics of
Animal Experiments of Sichuan University and were conducted in
compliance with the recommendations in the Guide for the Care and
Use of Laboratory Animals of Sichuan University Ethics Committee.

The cynomolgus monkeys were housed in West China-Frontier
PharmaTech Co., Ltd., Tianfu Drug Research Center. The institution is
accredited by AAALAC International (Association for Assessment and
Accreditation of Laboratory Animal Care International). The experi-
ments conducted with cynomolgus monkeys followed the regulations
of the Institutional Animal Care and Use Committee (IACUC) and the
Guide for the Care and Use of Laboratory Animals (8th Edition)®". The
animal experiments were designed in accordance with the appropriate
guidelines. This experiment has been approved by the Institutional
IACUC under the approval number: IACUC-SW-A2021046-P004-01.

Cynomolgus monkeys were housed individually in double-layer
monkey cages (Lx W x H: 800 mm x 1000 mm x 2080 mm) in a con-
ventional animal room. The environmental conditions in the animal
room were maintained as follows: temperature range of 16 - 26 °C with
a daily fluctuation of <4°C, relative humidity between 40 ~70%,
12 hours of artificial light (07:30 to 19:30) and 12 hours of darkness
(19:30 to 07:30) daily. Illumination was provided during the dark
period as needed for the study. Cynomolgus monkeys were fed a
maintenance diet for monkeys ad libitum, with nutrient testing reports
provided by the supplier for crude protein, crude fat, crude ash, crude
fiber, water, calcium, phosphorus, and amino acids (cystine +
methionine and lysine), as well as contaminants such as arsenic, lead,
cadmium, mercury, benzene hexachloride, dichlorodiphenyltri-
chloroethane, aflatoxin B1, bacterial colony count, coli group, mycetes,
yeast count, and pathogenic bacteria (Salmonella). Fresh fruit was
provided twice a week with ad libitum access for the animals.

Prior to sacrifice, the Cynomolgus monkeys underwent a fasting
period of at least 12 hours while having ad libitum access to water.
Following the AVMA Guidelines for the Euthanasia of Animals (2020
Edition), the animals were anesthetized with ketamine 10 mg/kg +
xylazine 1.25 mg/kg (a mixed solution of ketamine 40 mg/mL + xyla-
zine 5 mg/mL for intramuscular injection at 0.25 mL/kg), with dosage
adjustments based on the animals’ condition. Tissue samples were
collected following euthanasia, performed by i.v. injection of pento-
barbital sodium.

Intraocular rAAYV vector injections and clinical assessment

For subretinal injections, mice were anesthetized by intraperitoneal
injections of ketamine (0.1mg/g, Sigma, #K1884) and xylazine
(0.02 mg/g, MedChemExpress, #HY-B0443A) mixed with sterile water
in the ratio of 0.6:1:8.4, respectively. Mice received local anesthesia in
the eyes using 0.5% proparacaine hydrochloride (TCI, #P2156), and
placed on the operating table after anesthesia, with the left hand
holding the head and the right hand holding the microinjector. The
microinjector was inserted into the vitreous at 1 mm from the posterior
edge of the cornea. The tip of the 34-gauge beveled needle was initially
inserted vertically and then tilted up towards the contralateral retina.
The needle was slowly pushed until resistance was encountered. Then,
1L of rAAV vector solution with a titer of 1x10” vg/mL was injected
using the UMP3T-1 Microinjection Syringe Pump and the Nanofil Sub-
Microliter Injection System (World Precision Instruments). The injec-
tion was performed under an Opmi 1 FR pro surgical microscope (Carl
Zeiss)®. The Micron IV retinal imaging microscope (Phoenix Research
Laboratories) was used to capture OCT scans, as well as color and
fluorescence fundal images. And the fluorescence pixel intensity and
mean pixel intensity per pixel area were quantified using Image ]
(National Institutes of Health, NIH)®*2,

For intravitreal injections, mice were anaesthetized by intraper-
itoneal injections of ketamine (0.1 mg/g) and xylazine (0.02 mg/g)
mixed with sterile water in the ratio of 0.6:1:8.4, respectively. The
needle bevel was turned downward while penetrating the sclera,
choroid and retina. The positioning of the needle in the vitreous was
confirmed using a stereo microscope (Olympus, #SZX16). Using a
microscope and a 33-gauge needle on a microsyringe (Hamilton,
#715265), 2 L of rAAV vector solution (titer: 3x10" vg/mL) was injec-
ted into the vitreous of the mice under direct visualization. After the
injection, 1% Chloramphenicol ointment (Adooq Bioscience, #A10200)
was applied topically to the eye. The mice were placed on a heat-pad to
keep them warm during the recovery period.

For suprachoroidal injections, rabbits were given an intramuscular
injection of a mixture of ketamine hydrochloride (50 mg/kg) and xyla-
zine hydrochloride (10 mg/kg) for general anesthesia. A drop of topical
ophthalmic 0.5% proparacaine hydrochloride was applied for local
anesthesia. Using a self-researched suprachoroidal chamber syringe, a
100 pL of rAAV sample (AAVS or AAVVI2S8) with a titer of 1x10 vg/mL
was injected into the suprachoroidal space (SCS) along 4 mm of the
corneal limbus of rabbit eyes. For the suprachoroidal injection, the
device utilized for suprachoroidal injection was a customized combi-
nation of an adapter, a 1 mL syringe, and a needle. The adapter incor-
porated a unique internal design that enabled the syringe and needle to
lock after insertion, allowing control over the exposed length of the
needle. The length of the needle tip was adjusted by turning the fitting
at the top of the adapter. The device was manufactured by Chengdu
Origen Biotechnology and currently not commercially available. For
suprachoroidal injection in monkeys, a needle tip length of 0.7 mm was
used. Additionally, we have uploaded a video capturing the process of
suprachoroidal injection in a monkey, recorded using an infrared
thermal camera (Supplementary Movie.l). After the injection, 1 to 2
drops of oxyfloxacin eye ointment were applied to prevent infection.

For suprachoroidal injections in cynomolgus monkeys, monkeys
were anesthetized with 2.5% sodium pentobarbital intravenously at a
dose of 25-30 mg/kg. A 100 pL of rAAV sample (AAV8 or AAVVvI2S8)
(titer: 3.5x10" vg/mL) was injected into the suprachoroidal space (SCS)
along 4 mm of the corneal limbus of the cynomolgus monkey’s eyes.
After injection, each group of monkeys received about 1 to 2 drops of
oxyfloxacin eye ointment in both eyes to maintain corneal wetting and
prevent infection.

Quantitative RT-PCR (qRT-PCR) and qPCR
The eGFP mRNA expression levels in AAV8 and AAVS variants after
intravitreal injection in mice were assessed by QRT-PCR®*#*,
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Specifically, gene expression of the eGFP was analyzed, indicating the
different transduction efficiency of AAV8 and AAVS variants. Briefly,
mice where sacrificed at D28 and retinal tissues were harvested. Total
RNA was extracted from retinal tissues using a Macherey-Nagel RNA
extraction kit (MN, #740984.50) according to the manufacturer’s
protocol. RNA quality and quantity were assessed using a DeNovix DS-
11 FX Series of Spectrophotometers/Fluorometers (DeNovix) and 25 pL
of RNA was then reverse transcribed to cDNA by using High Capacity
cDNA reverse transcriptase kit (Thermo, #4368814). And TagMan gene
assays was used to quantify the mRNA expression level on a Real-time
PCR System (Roche). Using the TaKaRa MiniBEST Viral DNA Extraction
Kit (TaKaRa, #9766), the genome copies in the retinas of mice or
rabbits treated with AAV8 and AAVv128 were extracted and quantified
using qPCR. The eGFP and mCherry primers were described above.
Relative gene expression to endogenous control was calculated using
the formula 2%, where ACt represented the magnitude of the differ-
ence between cycle threshold (Ct) values of the target and endogenous
control (GAPDH, tfRC), and the result expressed as a percentage of the
mean value of the control group.

Optical Coherence Tomography (OCT) and Fundus Fluores-
cence angiography (FFA) Examination

In the experimental procedure, mice were first anesthetized with 2.5%
pentobarbital sodium (approximately 25mg/kg), administered via
intraperitoneal injection. To facilitate examination, their pupils were
dilated using Mydrin-p (Compound Tropicamide Eye Drops, eye
instillation, 1-2 drops/eye). OCT imaging was performed using the
Micron IV retinal imaging system (phoenix micron IV). A rapid linear
scan centered on the injection site was conducted to obtain images
confirming the completion of dose administration. The OCT and fun-
dus photographic camera system were operated simultaneously dur-
ing the examination to capture comprehensive retinal information.
After the procedure, to prevent infection, 1-2 drops of ofloxacin eye
ointment were administered to each animal.

Non-human primates (NHPs) underwent SLO using the Spectralis
HRA OCT (Heidelberg) at Dayl4 after rAAV injections. Confocal SLO
was used to capture fluorescence images using 488-nm excitation
light. Images were captured from the central macula and from the
peripheral retina in regions of visible eGFP fluorescence by manually
steering the Spectralis HRA OCT. For FFA examination, NHPs were
anesthetized and their pupils were dilated using Mydrin-p. Imgae
acquisition was performed by Spectralis HRA (Heidelberg), and mon-
keys were quickly injected with fluorescein sodium (20 mg/kg) via
saphenous veins of lower limb (or other suitable sites). Both early-
phase (within approximately 1min) and late-phase (after approxi-
mately 5min) fundus angiograms were acquired. Pentobarbital
sodium (i.v., approximately 10-80 mg/monkey) was given to animals to
maintain anesthesia during the study process. After the operation, 1-2
drops of Ofloxacin Eye Ointment were given to animals for anti-
infection.

Laser-induced CNV model in NHPs

NHPs were anesthetized with 2.5 % pentobarbital (25 mg/kg) intrave-
nously. To maintain corneal moisture during anesthesia, a small
amount of oxyfloxacin eye ointment was occasionally applied. After
the NHPs were adequately anesthetized and the pupils were dilated
using tropicamide drops, the head of the monkey was positioned in
front of an ophthalmic laser photocoagulator. The laser (Vitra 532 nm)
was mounted on a slit lamp using an adapter and the beam was
directed onto the retina using a contact lens (Mainster wildfield laser
lens). Laser photocoagulations were performed in the perimacular
area of the monkey eyes. Lesions were placed in the macula with six
spots. Laser lesions were placed in a circular fashion around the macula
about one disk diameter from the foveal center. Care was taken to
avoid lasering the fovea. Photocoagulation used laser energy to create

controlled burns in specific areas of the retina. The laser parameters
used for photocoagulation typically included a spot diameter of
50 pm, an energy range of 0.5 to 0.7W, and an exposure time of
0.05seconds. The criteria for successful photocoagulation are the
presence of visible bubbles, indicating that Bruch’s membrane (a layer
of the retina) has been disrupted.

The purity of rAAV capsids was measured by SDS-PAGE

60 pL of rAAV samples at a concentration of 1.0 x 10" vg/mL were
mixed with 20pL of 4x loading buffer containing 10%
2-mercaptoethanol. These samples were then placed in a 90 °C water
bath for 10 minutes and then centrifugated at 15,000 x g for 5 minutes.
For SDS-PAGE analysis, 10 pL of samples were loaded onto a 10% gel
and electrophoresed at 80V for 30 minutes. The voltage was then
increased to 120 V. Electrophoresis was stopped when the bromo-
phenol blue dye migrated to the bottom of the gel. The gel was then
placed in a destaining dish. Then, 50 ~ 60 mL of SYPRO Ruby staining
solution (Invitrogen™, # S12000) was added to the dish and the gel was
stained for 5 hours. After staining, 50 ~100 mL of an aqueous solution
containing 10% ethanol and 7% formic acid was added to the dish for
decolorization. The gel was destained for 30 ~ 60 minutes and then
imaged with a gel imaging system.

Sedimentation velocity analytical Ultracentrifugation (SV-AUC)
and TEM assays

SV-AUC experiments were carried out at Tsinghua University using
Beckman Coulter cells equipped with 12-mm, two-sector centerpieces
and Sapphire windows. Before analysis, the sample and reference sec-
tors were filled with 390 L of the sample and 410 pL of buffer (pH 6.0,
same as sample buffer), respectively. The cell was then fixed into an
eight-cell rotor and mounted in the instrument, allowing it to equili-
brate for 1 hour after reaching vacuum and the set temperature of 20°C.
The absorbance signal was recorded at 230 nm for 100 scans within the
radius range of 6.15~7.25cm, and the sample was centrifuged at a
speed of 35,500 xg. The wavelength of 230 nm was chosen for better
sensitivity and to minimize response bias between empty and full AAV
capsids. SEDFIT software was used to process the SV-AUC data.

For transmission electron microscope (TEM) assays, 20 pL of AAV
samples with a concentration of 1.0x10" vg/mL were applied to a
carbon support membrane. After a 3-minute incubation, excess liquid
at the membrane’s edge was absorbed using filter paper, leaving a
small amount of sample on the membrane. Next, 50 pL of a 3% phos-
photungstic acid (Thermo, # 040116) negative staining solution was
applied to the membrane and allowed to stand for another 3 minutes.
Any excess liquid was absorbed using filter paper, and if needed, the
membrane was placed under an irradiation lamp to aid drying. Finally,
the treated membrane was fixed using specialized equipment and
examined wusing a Tecnai G2 F20 transmission electron
microscope (TEM).

Heparan sulfate proteoglycan (HSPG) binding assays

200 puL of rAAV samples at a concentration of 1x10'° vg/mL were
added to 0.2 g of HSPG medium (Cytiva, #17-0407-01). After vortexing
the mixture every ten minutes, it was allowed to stand at room tem-
perature for thirty minutes. After 30 minutes of incubation with the
above complexes, the PVDF membrane (Millipore, #IEVH85R) was
rinsed twice with 0.5% PBST for five minutes each. The membrane was
then incubated with a 5% skim milk solution for 60 minutes at room
temperature and then incubated overnight at 4 °C with HSPG2-specific
polyclonal antibody (Proteintech, #19675-1-AP). The membrane was
then incubated with HRP-conjugated goat anti-rabbit antibody
(Beyotime, #A0208, 1:5000) for 60 minutes at room temperature. The
PVDF membrane was then recoated with 0.5% PBST three times for
5 minutes each. Finally, a Bio-Rad gel imager was used to visualize the
membrane.
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Cell transduction and Enzyme-linked immunosorbent assays
(ELISASs)

Depending on genomic titer, the rAAV sample were aspirated into
sterile low adsorption Ep tubes (eppendorf), and then 3.6x10° ARPE19
cells (ATCC, #ATCC®CRL2302TM), HeLaRC32 cells (ATCC, #CRL-
2972™) or HEK293 cells, 10% FBS, supplemented with DMEM, MEMa or
DMEM /F12 complete medium (Gibco, # 11320-033) to 600 pL were
mixed with rAAV gently. In a 12-well plate, 500 pL of a mixture of rAAV
and cells was added to each well (i.e. 3x10° total cells, 6x10" vg total
virus, 1.2x10" vg/mL virus concentration, MOI = total virus/number of
cells = 2x10° in each well) and three replicates of each sample were
prepared. The cell cultures were placed in culture for 72 + 1 hour. At the
incubation, the cell plates were frozen and thawed at —-65°C for 3
times, and ELISA assays were performed to measure the levels of anti-
VEGF protein.

Briefly, high-binding 96-well ELISA plates (Costar, #42592) were
coated overnight at 4 °C with purified recombinant human VEGF
(R&D, #293-VE-050) diluted in DPBS. Then, VEGF165 was removed
and wells were washed 3 times with 1xPBS followed by blocking for
2 hours at 37 °C with 5% BSA in PBS. Blocking solution was removed
and ARPE19, HeLaRC32 or HEK293 cell supernatants and standards
containing anti-VEGF protein were added to the wells and incubated
for 1 hour at 37 °C. Following incubation, wells were washed 5 times
with 1xPBS. Bound anti-VEGF protein was detected using an HRP-
conjugated anti-human VEGFR1, anti-VEGFR1 antibody (R&D,
#MAB321) and incubated at 37°C for 1.5hours. The plates were
washed 5 times with 1xPBS and 100 pL TMB peroxidase substrate
solution (R&D, #DY999) was added. The reaction was stopped by
the addition of 50 pL of 2 mol/L H,SO, and then measured optical
density (OD) at 450 nm (TECAN, Switzerland). The blood VEGF
expression level of NHP was detected by commercial V-PLEX Plus
NHP VEGF Kit (MSD, #K156RHG-1).

Immunofluorescence analysis

Mice, rabbit or non-human primate where sacrificed at the designated
time, and their eyes were collected for further analysis. The harvested
eyes were fixed in FAS Eye fixative (Servicebio, #G1109) overnight at
4 °C. The fixed eyes were embedded in a 1:1 mixture of optimal cutting
temperature (OCT) compound (Tissue-Tek, #4583) and 30% sucrose.
The embedded eyes were cryo-sectioned at a thickness of Sum using a
Leica EM UC7 cryostat. The cryo-sectioned retina tissue sections were
blocked with a blocking solution consisting of 5% goat serum in PBS
with 0.1% Triton X-100 for 1hour at room temperature. The tissue
sections were incubated overnight at 4 °C in blocking solution con-
taining primary antibodies (anti-eGFP, 1:800, Invitrogen, #A11122; anti-
Rhodopsin, 1:200, Invitrogen, #PA5-85608; anti-Arcchis hypogaea,
1:100, Invitrogen, #132460; anti-Calbindin D28K, 1:100, Invitrogen,
#PA1-931; anti-GFAP, 1:200, Invitrogen, #MAS5-12023; anti-CHX10,
1:100, Invitrogen, #PA5-85404; anti-RPE65, 1:200, Invitrogen, #PAS5-
110315; anti-RBPMS, 1:200, Invitrogen, #PA5-31231; anti-PROX1, 1:200,
Invitrogen, #PA5-85552; anti-GS, 1:200, Invitrogen, #MA5-27749). The
stained retina tissue sections were washed three times in 1x PBS to
remove any unbound primary antibodies and reduce background
signal. Following the washing steps, the tissue sections were incubated
with a secondary antibody (goat anti-rabbit, 1:2000, Invitrogen,
#A32740) for 2 hours at room temperature. After incubation with the
secondary antibody, the tissue sections were washed three times to
remove any unbound secondary antibody. The sections were then
stained with 4’,6-diamidino-2-phenylindole (DAPI, Thermo, # D3571), a
fluorescent dye that binds to DNA and highlights cell nuclei. The
stained slides were examined using digital scanning and viewing soft-
ware, such as the Olympus SpinSR10 spinning disc confocal super-
resolution microscope (JAPAN, OlyVIA). Global retinal images (10x
tiled retinal sections) and high-magnification images (60x region
specific areas) were collected at the same intensity and exposure

thresholds for each respective magnification. For high-magnification
images, the parameter was as follows: OBIS Laser 405, 50%; OBIS Laser
488, 30%; OBIS Laser 561, 30%. And the fluorescence pixel intensity and
mean pixel intensity per pixel area were quantified using Image )
(National Institutes of Health, NIH).

The thermal stability of rAAV vector was determined by differ-
ential scanning fluorimetry (DSF) analysis using Uncle

Thermal denaturation of rAAV involves genome ejection and capsid
disruption®. Uncle (Unchained Labs) can track genome ejection with
DNA binding fluorescent dyes to determine a melting temperature
(T) based on DNA release’. For capsid stability experiments, SYBR™
Gold 10,000% in DMSO (Thermo, #S11494) was diluted to a 400x
working stock in PBS (pH 7.4, Corning). rAAV samples (titer: 5x10” vg/
mL) were adjusted to different pH levels ranging from pH 7 to pH 4.
The samples were then centrifuged for 60 seconds at 14,000 xg in a
benchtop centrifuge to remove any large particles. 9 pL of each rAAV
sample, along with 20x SYBR™ Gold, a set of standards, and a well of
buffer alone, were tested using the Capsid Stability & DLS (Dynamic
Light Scattering) application on Uncle. SYBR™ Gold was excited with a
473 nm laser. DLS readings involved acquiring four acquisitions of
5seconds each. The samples were heated from 25 °C to 95 °C at a rate
of 0.5°C/minute while continuously monitoring the fluorescence. At
95 °C, a final DLS reading was taken. The samples were cooled back to
25 °C, and a final fluorescence measurement was taken. The area under
the fluorescence intensity curves from 500-650 nm was calculated
using Uncle Analysis software. The Tm values was defined as the
maximum Asignal/Atemp detected between 25 and 95°C. Tm repre-
sents the temperature at which significant genome ejection and capsid
disruption occur.

The infectious titer of rAAV was assessed by a 96-well TCIDso
format and qPCR

HeLaRC32 cells (2x10* cells/well) were seeded into 96-well plates. After
an incubation period of 18-24 hours, the cells were infected with
human adenovirus 5 (Ad5, ATCC, #VR-1516™) at the saturating con-
centration of 8x10° vg per well*®. Following the infection, the cells were
further incubated for 72hours to allow for viral replication and
expression. After this incubation period, the cells were lysed, and
2.5uL of lysate from each well was analyzed by using a real-time
quantitative PCR (qPCR) assay. The qPCR primers used in the assay
were as follows: Forward, 5-GCTACTGTCAATGGCCACCT-3’, Reverse,
5-TCCCACAGACAGCTCAATGC-3, Probe, 5-FAM-TGTGGTGCTGAG
CCCATCCCA-BHQI1-3'. Based on the qPCR results, the wells inoculated
with the serial dilutions of rAAV samples were scored for the presence
or absence of the virus. The TCIDsq (infectivity) was then calculated
using the Spearman-Karber’s method.

The pl of the AAV capsid was measured by Capillary Isoelectric
Focusing (clIEF)

To prepare the rAAV sample for desalting, the following steps were
performed®. Mix 100 pL of rAAV sample which has a titer of 1.0x10"
vg/mL, with 400 pL of ddH,0. Centrifuge at 9,000xg for 10 minutes
using an Amicon® Ultra-0.5 device (Merck, 10 K, #UFC501096). Then,
400 pL of ddH,0 was added and centrifuged at 9,000xg for 10 min-
utes. The centrifuged sample was collected and adjust its volume to
100 pL using ddH,0. Next, for the cIEF analysis, the following steps
were performed: the master-mix solution was prepared by combining
200 pL of 3M urea-clEF gel solution, 12 uL of ampholytes (cytiva,
#17045601, pH 3 ~10), 20 pL of cathodic stabilizer (500 mM Arginine),
2 pL of anodic stabilizer (200 mM iminodiacetic acid) and 2 pL of each
pl marker (such as pl Marker 9.5, pl marker 5.5, pl marker 4.1 from
Beckman, #A58481). 10 pL of desalted rAAV samples were mixed with
240 pL of master-mix solution. And transferred into a PASOO Plus
instrument (Sciex) for clEF analysis.
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Neutralizing antibody assays

Neutralizing antibody (Nab) assays were performed on cynomolgus
monkey sera using a cell-based AAV-CBA-luciferase or AAV-CBA-eGFP
transduction inhibition assay®**°. Briefly, the NHPs venous blood
samples were collected into serum-separating vacutainer tubes (BD,
#367820) and serum supernatant was isolated using centrifuging at
1,500xg for 10 minutes. The study samples were heat-inactivate serum
by heating at 56 °C for 30 minutes and then were diluted 10-fold with
DMEM/F12 complete medium. 60 pL of diluted samples mixed with
60 pL of 2x10" vg/mL AAV-CBA-Luciferase at a MOI of 1.2x 10° and then
co-incubated at 37 °C for 1hour. 50 pL of co-incubated solution was
transferred into the ARPE19 cells (1x10* cells/well) in 96-well plate
(Corning, #9018). Twenty-four hours later, the Bright-Glo Luciferase
assay was measured according to the manufacturer’s protocol (Pro-
mega, #E2620). Reading RLU values used the chemiluminescence
detection module of the multimode microplate reader (Cytation 5).
Nab blockade (Blockade, %) is a signal inhibition ratio, a decision value
to determine whether the serum samples are Nab-positive. Nab
blockade greater than or equal to 50% is defined as Nab-positive;
otherwise, it is Nab-negative.

We used serum samples from NHPs that were proven to be posi-
tive or negative for AAV8 Nab to test the AAVv128 capsid for Nab
escape. Briefly, ARPE19 cells were seeded at 1x10* per well with DMEM/
F12 containing 10% fetal bovine serum (FBS) at 37 °C with 5% CO, in 96-
well plates. The following day, the serum samples were diluted in
DMEM/F12 + heat inactivated serum using the following dilutions of
primate serum: 1:2, 1:10, 1:50, 1:100, 1:250, 1:500, 1:1000, 1:2500,
1:5000, and 1:10000, and mixed with AAV8-CBA-Luciferase or
AAVV128-CBA-Luciferase vector (1.2x10" vg/cell). The mixtures were
incubated at 37 °C for 1 hour before adding to the prepared ARPE19
cells. And then, the Bright-Glo Luciferase assay was measured after
incubating 24 hours.

AAV binding, trafficking and expression assay

For AAV binding studies, ARPE19 and HeLaRC32 cells were seeded at
3x10° cells/well in 12-well plates and incubated 16 ~ 24 h. Cells were
placed to prechilled at 4 °C for 30 min and then the medium was then
changed to 1000 pL ice-cold serum-free medium containing rAAVs-
CBA-eGFP at 4 °C for 1hour (capsid: AAV8 or AAVVI2S8, rAAV titer,
1.5x10" vg/well for HeLaRC32 cells, MOI =5x10* 1.5x10" vg/well for
ARPE19 cells, MOI =5x10%), followed by three washes with ice-cold
phosphate-buffered saline (PBS). After gathering cells that had bound
rAAVs, viral genomic DNA was isolated and subjected to qPCR
measurement.

For cellular uptake studies, following removal of unbound rAAVs,
cells were incubated in MEMa or F12 medium containing 10% fetal
bovine serum at 37 °C and 5% CO, for 1 hour. And then, medium was
removed, and cells were treated with 0.05% trypsin to dissociate cell-
surface associated rAAVs. Cells were transferred to Eppendorf tubes
and washes three times with cold PBS. Total viral genomic DNA for
quantification was then extracted as described above.

For interrogation of nuclear uptake, HeLaRC32 cells were see-
ded at 1.0x10° cells/well in 6-well plates and incubated 16 - 24 hours.
Cells were placed to prechilled at 4°C for 30 min and then the
medium was then changed to 1000 pL ice-cold serum-free medium
containing rAAVs-CBA-eGFP at 4°C for lhour (capsid: AAV8 or
AAVV128, rAAV titer, 5x10" vg/well for HeLaRC32 cells, MOI = 5x10°),
followed by three washes with ice-cold PBS. Cells were harvested
after 4 hours, 6 hours of incubation. Cells which cytoplasmic and
nuclear fractions were extracted with the NE-PER™ Nuclear and
Cytoplasmic Extraction Reagents kit (Thermo, #78833). Total viral
genomic DNA for quantification was then extracted as descri-
bed above.

For AAV expression assay, ARPE19 and HeLaRC32 cells were see-
ded at 3.0x10° cells/well in 12-well plates and incubated 16 -24 h.

1.5x10" vg rAAV samples or 1.5x10" vg rAAV samples were added to the
ARPE19 or HeLaRC32 cells, respectively. Cells were harvested after
16 hours, 24 hours, 40 hours, 48 hours, 60 hours and 72 hours of
incubation. The protein expression levels were determined by ELISA,
as described above.

Cryo-EM

In the described experiment, the following steps were taken to obtain a
cryo-electron microscopy (cryo-EM) map of the AAVv128 sample: a
total of 2.5 pL of AAVVI2S (titer,1.0x10" vg/mL) was applied to H,/O,
glow-discharged 300-mesh Quantifoil R 1.2/1.3 grids (Quantifoil, Micro
Tools GmbH, Germany), and subsequently blotted using a FEI Vitrobot
and then frozen in liquid ethane. The grids were imaged on a Thermo
Fisher Krios G4 microscope (Thermo Fisher Scientific, USA) equipped
with a cold field-emission gun, a Selectris X energy filter and a Falcon 4
detector. The energy filter was operated with a slit width of 10 eV to
remove inelastically scattered electrons. Image stacks were collected
using EPU software at a pixel size of 0.73 A/pixel with a total dose of
50 e/A2 2,041 image stacks were subjected to beam-induced motion
correction and CTF estimation using cryoSPARC’®. 728,557 particles
were picked automatically and were extracted with a box size of 448
pixels. After several rounds of 2D and 3D classifications, 135,554 par-
ticles were used to perform Ab-initio Reconstruction and Hetero-
genous Refinement. Afterward, the candidate model and 90,744
particles were selected and refined using Homogeneous Refinement
with I symmetry applied to generate the final cryo-EM map at a 2.08 A
resolution. Local resolution ranges were also analyzed within cryoS-
PARC according to the gold-standard Fourier shell correlation (FSC)
cut-off of 0.143.

Structure refinement

The atomic model of AAVv128 was built based on the structure of AAV8
(PDB ID: 6V12). The structure of AAV8 was docked into the EM density
map by using UCSF Chimera®, this was then followed by iterative
manual fitting adjustment in Coot® and real space refinement in
PHENIX®?. The VR-VIII loop was manually mutated to the correspond-
ing amino acids in the model. All figures were made using UCSF
ChimeraX®* and PyMOL (www.pymol.org)®.

Statistical analysis

All statistical analyses were performed by using GraphPad Prism 8.0
(Graphpad). Two-sided Student’s t-test and one-way ANOVA were used
for data comparison. P values less than 0.05 were considered statisti-
cally significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mode and map of AAVv128 underlying Fig. 6, Supplementary
Table 7 and Supplementary Fig. 5 is available at the RCSB Protein Data
Bank PDB: 8JRE and the Electron Microscopy Database: EMD-36594,
respectively. PDB codes of previously published structures used in this
study are 6VI2 (AAVS8). All other data associated with this study are
present in the paper or the Supplementary Materials. Source data for
each relevant figure is provided in a Source Data file. Source data are
provided with this paper.

References

1. Hsu, H.-L. et al. Structural characterization of a novel human adeno-
associated virus capsid with neurotropic properties. Nat. Commun.
11, 3279 (2020).

2.  Mendell, J. R. et al. Current clinical applications of in vivo gene
therapy with AAVs. Mol. Ther. 29, 464-488 (2021).

Nature Communications | (2024)15:3780

16


https://www.pymol.org
https://doi.org/10.2210/pdb8JRE/pdb
https://www.emdataresource.org/EMD-36594

Article

https://doi.org/10.1038/s41467-024-48221-4

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Hastie, E. & Samulski, R. J. Adeno-associated virus at 50: a golden
anniversary of discovery, research, and gene therapy success-a
personal perspective. Hum. Gene Ther. 26, 257-265 (2015).

Li, C. & Samulski, R. J. Engineering adeno-associated virus vectors
for gene therapy. Nat. Rev. Genet 21, 255-272 (2020).

Wang, D., Tai, P. W. L. & Gao, G. Adeno-associated virus vector as a
platform for gene therapy delivery. Nat. Rev. Drug Discov. 18,
358-378 (2019).

Yla-Herttuala, S. Endgame: glybera finally recommended for
approval as the first gene therapy drug in the European union. Mol.
Ther. 20, 1831-1832 (2012).

Dunbar, C. E. et al. Gene therapy comes of age. Science 359,
eaan4672 (2018).

Keeler, A. M. & Flotte, T. R. Recombinant adeno-associated virus
gene therapy in light of luxturna (and zolgensma and glybera):
where are we, and how did we get here? Annu Rev. Virol. 6,
601-621 (2019).

Tai, C.-H. et al. Long-term efficacy and safety of eladocagene exu-
parvovec in patients with AADC deficiency. Mol. Ther. 30,
509-518 (2022).

Blair, H. A. Valoctocogene roxaparvovec: first approval. Drugs 82,
1505-1510 (2022).

Heo, Y.-A. Etranacogene dezaparvovec: first approval. Drugs 83,
347-352 (2023).

Dalkara, D. et al. In vivo-directed evolution of a new adeno-
associated virus for therapeutic outer retinal gene delivery from the
vitreous. Sci. Transl. Med. 5, 189ra176 (2013).

Ail, D., Malki, H., Zin, E. A. & Dalkara, D. Adeno-Associated Virus
(AAV) - based gene therapies for retinal diseases: where are we?
Appl Clin. Genet 16, 111-130 (2023).

Bryant, D. H. et al. Deep diversification of an AAV capsid protein by
machine learning. Nat. Biotechnol. 39, 691-696 (2021).

Koerber, J. T., Jang, J.-H. & Schaffer, D. V. DNA shuffling of adeno-
associated virus yields functionally diverse viral progeny. Mol. Ther.
16, 1703-1709 (2008).

Maheshri, N., Koerber, J. T., Kaspar, B. K. & Schaffer, D. V. Directed
evolution of adeno-associated virus yields enhanced gene delivery
vectors. Nat. Biotechnol. 24, 198-204 (2006).

Ogden, P. J., Kelsic, E. D., Sinai, S. & Church, G. M. Comprehensive
AAV capsid fitness landscape reveals a viral gene and enables
machine-guided design. Science 366, 1139-1143 (2019).

Paulk, N. K. et al. Bioengineered AAV Capsids with Combined High
Human Liver Transduction In Vivo and Unique Humoral Seror-
eactivity. Mol. Ther. 26, 289-303 (2018).

Yang, L. et al. A myocardium tropic adeno-associated virus (AAV)
evolved by DNA shuffling and in vivo selection. Proc. Natl Acad. Sci.
USA 106, 3946-3951 (2009).

Zinn, E. et al. In silico reconstruction of the viral evolutionary lineage
yields a potent gene therapy vector. Cell Rep. 12, 1056-1068 (2015).
Freund, K. B., Mrejen, S. & Gallego-Pinazo, R. An update on the
pharmacotherapy of neovascular age-related macular degenera-
tion. Expert Opin. Pharmacother. 14, 1017-1028 (2013).

Mitchell, P., Liew, G., Gopinath, B. & Wong, T. Y. Age-related
macular degeneration. Lancet 392, 1147-1159 (2018).

Reid, C. A., Nettesheim, E. R., Connor, T. B. & Lipinski, D. M. Devel-
opment of an inducible anti-VEGF rAAV gene therapy strategy for
the treatment of wet AMD. Sci. Rep. 8, 11763 (2018).
Schmidt-Erfurth, U. et al. Guidelines for the management of neo-
vascular age-related macular degeneration by the European
Society of Retina Specialists (EURETINA). Br. J. Ophthalmol. 98,
144-1167 (2014).

Li, Y. et al. A novel model of persistent retinal neovascularization for
the development of sustained anti-VEGF therapies. Exp. Eye Res.
174, 98-106 (2018).

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

D’Amico, D. J. et al. Pegaptanib sodium for neovascular age-related
macular degeneration: two-year safety results of the two pro-
spective, multicenter, controlled clinical trials. Ophthalmology 113,
992-1001 (2006).

Patel, D., Patel, S. N., Chaudhary, V. & Garg, S. J. Complications of
intravitreal injections: 2022. Curr. Opin. Ophthalmol. 33,

137-146 (2022).

Pece, A., Allegrini, D., Montesano, G. & Dimastrogiovanni, A. F.
Effect of prophylactic timolol 0.1% gel on intraocular pressure after
an intravitreal injection of ranibizumab: a randomized study. Clin.
Ophthalmol. 10, 1131-1138 (2016).

Bouquet, C. et al. Immune response and intraocular inflammation in
patients with leber hereditary optic neuropathy treated with intra-
vitreal injection of recombinant adeno-associated virus 2 carrying
the ND4 gene: a secondary analysis of a phase 1/2 clinical trial.
JAMA Ophthalmol. 137, 399-406 (2019).

ADVERUM. Adverum Biotechnologies Provides Update on the
INFINITY Trial Evaluating ADVM-022 in Patients with Diabetic
Macular Edema. https://investors.adverum.com/news/news-
details/2021/Adverum-Biotechnologies-Provides-Update-on-the-
INFINITY-Trial-Evaluating-ADVM-022-in-Patients-with-Diabetic-
Macular-Edema-2021-4-28-2021-4-28/default.aspx (2021).

Sahu, B., Chug, I. & Khanna, H. The Ocular Gene Delivery Land-
scape. Biomolecules 11, 1135-1145 (2021).

Raghava, S., Hammond, M. & Kompella, U. B. Periocular routes for
retinal drug delivery. Expert Opin. Drug Deliv. 1, 99-114 (2004).
Yiu, G. et al. Suprachoroidal and Subretinal Injections of AAV Using
Transscleral Microneedles for Retinal Gene Delivery in Nonhuman
Primates. Mol. Ther. Methods Clin. Dev. 16, 179-191 (2020).
Igarashi, T. et al. Direct comparison of administration routes for
AAV8-mediated ocular gene therapy. Curr. Eye Res. 38,

569-577 (2013).

DiMattia, M. A. et al. Structural insight into the unique prop-
erties of adeno-associated virus serotype 9. J. Virol. 86,
6947-6958 (2012).

Gurda, B. L. et al. Mapping a neutralizing epitope onto the capsid of
adeno-associated virus serotype 8. J. Virol. 86, 7739-7751 (2012).
Hull, J. A., Mietzsch, M., Chipman, P., Strugatsky, D. & McKenna, R.
Structural characterization of an envelope-associated adeno-asso-
ciated virus type 2 capsid. Virology 565, 22-28 (2022).

Lerch, T. F. et al. Structure of AAV-DJ, a retargeted gene therapy
vector: cryo-electron microscopy at 4.5 A resolution. Structure 20,
1310-1320 (2012).

Lerch, T. F., Xie, Q. & Chapman, M. S. The structure of adeno-
associated virus serotype 3B (AAV-3B): insights into receptor
binding and immune evasion. Virology 403, 26-36 (2010).
Mietzsch, M. et al. Comparative Analysis of the Capsid Structures of
AAVrh.10, AAVrh.39, and AAVS. J. Virol. 94, e01769-19 (2020).
Silveria, M. A., Large, E. E., Zane, G. M., White, T. A. & Chapman, M. S.
The Structure of an AAV5-AAVR Complex at 2.5 A Resolution:
Implications for Cellular Entry and Immune Neutralization of AAV
Gene Therapy Vectors. Viruses 12, 1326-1343 (2020).

Xie, Q., Lerch, T. F., Meyer, N. L. & Chapman, M. S. Structure-
function analysis of receptor-binding in adeno-associated virus
serotype 6 (AAV-6). Virology 420, 10-19 (2011).

Crosson, S. M. et al. Effects of Altering HSPG Binding and Capsid
Hydrophilicity on Retinal Transduction by AAV. J. Virol. 95, e02440-
20 (2021).

Akache, B. et al. The 37/67-kilodalton laminin receptor is a receptor
for adeno-associated virus serotypes 8, 2, 3, and 9. J. Virol. 80,
9831-9836 (2006).

Lussi, C., de Martin, E. & Schweizer, M. Positively Charged Amino
Acids in the Pestiviral Erns Control Cell Entry, Endoribonuclease
Activity and Innate Immune Evasion. Viruses 13, 1581-1598 (2021).

Nature Communications | (2024)15:3780

17


https://investors.adverum.com/news/news-details/2021/Adverum-Biotechnologies-Provides-Update-on-the-INFINITY-Trial-Evaluating-ADVM-022-in-Patients-with-Diabetic-Macular-Edema-2021-4-28-2021-4-28/default.aspx
https://investors.adverum.com/news/news-details/2021/Adverum-Biotechnologies-Provides-Update-on-the-INFINITY-Trial-Evaluating-ADVM-022-in-Patients-with-Diabetic-Macular-Edema-2021-4-28-2021-4-28/default.aspx
https://investors.adverum.com/news/news-details/2021/Adverum-Biotechnologies-Provides-Update-on-the-INFINITY-Trial-Evaluating-ADVM-022-in-Patients-with-Diabetic-Macular-Edema-2021-4-28-2021-4-28/default.aspx
https://investors.adverum.com/news/news-details/2021/Adverum-Biotechnologies-Provides-Update-on-the-INFINITY-Trial-Evaluating-ADVM-022-in-Patients-with-Diabetic-Macular-Edema-2021-4-28-2021-4-28/default.aspx

Article

https://doi.org/10.1038/s41467-024-48221-4

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Patel, S. G. et al. Cell-penetrating peptide sequence and mod-
ification dependent uptake and subcellular distribution of green
florescent protein in different cell lines. Sci. Rep. 9, 6298 (2019).
Saadat, M. et al. Drug targeting strategies based on charge
dependent uptake of nanoparticles into cancer cells. J. Pharm.
Pharm. Sci. 22, 191-220 (2019).

Nguyen, G. N. et al. Novel factor VI variants with a modified furin
cleavage site improve the efficacy of gene therapy for hemophilia
A. J. Thromb. Haemost. 15, 110-121 (2017).

Vandenberghe, L. H. et al. Efficient serotype-dependent release of
functional vector into the culture medium during adeno-associated
virus manufacturing. Hum. Gene Ther. 21, 1251-1257 (2010).
Zincarelli, C., Soltys, S., Rengo, G. & Rabinowitz, J. E. Analysis of
AAV serotypes 1-9 mediated gene expression and tropism in mice
after systemic injection. Mol. Ther. 16, 1073-1080 (2008).
Gonzalez, T. J. et al. Cross-species evolution of a highly potent AAV
variant for therapeutic gene transfer and genome editing. Nat.
Commun. 13, 5947 (2022).

Horowitz, E. D. et al. Biophysical and ultrastructural characterization
of adeno-associated virus capsid uncoating and genome release. J.
Virol. 87, 2994-3002 (2013).

Gruntman, A. M. et al. Stability and compatibility of recombinant
adeno-associated virus under conditions commonly encountered
in human gene therapy trials. Hum. Gene Ther. Methods 26,

71-76 (2015).

Mietzsch, M., Pénzes, J. J. & Agbandje-McKenna, M. Twenty-five
years of structural parvovirology. Viruses 11, 362-395 (2019).
Gorbatyuk, O. S. et al. Biodistribution of adeno-associated virus
type 2 with mutations in the capsid that contribute to heparan
sulfate proteoglycan binding. Virus Res. 274, 197771 (2019).
Sullivan, J. A. et al. Rationally designed AAV2 and AAVrh8R capsids
provide improved transduction in the retina and brain. Gene Ther.
25, 205-219 (2018).

Vandenberghe, L. H. et al. Heparin binding directs activation of

T cells against adeno-associated virus serotype 2 capsid. Nat. Med.
12, 967-971 (2006).

Zolotukhin, S. & Vandenberghe, L. H. AAV capsid design: A Goldi-
locks challenge. Trends Mol. Med. 28, 183-193 (2022).

Becker, J., Fakhiri, J. & Grimm, D. Fantastic AAV gene therapy vec-
tors and how to find them-random diversification, rational design
and machine learning. Pathogens 11, 756-785 (2022).
Vandenberghe, L. H. et al. Dosage thresholds for AAV2 and AAV8
photoreceptor gene therapy in monkey. Sci. Transl. Med. 3,
88ra54 (2011).

Kim, H. M. & Woo, S. J. Ocular drug delivery to the retina: current
innovations and future perspectives. Pharmaceutics 13,

108-139 (2021).

Byrne, L. C. Anti-VEGF AAV2 injections: The fewer the better. Sci.
Transl. Med. 9, eaan4921 (2017).

Ross, M. et al. Outer retinal transduction by AAV2-7m8 following
intravitreal injection in a sheep model of CNGA3 achromatopsia.
Gene Ther. 29, 624-635 (2022).

Yin, L. et al. Intravitreal injection of AAV2 transduces macaque inner
retina. Invest. Ophthalmol. Vis. Sci. 52, 2775-2783 (2011).

Liu, Y. et al. AAV8-antiVEGFfab ocular gene transfer for neovascular
age-related macular degeneration. Mol. Ther. 26, 542-549 (2018).
Xiong, W. & Cepko, C. Distinct expression patterns of AAV8 vectors
with broadly active promoters from subretinal injections of neo-
natal mouse eyes at two different ages. Adv. Exp. Med Biol. 854,
501-507 (2016).

Song, L. et al. Serotype survey of AAV gene delivery via sub-
conjunctival injection in mice. Gene Ther. 25, 402-414 (2018).
Chung, S. H. et al. Host Immune Responses after Suprachoroidal
Delivery of AAV8 in Nonhuman Primate Eyes. Hum. Gene Ther. 32,
682-693 (2021).

69.

70.

7.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Ding, K. et al. AAV8-vectored suprachoroidal gene transfer pro-
duces widespread ocular transgene expression. J. Clin. Invest 129,
4901-4911 (2019).

Emami-Naeini, P. & Yiu, G. Medical and surgical applications for the
suprachoroidal space. Int Ophthalmol. Clin. 59, 195-207 (2019).
Moisseiev, E., Loewenstein, A. & Yiu, G. The suprachoroidal space:
from potential space to a space with potential. Clin. Ophthalmol. 10,
173-178 (2016).

Han, I. C. et al. Retinal Tropism and Transduction of Adeno-
Associated Virus Varies by Serotype and Route of Delivery (Intravi-
treal, Subretinal, or Suprachoroidal) in Rats. Hum. Gene Ther. 31,
1288-1299 (2020).

Hammadi, S. et al. Bruch’'s Membrane: A Key Consideration with
Complement-Based Therapies for Age-Related Macular Degenera-
tion. J Clin. Med. 12, 2870-2904 (2023).

Nakaizumi, Y. The ultrastructure of bruch’s membrane. II. eyes with
a tapetum. Arch. Ophthalmol. 72, 388-394 (1964).

Li, E., Donati, S., Lindsley, K. B., Krzystolik, M. G. & Virgili, G. Treat-
ment regimens for administration of anti-vascular endothelial
growth factor agents for neovascular age-related macular degen-
eration. Cochrane Database Syst. Rev. 5, CD012208 (2020).
Nguyen, T. N. T. et al. Mechanistic model for production of
recombinant adeno-associated virus via triple transfection of
HEK293 cells. Mol. Ther. Methods Clin. Dev. 21, 642-655 (2021).
Sena-Esteves, M. & Gao, G. Introducing genes into mammalian
cells: viral vectors. Cold Spring Harb. Protoc. 2020, 095513 (2020).
Havlik, L. P. et al. Coevolution of Adeno-associated Virus Capsid
Antigenicity and Tropism through a Structure-Guided Approach. J.
Virol. 94, e00976-20 (2020).

Vandamme, C. et al. Tetramer-Based Enrichment of Preexisting
Anti-AAV8 CD8+ T Cells in Human Donors Allows the Detection of a
TEMRA Subpopulation. Front Immunol. 10, 3110 (2019).
Rashnonejad, A., Chermahini, G. A., Li, S., Ozkinay, F. & Gao, G.
Large-Scale Production of Adeno-Associated Viral Vector Serotype-
9 Carrying the Human Survival Motor Neuron Gene. Mol. Bio-
technol. 58, 30-36 (2016).

Carbone, L. Pain management standards in the eighth edition of the
Guide for the Care and Use of Laboratory Animals. J. Am. Assoc. Lab
Anim. Sci. 51, 322-328 (2012).

Manfredi, A. et al. Combined rod and cone transduction by adeno-
associated virus 2/8. Hum. Gene Ther. 24, 982-992 (2013).

Kelly, R. et al. Time-Course of Alterations in the Endocannabinoid
System after Viral-Mediated Overexpression of a-Synuclein in the
Rat Brain. Molecules 27, 507-514 (2022).

Sanz, E., Bean, J. C., Carey, D. P., Quintana, A. & McKnight, G. S.
RiboTag: ribosomal tagging strategy to analyze cell-type-specific
mRNA expression in vivo. Curr. Protoc. Neurosci. 88, €77 (2019).
Bernaud, J. et al. Characterization of AAV vector particle stability at
the single-capsid level. J. Biol. Phys. 44, 181-194 (2018).

Tessier, J. et al. Characterization of adenovirus-induced inverted
terminal repeat-independent amplification of integrated adeno-
associated virus rep-cap sequences. J. Virol. 75, 375-383 (2001).
Li, T. et al. Rapid determination of full and empty adeno-associated
virus capsid ratio by capillary isoelectric focusing. Curr. Mol. Med.
20, 814-820 (2020).

Day, T. P., Byrne, L. C., Flannery, J. G. & Schaffer, D. V. Screening for
neutralizing antibodies against natural and engineered AAV capsids
in nonhuman primate retinas. Methods Mol. Biol. 1715,

239-249 (2018).

Meliani, A. et al. Determination of anti-adeno-associated virus vec-
tor neutralizing antibody titer with an in vitro reporter system. Hum.
Gene Ther. Methods 26, 45-53 (2015).

Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure deter-
mination. Nat. Methods 14, 290-296 (2017).

Nature Communications | (2024)15:3780

18



Article

https://doi.org/10.1038/s41467-024-48221-4

91. Pettersen, E. F. et al. UCSF Chimera-a visualization system for
exploratory research and analysis. J. Comput Chem. 25,
1605-1612 (2004).

92. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of Coot. Acta Crystallogr D. Biol. Crystallogr 66,
486-501 (2010).

93. Adams, P. D. et al. Advances, Interactions, and Future Develop-
ments in the CNS, Phenix, and Rosetta Structural Biology Software
Systems. Annu Rev. Biophys. 42, 265-287 (2013).

94. Goddard, T. D. et al. UCSF ChimeraX: Meeting modern challenges
in visualization and analysis. Protein Sci. 27, 14-25 (2018).

95. LLC, S. The PyMOL Molecular Graphics System, Version 3.0.
https://www.pymol.org/support.html? (2015).

Acknowledgements

We acknowledge the support by National Natural Science Foundation of
China (No. 81925036, 82320108020) and the Fundamental Research
Funds for the Central Universities. We would like to thank the Advanced
Bio-imaging Technology Platform of Guangzhou National Laboratory for
our Cryo-EM data collection. We acknowledge the support by Chengdu
Origen Biotechnology Co., Ltd for providing funds for NHPs research.

Author contributions

S Luo designed, executed, interpreted all the experiments and drafted
the paper; FJ. Liu executed and interpreted experiments relate to cryo-
EM; S Luo, H Jiang, QW Li and YF Qing, designed, executed, interpreted
experiments related to the rabbit and monkey pharmacodynamic tests;
S Luo, YF Qing executed and interpreted experiments related to intra-

vitreal injections in mice and rabbits; SP Yang, J Li, LL Xu, Y Gou and YF
Zhang performed biochemical and physiological properties of rAAV; X
Ke, Q Zheng and X Sun supervised the research and prepared the paper.

Competing interests

X Ke, Q Zheng, S Luo, H Jiang are inventor on patents with potential
royalties licensed to Chengdu Origen Biotechnology Co Ltd. Remaining
authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48221-4.

Correspondence and requests for materials should be addressed to
Xiao Ke, Qiang Zheng or Xun Sun.

Peer review information Nature Communications thanks Glenn Yiu,
Antonette Bennett and the other, anonymous, reviewer(s) for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:3780

19


https://www.pymol.org/support.html?
https://doi.org/10.1038/s41467-024-48221-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	An adeno-associated virus variant enabling efficient ocular-directed gene delivery across species
	Results
	Rational engineering and screening of AAV8-based capsid variants
	Subretinal injection of AAVv128 vector produces more robust transduction in different layers and cell types of mouse retinas
	The thermal stability of AAVv128 is comparable to AAV8 and shows stronger cell transduction in�vitro
	AAVv128 exhibits a more robust advantage in AAV binding, the nuclear uptake and endosome escaping
	Cryo-EM reveals VP3 VIII variable region of AAVv128 form stronger interaction with the surrounding amino acids and may act as a “zipper” for the “pocket”�loop
	AAVv128 outperforms AAV8 in intravitreal and suprachoroidal gene deliveries to rabbits and suprachoroidal gene delivery to�NHPs
	Suprachoroidal injection of AAVv128 vector can prevent nAMD by Laser-induced CNV and produces more robust transduction and inhibition of VEGF in NHP retinal tissues

	Discussion
	Methods
	Viral vector production and purification
	ddPCR for viral�titer
	AAV capsid mutant construction
	Animal�use
	Intraocular rAAV vector injections and clinical assessment
	Quantitative RT-PCR (qRT-PCR) and�qPCR
	Optical Coherence Tomography (OCT) and Fundus Fluorescence angiography (FFA) Examination
	Laser-induced CNV model in�NHPs
	The purity of rAAV capsids was measured by SDS-PAGE
	Sedimentation velocity analytical Ultracentrifugation (SV-AUC) and TEM�assays
	Heparan sulfate proteoglycan (HSPG) binding�assays
	Cell transduction and Enzyme-linked immunosorbent assays (ELISAs)
	Immunofluorescence analysis
	The thermal stability of rAAV vector was determined by differential scanning fluorimetry (DSF) analysis using�Uncle
	The infectious titer of rAAV was assessed by a 96-well TCID50 format and�qPCR
	The pI of the AAV capsid was measured by Capillary Isoelectric Focusing�(cIEF)
	Neutralizing antibody�assays
	AAV binding, trafficking and expression�assay
	Cryo-EM
	Structure refinement
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




