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ABSTRACT

Adeno-associated virus (AAV) vectors have been widely used in therapy to treat hereditary retinal diseases. But its transduction efficiency by intravitreal injection
still needs to be improved. In this study, we investigated the transduction efficiency of AAV-DJ (K137R)-GFP in different retinal cells of normal mice, as well as the
therapy effection of AAV-DJ (K137R)-Rs1 on retinal function and structure in Rs1-KO mice. The intravitreal injection of AAV-DJ (K137R)-GFP demonstrated that this
vector transduced cells in all layers of the retina, including the inner nuclear layer and photoreceptor layer. The intravitreal injection of AAV-DJ (K137R)-Rs1 found
that 3 months post-injection of this vector improved retinal function and structure in Rs1-KO mice. Our conclusion is that AAV-DJ (K137R) vector can efficiently and
safely penetrate the inner limiting membrane and transduce different layers of retinal cells in the long term, as well as being able to continuously and efficiently

express target therapeutic proteins, making it a candidate therapeutic vector for X-linked retinoschisis (XLRS).

1. Introduction

X-linked retinoschisis (XLRS) causes macular degeneration in males
and is characterized by structural changes in the retina [1,2]. Evidence
obtained using ocular coherence tomography (OCT) shows that intra-
retinal splitting can involve all retinal layers [3,4]. XLRS phenotypes
result from the loss of retinoschisin function [5-9]. Thus, basic coun-
termeasures for treating XLRS patients and Rs1-deficient mice (Rs1-KO)
is to replace the deleted retinoschisis protein via gene therapy.

AAV vectors have become among the most promising delivery sys-
tems for the treatment of hereditary retinal diseases [10-12]. They are
also suitable for use in the treatment of retinoschisis. Studies have shown
that the target gene can be effectively delivered to the retinal pigment
epithelium and photoreceptor layer through the subretinal injection of
the adeno-associated viral vector. However, subretinal injection is
relatively invasive. After intravitreal injection, although the damage
caused by the carrier is reduced, it remains difficult for the carrier to
penetrate the inner-boundary membrane and reach the inner retina
[13-15]. Currently, the only two adeno-associated viral vectors for
intravitreal injection used to treat eye disease have failed to achieve the
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expected therapeutic effects [15,16]. The search for a new vector of AAV
that can be used to safely and effectively treat intraocular retinal dis-
eases through intravitreal injection constitutes a reliable research and
development direction.

AAV-DJ can be transduced into retinal cells via a simple and easy
intravitreal injection [17], but its transduction efficiency still needs to be
improved. A promising approach to achieving higher transduction effi-
ciency is to rationally design mutations of tyrosine residues exposed on
the capsid surface. Currently, the main surface design mutants of the
AAV-DJ capsid is K137R. Its use leads to better transduction efficiency in
both in vitro experiments and in liver tissues than other vectors. How-
ever, the transduction efficiency of K137R vectors in other tissues re-
mains unknown. Thus, this study aims to confirm the transduction
efficiency of the AAV-DJ (K137R) mutant by testing its transduction
mode in the retina via intravitreal injection, and testing its therapeutic
effect on the XLRS diseases. This study is the first to use a
tyrosine-modified AAV-DJ vector for ophthalmic gene therapy. This
research lays the foundation for the development of new AAV-DJ mu-
tants and the long-term safe and effective treatment of inherited retinal
diseases.
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2. Materials and methods
2.1. Animals

C57 BL/6J mice and Rs1-KO mice were obtained from the Liaoning
Changsheng Biotechnology Co., Ltd. and bred at the He University.
Unless otherwise specified, all mice were housed in the He University
Animal Center Animal Care Services Facilities, following a 12-h light/
12-h dark cycle with less than 15 ft-c environmental illumination.
Rs1-KO mice used Rs1-201 as the target gene sequence for the gene
knockout. The natural history of the Rs1-KO model has been docu-
mented and validated. The phenotype was consistent with the clinical
phenotype of retinoschisis. Seventy C57 BL/6J mice(male = 42, female
= 28) and forty-one Rs1-KO mice(male = 24, female = 17) were used in
this study. Rs1-KO mouse models were homozygous X mutant mice, and
mouse phenotypes were included by uniform inclusion criteria, and
there was no difference in genotype and phenotype involved between
different genders. All experiments were approved by He university
Committee for Laboratory Animal Welfare and Ethical (IACUC Issue
No0.2022021501, Approval Date:20220506) and conducted in accor-
dance with the National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978).

2.2. Production of vectors

The AAVS8-GFP, AAV-DJ-GFP, AAV-DJ(K137R)-GFP, AAV-DJ-Rsl,
and AAV-DJ(K137R)-Rsl vectors were driven by the CBA promoter.
These vectors were prepared using the plasmid cotransfection method.
The AAV-GFP and its auxiliary plasmids were cotransfected into 293T
cells using the calcium carbonate method, and the virus was collected
72 h after transfection. The cells were centrifuged at 4000 rpm for 20
min, the supernatant was discarded, and the cell precipitates were
resuspended with 2 ml of PBS and stored at —20 °C. Then, the virus was
purified using cesium chloride density gradient centrifugation and the
venom was concentrated using a Millipore column. Viral titers were
determined using a quantitative polymerase chain reaction, and the final
preparation was diluted and subpackaged with phosphate-buffered sa-
line (PBS) before being stored at —80 °C.

2.3. Intraocular administration of vector

We administered 0.5 % tropicamide phenylephrine eye drops to
achieve quick mydriasis 30 min prior to anesthesia. We anesthetized the
mice with a mixture of Telazol (50 mg/kg) and xylazine (5 mg/kg
bodyweight). Then, 1 pL of target vectors (containing 1E10 genome
vector particles) was administered to the intravitreal space of mice,
including AAV8-GFP(N = 9), AAV-DJ-GFP(N = 36), AAV-DJ(K137R)-
GFP(N = 16), AAV-DJ-Rs1(N = 19), AAV-DJ(K137R)-Rs1(N = 15) and
PBS (vehicle,N = 9(C57 BL/6J), N = 7(Rs1-KO)). After all injections, 1 %
atropine eye drops and dexamethasone ophthalmic ointment were
administered.

2.4. Fundus photography

Fundus fluorescence imaging was performed using a digital fundus
camera (OPTO-RIS, Retinal Imaging System, OptoProbe, UK) at 14/21/
28/35 days and 3 months, 6 months, 12 months post-injection. This
followed the anaesthetization of animals and dilation of their pupils as
mentioned above. In order to further investigate the duration of AAV-DJ
(K137R) and AAV-DJ expression, we chose to continue feeding several
mice with fundus fluorescence, and observed the changes of fundus
fluorescence at 3 months, 6 months and 12 months after the injections.

2.5. Electroretinography

Mice were permitted to adapt to the dark over a period of 24 h, after
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which they were given an anaesthetization and their eyes were dilated.
The mice were then placed onto aheated platform (37 °C). Two gold-
wire electrodes were placed onto the corneal surface of eyes and con-
nected to a goldwire in the subcutaneous of overhead. A pin electrode in
the tail served as the ground. We performed the ERG procedure using an
OPTO - III visual electrophysiology instrument (Optoprobe, UK), as
described previously. The maximum mixing reaction amplification fac-
tor of the stimulus light parameters was 4K (low-frequency, 75 Hz; high-
frequency, 300 Hz; flash brightness, white light 600s/m2; flash stimulus,
5 ms; flash intensity, 3.0 cd s/m2; and stimulus interval, 15s).

2.6. Optical coherence tomography

Each layer of retinal thickness in mice was examined using a retinal
imaging system via optical coherence tomography (OCT, OPTOPROBE,
UK). Mice were anesthetized and their eyes were dilated using 0.5 %
tropicamide eye drops. Then, images were captured and retinal thick-
ness was calculated using an analysis software (Version 2.0, OptoProbe
Research Ltd. The two measurements were averaged to give a single
value for each retina. The corresponding neural retina thickness for
treated and untreated eyes was compared at 1000 m from the optic
nerve in the nasal and temporal retina by measuring the average dis-
tance from the vitreal face of the ganglion cell layer to the apical face of
the retinal pigment epithelium. The identity of the samples was masked
at the time of measurement.

2.7. Wholemounts and cryosections

Thirty-five days post-injection, the mice were euthanized in a hu-
mane manner. The eyes were then removed and fixed using a 4 %
paraformaldehyde solution in phosphate-buffered saline for 1 h. Sub-
sequently, the cornea and lens were removed. To create flat mounts, the
entire retina was carefully dissected from the eyecup and radial cuts
were made from the edges to the equator of the retina. For cryosections,
the eyecups were washed in phosphate-buffered saline and then
immersed in a 30 % sucrose solution in the same buffer overnight. The
eyes were subsequently embedded in optimal cutting temperature
embedding compound (Tissue-Tek, SAKURA, Japan) and oriented in
order to obtain 8 pm thick transverse retinal sections.

2.8. Immunohistochemistry

Tissue sections were incubated with 0.5 % Triton X-100 for 15 min,
and then washed three times with phosphate-buffered saline for 5 min
each. The sections were stained using RS1 Polyclonal antibody (Pro-
teintech) and a secondary antibody conjugated to CoraLite®488-Con-
jugated AffiniPure Goat Anti-Rabbit IgG(H + L) (Proteintech). Nuclei
were stained with DAPI before being finally sealed with an anti-
fluorescence quencher. Retinal flat mounts and sections were exam-
ined using a CLIPSE Ci/NiU fluorescence microscope (Nikon, Japan).

2.9. Statistical analysis

The GFP staining intensity in flat mounts was quantified from fluo-
rescence microscopic images using Image J software (National Institutes
of Health) in order to determine the fluorescence intensity in pixels per
unit area. ERG amplitude and OCT results were evaluated by calculating
the ratio of the treated eye to the untreated eye (T/UT) in each mouse
and averaging these values for each vector. Outliers in the T/UT values
for each vector were removed using the ROUT method before per-
forming statistical analysis. All data were expressed as the mean + S.E.M
and differences between groups were evaluated using GraphPad Prism
software (GraphPad Prism 9; GraphPad, La Jolla, CA), with one-way
ANOVA followed by Dunnett’s post-test for group comparison. A p
value < 0.05 was considered to be statistically significant and repre-
sented as follows; *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p <
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0.0001.
3. Results

3.1. The transfection effect of AAV-DJ (K137R)-GFP, AAV-DJ-GFP and
AAVS-GFP vector

We first observed the time course of enhanced expression of green
fluorescent protein (GFP) in the retina of mice after the intravitreal in-
jection of AAV. Images taken at 14d\21d\28d\35d\3 M\6 M\12 M post-
injection into the vitreous cavity clearly showed the fluorescence
expression in the retina, with the optic disc as the focal point. Among
them, AAV-DJ-GFP and AAV-DJ (K137R)-GFP vectors showed GFP
fluorescence expression on day 14 after injection, the fluorescence in-
tensity reached its peak 35 days after injection, and the GFP fluorescence
was still detected at 12 months after fluorescence (Fig. 1A-R). However,
the fluorescence expression time and intensity of AAV8-GFP were not as
expected. Meanwhile, we found that, compared to AAV-DJ-GFP, AAV-
DJ (K137R)-GFP vectors can maintain fluorescence expression for a
longer period of time.

From the perspective of fluorescence expression intensity and area,
the fluorescence expression of the three vectors was mainly distributed
along the optic disc and blood vessels. After 35 days, it began to diffuse
along the optic nerve fibers towards the periphery, and the fluorescence
area gradually expanded, while the fluorescence intensity gradually
weakened over time. By comparing the fluorescence intensity from 14
days to 12 months after surgery, it was found that the maximum in-
tensity and area of fluorescence expression of AAV-DJ (K137R)-GFP
were significantly greater than those of AAV8 and AAV-DJ-GFP vectors
(Fig. 2A and B). At the same time, we found that compared to AAV-DJ-
GFP, AAV-DJ(K137R)-GFP had a significantly higher GFP protein
expression in the retina from 35 days after injection compared to AAV-
DJ-GFP. At the same time, it still maintained high fluorescent protein
expression and large transfection area 3 months after injection, and
persisted in doing so for more than 12 months (Fig. 2C). The OCT ex-
amination also did not reveal any structural retinal abnormalities

AAVS
A

AAV-DJ

14d

AAV-DJ(K137R)
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(Fig. 2G).

The expression of GFP in the retinal was observed in the entirety of
mounted retina after 35 days of intravitreal injection. GFP expression in
the retina injected with AAV8 was limited to the optic disc (Fig. 3A). In
contrast, injection of AAV-DJ-GFP and AAV-DJ (K137R)-GFP showed
the accumulation of GFP signals in specific areas, such as around the
blood vessels covering the Miiller glial processes and around the optic
disc (Fig. 3B, C and 3D). Immunohistochemical analyses revealed GFP
fluorescence expression in nerve fiber cells, horizontal cells, and Miiller
cells for AAV-DJ-GFP and AAV-DJ(K137R)-GFP (Fig. 3F and G).

3.2. The transfection effect of AAV-DJ (K137R) -Rs1

The a-wave and b-wave in the untreated eye were disproportionally
reduced compared with the WT. Conversely, the fellow eye treated with
AAV-DJ(K137R)-Rsl1 had a substantially larger a-wave amplitude and b-
wave amplitude. In OCT images, the untreated eye possessed widely
distributed, large cavities. Their presence increased opl-inl of retinal
thickness compared with WT, but cavities were reduced from the fellow
eye treated using AAV-DJ(K137R)-Rs1. This phenomenon was observed
from the HE staining of images of paraffin sections. Both WT- and Rs1-
KO-treated mice showed green immunofluorescence in their retinas,
with none observed in the untreated retinas of Rs1-KO mice. Comparing
the ability of the AAV-DJ(K137R)-Rs1 and AAV-DJ-Rsl-treated eyes to
improve retinal function and structure, the AAV-DJ(K137R)-Rs1-treated
eye was more effective in increasing b-wave amplitude and shrinking
cystic cavity (Fig. 4).

The b-wave/a-wave amplitude ratio results showed that, compared
to the vehicle group, the ratio of treated eyes to untreated eyes (T/UT)
for the AAV-DJ (K137R)-Rs1 group improved by 25 % (p < 0.05; Fig. 5A
and B). However, the ratio of treated to untreated eyes (T/UT) for the
AAV-DJ-Rsl group showed no statistically significant difference
compared to the vehicle group. By comparing the opl-inl thickness ratio
(T/UT) between the treated and untreated eyes in the vehicle group,
AAV-DJ-Rsl group, and AAV-DJ (K137R)-Rs1 group, we found that the
opl-inl thickness value in the AAV-DJ (K137R)-Rsl group was

P Q R
35d 3M 6M 12M

Fig. 1. Time course of GFP expression in the retina following AAV intravitreal injection. Representative fundus photographs show GFP expression in different live
mice from 14 days through 12 M after the AAV injection. (A), (B), (C), (D): AAV8-GFP; (E), (F), (G), (H), (),(J),(K): AAV-DJ-GFP; (L), (M), (N), (0),(P),(Q),(R): AAV-
DJ (K137R)-GFP; GFP stands for green fluorescent protein. Fundus photography field is 50°, and approximately 25 % of the central retinal extent is covered. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Intensity and areal analysis of GFP fluorescence expression and effect on visual function after injection of three vectors. (A): Comparison of GFP fluorescence
intensity in retinal fundus images between three vectors. (B): Comparison of GFP fluorescence area in retinal fundus images between three vectors. (C): Comparison
of GFP intensity in retinal fundus images at different time points after vitreous cavity injection of three vectors. (D): Average a-wave amplitude for 12 months. (E):
Average b-wave amplitude for 12 months; (F): Average b-wave/a-wave amplitude for 12 months. (G): Representative OCT images of vectors. All pictures were taken
with the same exposure time in order to evaluate GFP intensity using Image J. Scale bars, 500 pm in G. Error bars represent the standard error of the mean. NS

indicates not significant. ***p < 0.001, analysis of variance.
significantly reduced.
4. Discussion

The physical barrier between the posterior limiting membrane of the
vitreous body and the inner limiting membrane of the retina is the pri-
mary challenge hindering clinical trials of gene therapy for retinoschisis
[3,4]. Choosing the appropriate AAV serotype and modifying the AAV
capsid to improve transfection efficiency is a feasible method. K137R
mutant based on AAV-DJ vector was a modified vector. A study sug-
gested that AAV-DJ vector could can mediate efficient gene expression
both in vitro and in vivo [17], and another study indicated that K137R
mutation on the basis of AAV8 had significantly higher systemic trans-
duction efficiency, possibly due to decreased ubiquitination of the viral
capsid resulting in rapid intracellular trafficking of the virus and
improved gene expression [18]. A major barrier that negatively affects
AAV-mediated gene expression is the degradation of the viral particles
during their intracellular trafficking via the ubiquitination-proteasomal
degradation machinery [19]. As a measure to evade phosphorylation
and subsequent ubiquitination leading to vector loss. Lysine (K) amino
acids as potential cellular kinase or ubiquitination targets, which, when
substituted with compatible amino acids, improved AAV2 transduction
in vitro and in vivo [20]. So in this study confirmed a gene therapy
vector with higher transfection efficiency in the retina by testing the

amino acid K137R point mutation on the surface of AAV-DJ capsid, and
attempted to apply this new vector to ophthalmology for the first time.
Then, this study evaluated the penetration ability of the new vector in
the retina and the expression ability, as well as the therapeutic effect of
the gene therapy vector drug on the Rs1-KO mouse model.

In this study, we observed that fundus fluorescence accumulates
around the optic disc and blood vessels and determined that it might be
suitable for use in gene therapy, whether targeting retinal vascular le-
sions via anti-angiogenic therapy [21,22] or treating optic disc diseases.
At the same time, the modified AAV-DJ (K137R)-GFP can more effi-
ciently pass through the inner limiting membrane and be transduced to
outer retinal cells. This means that GFP protein is expressed from the
GCL layer to the outer membrane. We believe that the improvement in
penetration efficiency and expression efficiency is related to the lysine
structure on the surface of the improved AAV capsid in this study. This
study confirms that the modified design of the AAV-DJ (K137R)-GFP can
mutate the target tyrosine, causing it to be unable to be phosphorylated,
thereby targeting the regulation of tyrosine kinase activity, improving
AAV penetration, and increasing Rs1 protein expression. Based on these
findings, we predict that AAV-DJ (K137R) may be suitable for targeted
gene therapy to central fovea or Miiller cell lesions [23], as well as the
safe treatment of XLRP [12,24]. Due to the pathological changes of these
diseases, permanent trauma caused by subretinal injection cannot be
tolerated. However, intravitreal injection can maximize the therapeutic
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Fig. 3. GFP expression in the murine retina following intravitreal injection of three AAV vectors. The representative confocal images display whole-mount retina (A,
B, C and D) and cross sections of retinas (E, F, and G) taken 35 days after intravitreal injection. AAV8-GFP (A and E), AAV-DJ-GFP (B and F), AAV-DJ (K137R)-GFP (C,
D and G). The red arrow shows the aggregated area of transduced retinal cells(D). The blue color represents DAPI nuclear counterstain. Scale bars, 1000 pm in A, B
and C, and 100 pm in D, E, F and G. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

benefits of specific high-expression AAV-DJ (K137R) vectors.

In addition to focusing on the fluorescence intensity and penetration
depth of GFP protein, we also investigated the transduction speed and
long-term expression ability of AAV vectors [23,24] as an earlier
expression time indicates a higher transduction speed, while longer
sustained expression time indicates a more stable expression sequence
for the vector after transduction. Most AAV-GFP vectors exhibit
observable GFP protein expression starting from 10 to 14 days [15].
Unfortunately, most studies have not observed sustained AAV vector
expression over 6 months. This study is the first to explore the long-term
sustained expression of the AAV-DJ (K137R)-GFP vector in the retina
after intravitreal injection (>12 months). The results showed that the
AAV-DJ (K137R)-GFP vector could observe circular low fluorescence
around the optic disc 14 days after injection into the vitreous body,
reaching the highest fluorescence intensity (peak) at 35 days, and that
GFP expression with high fluorescence intensity could still be observed
12 months after injection. In contrast, the fluorescence intensity of GFP
proteins carried by AAV2 and AAV8 vectors began to decrease 12
months after intravitreal injection [25,26]. Therefore, we believe that
the modified mutation vector possesses unique advantages in terms of
transduction speed and sustained expression. As such, its use helps to
achieve faster therapeutic effects and more durable and stable functional
improvements in clinical applications.

We further investigated the therapeutic effect of AAV-DJ (K137R)
carrying RS1 gene on RS1-ko mice. The results showed that in the XLRS
model Rs1-KO mouse experiment, the application of the AAV-DJ
(K137R) - RS1 vector through a single intravitreal injection signifi-
cantly improved the retinal structure, which manifested as a decrease in
the opl-inl layer and a reduction in the capsule cavity. The increase in
the amplitude ratio of b-wave and a-wave resulted in improved function,
which is consistent with other studies [24,25]. We speculate that
AAV-DJ (K137R)-RS1 adeno-associated virus vector can transmit ho-
mologous RS1 protein to compensate for the missing RS1 protein in
RS1-ko mice. This could be seen from the immunofluorescence staining
of AAV-DJ (K137R) - GFP and AAV-DJ (K137R) - RS1, which were
expressed from the IS layer to the outer membrane after intravitreal
injection, and were more strongly expressed on Muller cells. The RS1
protein produced had a certain adhesive effect on retinal cells, thereby

reducing the retinal capsule space. The enhanced intercellular adhesion
repaireds a portion of the transmission of retinal electrical signals,
thereby improving the visual function of RS1-KO mice [17,24,26,27].
These alterations will help the vector to obtain an earlier expression time
and stronger transduction efficiency.

Of course, this study had some limitations. We did not conduct RT-
gPCR and Western blotting to accurately quantify mRNA and protein
expression, and we need to supplement these data in subsequent ex-
periments. Our study did not observe retinal fluorescence expression
after 12 months. These data will be supplemented into subsequent
studies. The sample size of this study was small, and more samples are
needed in subsequent experiments to verify its conclusions. We did not
study the membrane penetration of K137R using in vitro experimental
methods, but other studies provided an in vitro experimental method to
verify the membrane penetration [28]. We will consider this method to
further explore the membrane penetration of K137R mutants in our
future studies.

In conclusion, this study is the first to use a tyrosine-modified AAV-
DJ vector for ophthalmic gene therapy and observe the long-term gene
therapy effect of this vector on retinoschisis. The study demonstrated
that the AAV-DJ(K137R) vector modified with tyrosine sites can be
transfected into full-layer retinal cells via intravitreal injection and has a
larger range of retinal transfection efficiency than traditional unmodi-
fied vectors. At the same time, AAV-DJ(K137R) also demonstrates the
potential for long-term and efficient expression of specific proteins in the
target region, especially in the optic disc and retinal vascular regions.
This study did not observe any adverse effects or long-term risks of AAV-
DJ(K137R) vector regarding retinal function and structure. Our study
provides benefit by offering valuable insights into the behavior of this
mutation vectors in retinal cells and aiding in the development of
improved protocols and novel ideas for treating X-linked retinoschisis
diseases.
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Fig. 5. Statistical analysis of ERG and OCT data after 3 months of treatment with AAV-DJ (K137R)-Rs1. The ratio of the treated eye to the untreated eye (T/UT) is
plotted for the b-wave/a-wave amplitude and opl-inl thickness. (A): The scatter plots show the b-wave/a-wave amplitude results from individual mice at each vector.
(B): The bar graphs show the averages and SEM of b-wave/a-wave amplitude for each vector. (C): The scatter plots show the opl-inl thickness results from individual
mice at each vector. (D): The bar graphs show the averages and SEM of opl-inl thickness for each vector. Asterisks indicate significance of treatment effect compared
with vehicle (****p < 0.0001, **p < 0.01, *p < 0.05). NS indicates ‘not significant’.
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