Investigative Ophthalmology & Visual Science

Anatomy and Pathology/Oncology

The Use of rAAV2-RB1-Mediated Gene Therapy in

Retinoblastoma

Hanhan Shi,"? Xiaoyu He,'* Zhi Yang,"? Qili Liao,"* Jing Ruan,'* Shengfang Ge,!*
Peiwei Chai,!'”> Renbing Jia,"? Jiayan Fan,"? Xuyang Wen,"? and Xianqun Fan':?

!Department of Ophthalmology, Shanghai Key Laboratory of Orbital Diseases and Ocular Oncology, Shanghai Ninth
People’s Hospital, Shanghai JiaoTong University School of Medicine, Shanghai, People’s Republic of China
2Shanghai Key Laboratory of Orbital Diseases and Ocular Oncology, Shanghai, People’s Republic of China

Correspondence: Xianqun Fan,
Ninth People’s Hospital, Shanghai
JiaoTong University School of
Medicine, No.639, Zhizaoju Road,
Huangpu District, Shanghai 200011,
China;

fanxq@sjtu.edu.cn.

Xuyang Wen, Ninth People’s
Hospital, Shanghai JiaoTong
University School of Medicine,
No.639, Zhizaoju Road, Huangpu
District, Shanghai 200011, China;
winston-a@hotmail.com.

Jiayan Fan, Ninth People’s Hospital,
Shanghai JiaoTong University School
of Medicine, No.639, Zhizaoju Road,
Huangpu District, Shanghai 200011,
China;

fanjiayan1118@126.com.

HS, XH, ZY, and QL contributed
equally to this work.

Received: August 14, 2023
Accepted: November 23, 2023
Published: December 22, 2023

Citation: Shi H, He X, Yang Z, et al.
The use of rAAV2-RBI-mediated
gene therapy in retinoblastoma.
Invest Opbthalmol Vis Sci.
2023;64(15):31.
https://doi.org/10.1167/iovs.64.15.31

Purposk. Retinoblastoma (RB) is a life-threatening malignancy that arises from the retina
and is activated upon homozygous inactivation of the tumor suppressor RB1. Gene ther-
apy targeting RB1 is an effective strategy to treat RB. However, it is difficult to target the
RB1 gene by site-specific repair, with up to 3366 gene mutation sites identified in RB1.
Thus, it is necessary to construct a promising and efficacious gene therapeutic strategy
for patients with RB.

Mernops. To recover the function of the RB1 protein, we constructed a recombinant
adeno-associated virus 2 (rAAV2) expressing RB1 that can restore RB1 function and
significantly inhibit RB progression. To confirm the clinical feasibility of rAAV2-RB1, the
RB1 protein was validated in vitro and in vivo after transfection. To further evaluate the
clinical efficacy, RB patient-derived xenograft models were established and applied. The
biosafety of rAAV2-RB1 was also validated in immunocompetent mice.

ResuLts. TAAV2-RB1 was a rAAV2 expressing the RB1 protein, which was validated in vitro
and in vivo. In vitro, rAAV2-RB1 was effectively expressed in patient-derived RB cells.
In mice, intravitreal administration of rAAV2-RB1 in a population-based patient-derived
xenograft trial induced limited tumor growth. Moreover, after transfection of rAAV2-RB1
in immunocompetent mice, rAAV2-RB1 did not replicate and was expressed in other
important organs, except retinas, inducing minor local side effects.

Concrusions. Our study suggested a promising efficacy gene therapeutic strategy, which
might provide a chemotherapy-independent treatment option for RB.
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etinoblastoma (RB), a tumor of the developing retina, is

the most common pediatric eye cancer and an important
cause of childhood death, and an estimated 8000 cases of RB
are diagnosed each year worldwide.!'? Despite considerable
improvements in systemic drug delivery approaches and
new administration routes, such as intravitreal and intraoph-
thalmic artery administration, severe visual impairment and
eye loss are still frequent because of the toxicity associ-
ated with chemotherapeutic agents and the development of
chemoresistance.>~> Thus, it is important and urgent to focus
on identifying new targeted therapies with improved antitu-
mor activity and a lower risk of resistance.

A better understanding of the biology and genetics of RB
will provide more therapeutic leads.®’ Biallelic inactivation
of RB1, located on chromosome 13 (13q14.2), in a suscep-
tible retinal progenitor cell is the most common cause of
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RB.2-!! Approximately 40% of RB cases are hereditary and
manifest as bilateral multifocal disease, and the other 60%
of cases are nonheritable, feature local biallelic RB1 inacti-
vation in the developing retina, and involve only one eye.!?
The two-hit hypothesis on the RB1 gene is considered an
irreversible process of RB occurrence. As an important tumor
suppressor gene, RBI’s functional deficiency still plays an
important role in the development of RB. Previous studies
have suggested that subsequent aberrations are needed for
further malignant transformation.'3~> Dysfunction of the RB
protein (RB1) in retinal cells promotes uncontrolled cell divi-
sion and oncogenesis in RB.1% ! Therefore, RB1 is not only
considered a trigger for RB occurrence, but also a potential
target for RB treatment.

Gene therapy is a novel therapeutic strategy for patients
with RB and is mainly used for the treatment of diseases
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related to single gene mutations.!” Through gene replace-
ment or gene editing technology, normal genes are intro-
duced into human cells to treat diseases caused by genetic
defects; such strategies precisely target the root cause
of these diseases—abnormal DNA—and can often achieve
better results than traditional treatments.'®' Currently,
there have been significant advances in gene therapy in
the clinic, and more than 40 gene therapy drugs have
been approved by the U.S. Food and Drug Administra-
tion for marketing worldwide. Because of the very high
number of RBI mutation sites and diverse RBI muta-
tion types, it is difficult to restore the function of RB1
with precise DNA repair.?® Thus, the construction of a
safe and efficient vector to supplement RB1 is key for
successful gene therapy for RB. Adeno-associated virus
(AAV) can widely and selectively infect tissues and cells
with low immunogenicity and integration and relatively
high delivery efficiency and safety.?!~?* AAV-mediated gene
therapy has been applied in the clinic for other diseases
and has achieved encouraging results.?®?> Interestingly,
as the world’s first U.S. Food and Drug Administration—
approved AAV-based gene therapy drug, voretigene nepar-
vovec (Luxturna), supplements the RPEG5 gene to treat
Leber congenital amaurosis.?> The successful application of
voretigene neparvovec suggests the effectiveness and clin-
ical transformation potential of AAV as a gene delivery
tool.

Here, we constructed an RB gene therapy system using
RBI1 as the target and AAV as the delivery vehicle to achieve
precise and targeted gene therapy, and we assessed its safety.
This system is expected to be a novel therapeutic strategy
that can be used to improve the rate of eye preservation and
the visual prognosis of children with RB.

METHODS
Sample Collection and Ethical Approval

This study was conducted in accordance with Declaration
of Helsinki and approval of the Institutional Review Board
of the Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine (SH9H-2019-T185-2). Written
informed consent was obtained from each patient’s parents.
Human tumor specimens were obtained from patients who
had undergone surgical eye removal.

DNA Sequencing

Fresh frozen tumor tissues (# = 5) were obtained from
the biospecimen bank of Ninth People’s Hospital, Shang-
hai Jiao Tong University School of Medicine, tumor DNA
was extracted and prepared for whole-exome sequencing.
Whole-exome sequencing was carried out using a TWIST
Comprehensive Exon kit (102033, Twist Bioscience) and
an Illumina NovaSeq6000, with sequencing performed at
a depth of 60x. Clean reads were aligned against the
human reference genome hs37d5 (based on GRCh37 assem-
bly with human virus sequences) with default parame-
ters. Mutect2 in GATK3.7 was used to detect possible
single nucleotide variations and small insertions or dele-
tions in the tumor genome. Significantly mutated genes,
regarded as candidates for driver genes, were identified via
the MutSigCV tool using mutations in all samples as the
input and comparing them against the background mutation
rate.
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Patient-Derived Xenograft Animal Model
Experiments

All mouse experiments were approved by the Animal Exper-
imental Ethics Committee at Ninth People’s Hospital, Shang-
hai Jiao Tong University School of Medicine (SH9H-2023-
A774-1). A total of 4 x 10° cells for the patient-derived
xenograft (PDX) model were implanted on the retinas
through intraocular injection to establish a stable orthotopic
RB model in BALB/c nude mice (female, 4-5 weeks old).
The eyeball volume was calculated by the formula volume =
length (mm) x width (mm)?/2. The eyeballs of each mouse
were measured every 7 days for 28 consecutive days. PDX
animals were randomly assigned to the recombinant AAV
2 (rAAV2)-RB1 and empty vector groups. The investigators
were blinded to the animal identity in the data analysis.

Production of Virus

Recombinant AAV2-RB1 was packaged by Vigene
Biosciences (Rockville, MD, USA). Specially, C-terminal
Flag-tagged RB1 was cloned and inserted into the AAV plas-
mid containing the cytomegalovirus promoter, which was
flanked by AAV2-inverted terminal repeats. All AAV serotype
vectors were produced in HEK 293T cells cotransfected
with the rep-cap fused plasmid and a helper plasmid. AAVs
were purified by iodixanol gradient ultracentrifugation. In
brief, cultured medium was collected twice every 48 h after
transfection. The cell lysate was treated with chloroform,
and the supernatant was collected. The medium and super-
natant were combined and concentrated by precipitation
with 10% PEG 8000 and 1.0 M NaCl at 4°C overnight. After
centrifugation, the pellet was resuspended in 1 x PBS buffer
with benzonase. Iodixanol solutions (15%, 25%, 40%, and
60%) were carefully layered and then the generated viral
suspension was overlaid, followed by centrifugation at
350,000x g for 90 minutes at 10°C. After ultracentrifugation,
the AAV-containing 40% fraction was collected. The buffer
was exchanged to remove the iodixanol and concentrate
the purified virus. The amplified sequences are presented
in Supplementary Table S1.

Intravitreal Injection of rAAV2-RB1 Serotypes

Intravitreal injection was performed using a micropipette,
which was inserted immediately behind the superotempo-
ral limbus through the sclera into the vitreous cavity. One
microliter of viral particles was injected into the vitreous
cavity.

Quantitative Real-Time PCR

Total RNA was extracted from samples using an EZ-press
RNA purification kit (B0004), and cDNA was generated using
a PrimeScript RT reagent kit (Takara Bio Kusatsu, Shiga,
Japan). Quantitative real-time PCR was performed using
Powerup SYBR Green PCR Master Mix (Life Technologies,
Carlsbad, CA, USA) on a real-time PCR system (Applied
Biosystems, Waltham, MA, USA). The primers are listed in
Supplementary Table S2.

Western Blot Analysis

Tissues and cells were harvested and lysed with lysis buffer.
The concentration of total protein was measured using a
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bicinchoninic acid protein assay kit (Beyotime Institute of
Biotechnology, Jiangsu, China). Protein samples were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis in 7.5% (w/v) polyacrylamide gels and trans-
ferred to polyvinylidene fluoride membranes (Millipore,
Bedford, MA, USA). After blocking with 5% milk for 1 hour
at room temperature, the membranes were incubated with
2.5 pg/mL primary antibody in 5% BSA overnight at 4°C and
then with the corresponding secondary antibody-conjugated
to a fluorescent tag (Invitrogen, Waltham, MA, USA). The
membranes were visualized with an Odyssey Infrared Imag-
ing System (LI-COR, Lincoln, NE, USA).

Histology and Immunostaining

The tumor tissues were fixed with 4% formaldehyde
(Thermo Fisher Scientific, Waltham, MA, USA), embedded in
paraffin, and examined for tumor formation through histo-
logic analysis of hematoxylin and eosin-stained sections. For
immunohistochemistry, tumor slides were deparaffinized
and rehydrated, and antigen retrieval was performed with
an alcohol series and sodium citrate buffer. After block-
ing with 5% normal goat serum (Vector Laboratories, Inc,
Newark, CA, USA) with 0.1% Triton X-100 and 3% H,O,
in PBS for 60 minutes at room temperature and incuba-
tion with primary antibodies at 4°C overnight, tissue slides
were incubated with horseradish peroxidase conjugates
using 3,3'-diaminobenzidine detection. Immunostaining was
performed using the appropriate primary and secondary
antibodies. Nuclei were counterstained with DAPI. Images
were taken with a ZEISS Axio Scope Al Upright Microscope
(Carl Zeiss Meditec, Jena, Germany).

Electroretinography

A full-field ERG test was performed in mice with dark adap-
tation for 24 hours. The mice were anesthetized with isoflu-
rane (induction: 3% at 1.0 L min~'; maintenance: 1.5% at 0.6
L min~!; Suzhou Kunchen Biotechnology Co., Ltd, Suzhou,
China). Then, the pupils of the mice were enlarged by topical
administration of 2.5% phenylephrine containing 0.5% tropi-
camide. Then, a ground electrode was placed on the tail of
a mouse, a reference electrode was installed on the fore-
head of the mouse, and a pair of 3-mm gold ring electrodes
was placed on the cornea of the mouse. The responses of
rod cells and cone cells to light stimulation were recorded
using an Espion E3 machine (Diagnosys, LLC, Lowell, MA,
USA). The intensity of 10 cd s m~2 in a flash stimulation
excited the scotopic ERG, the intensity of 30 cd s m~2 was
used to induce the photopic ERG, and then the light adap-
tation was carried out at an intensity of 10 cd s m~2 for
5 minutes.
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Statistical Analyses

All statistical analyses were performed using Graphpad
Prism software (Graphpad, Boston, MA, USA). Two-sided
Student’s ¢ test and one-way ANOVA were used for data
comparison. All tests were 2-sided, and a P value of less
than 0.05 was considered statistically significant.

RESULTS

Clinical Features and Genetic Characteristics of
Patients With RB

Between September 2021 and September 2022, five patients
with RB were diagnosed with group E advanced RB with
endophytic tumor growth at our center. Enucleation was
the primary treatment without any other treatments. The
patients’ detailed clinical characteristics are summarized
in Table. After enucleation, the resected tumor tissues were
trimmed, and then the BALB/c mice received intraocular
injection (Fig. 1A). After parental written informed consent
for the patients was obtained, whole-exome sequencing
was conducted on all five patients to systematically inter-
rogate the genetic background of patients with RB from
our center. RBI mutations at different locations were
identified in all five patients, suggesting the potential
for gene therapy (Fig. 1B, Table). To our knowledge,
loss function of RB1 is the most important cause of
RB. Hence, we conducted Western blotting to detect the
expression of RB1 in patients’ RB tissues. Notably, all
patients with RB were validated to lack RB1 expression
(Fig. 10).

Tumorigenicity of PDX In Vivo

Because the cells for the PDX model were implanted
on the retinas through intraocular injection, fundogra-
phy and optical coherence tomography imaging were
used to monitor the intraocular grafts and evaluate the
tumorigenicity of the PDX. At 1 week postinjection, all
mice with PDXs showed visible tumors in the intraoc-
ular grafts. As further confirmed by hematoxylin and
eosin staining (Fig. 1D), these results demonstrate that the
PDXs could remain viable and expand in immunodeficient
mice.

Retinal and Cellular Transduction by rAAV2-RB1

Next, we sought to examine the retinal transduction effi-
cacy of rAAV2-RB]. In theory, the maximum loading capac-
ity of AAV2 is 4.7 kb, whereas the RBI gene is 196 kb
in length and includes 27 exons, hindering the develop-
ment of gene therapy for RB. Hence, we deleted the intron

Investigative Ophthalmology & Visual Science

Tasre. Clinical Details of Patient-Derived RB PDX Models

PDX Age at Diagnosis Age at Enucleation Chemo
Sample RB1 Mutation Models (Months) (Months) Laterality Therapy
Patient 01 ¢.2307dupG; p.L769fs; frameshift insertion PDX 01 16 17 Bilateral No
Patient 02 ¢.C1981T; p.R661W; nonsense PDX 02 68 68 Unilateral No
Patient 03 Exon 1; gross deletion PDX 03 36 36 Unilateral No
Patient 04 ¢.370_371del; p.1124fs; frameshift deletion PDX 04 20 20 Unilateral No
Patient 05  ¢.608-478(IVs6)C> A; single nucleotide variation ~PDX 05 54 56 Unilateral No

Downloaded from hwmaint.iovs.org on 05/03/2024



Investigative Ophthalmology & Visual Science

Targeting of the RBT in Retinoblastoma With Gene Therapy

A

IOVS | December 2023 | Vol. 64 | No. 15 | Article 31 | 4

Enucleation Resected tumor

Intraocular injection 1 week after xenograft

|
i
>
S

Il Mutant genes

([l {]]]
<
>
(@]
m
3

T T 1T 1T HEE W Group E
M Yes M No

|
[ e Familial
Sex Female Male
[ I e Laterality  m Bilateral M Unilateral

Fundus Anterior chamber

Normal

PDX

Retina H&E staining

500um Retina

Tumor

500pm

Ficure 1. Establishment of the RB PDX model. (A) Stepwise schematic of the RB PDX model development. (B) Genomic landscape of
5 patients with RB in this study. (C) Western blot analysis showing RB1 expression in normal retina tissues and RB patient samples. (D)
Ophthalmic examination of mouse eyes after subretinal engraftment. Representative fundus photograph of the anterior chamber and optical
coherence tomography images of an eye with a patient tumor-derived xenograft (bottom) showing an obvious RB tumor in the retina. The
other eye did not receive treatment and served as a normal control (fop). The white arrows indicate tumors. Representative hematoxylin and
eosin staining of eyes containing PDX and normal eyes to demonstrate pathological characteristics (#ight).

of RB1 and loaded the new sequence into a recombi-
nant AAV vector (rAAV2-RBI1) (Fig. 2A). To test the cellu-
lar transduction efficiencies of rAAV2-RB1, we used patient-
derived RB cells and found that after transduction by rAAV2-
RB1, RB1 was upregulated 20- to 30-fold (Fig. 2B). More-
over, RB1 expression was also significantly upregulated
(Fig. 2C).

We used intravitreal injection to validate the trans-
duction efficacy of rAAV2-RB1 in vivo by detecting the
expression level of RB1 in retinal tissues. As seen in our
models, rAAV2-RB1 showed penetration into the retina
layer and was detected in the retina, (Fig. 2D). These
results showed that rAAV2-RB1 transcytosis occurred in
the retinal layer, the central substrate of the blood-retinal
barrier.

Downloaded from hwmaint.iovs.org on 05/03/2024

Evaluation of rAAV2-RB1 in a Population-Based
PDX Trial

RB is the most common malignant eye cancer in children,
and novel therapeutic strategies are needed to improve
ocular preservation. However, even after numerous thera-
pies have been administered, surgical removal of the eye
is sometimes performed to prevent extraocular metastases,
which may be fatal>® Here, we applied rAAV2-RBI in an
RB PDX cohort to validate its antitumor efficacy. Seven
days after implantation of RB tumor cells from patients,
rAAV2-RB1 (1 x 10'? vg each; n = 4) and empty vector
(n = 4) were administered intravitreally. The appearance
of intravitreal tumors was visually assessed on day 7.
The mice were sacrificed and the eyeballs in both groups
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Ficure 2. Cellular and retinal transduction by rAAV2-RBI. (A) Plasmid map of rAAV2-RBI1. (B) Statistical results of RB1 expression in
rAAV2-RBI-treated and empty vector—treated patient-derived RB cells. Rates are shown as the mean £ SD, *P < 0.05, *P < 0.01, **P
< 0.001. (C) Western blot analysis showing RB1 expression in rAAV2-RBI-treated and empty vector-treated patient-derived RB cells.
(D) Immunostaining of RB1 and rAAV2-RB1 (FLAG) in rAAV2-RB1-treated and empty vector-treated mouse retinas. *Characteristic expression
pattern of rAAV-RBI1.

were collected on day 31. Immunofluorescence (7 = 1), (Fig. 3E). These results suggest that rAAV2-RB1 provides
Western blotting (#n = 2), and quantitative real-time PCR a considerable antitumor benefit in RB PDX tumor-bearing
(n = 1) were separately performed to confirm rAAV2- mice.

RB1-mediated RNA and protein expression of RB1 at the Histological examination at the end of the study revealed
tumor site (Fig. 3A). When comparing the appearance of upregulated expression of RB1 protein in tumor tissues
eyeballs from each PDX on day 7 and day 28, rapid after tumor implantation and rAAV2-RB1 treatment (Fig. 4A).
tumor growth, bleeding, and rupture were observed in Increased expression of RB1 and RB1 protein was further
empty vector-treated animals, whereas limited growth and observed in tumor tissue treated with rAAV2-RBI by RT-

even the disappearance of tumor tissues were observed in qPCR and Western blotting, respectively (Figs. 4B and 4C).
rAAV2-RBI-treated animals (Fig. 3B). The appearance of Activation of the immune system against viral coat
tumor tissues after extraction of each PDX clearly illus- proteins contributes to local adverse events related to

trated the antitumor efficacy of rAAV2-RB1 gene therapy adenovirus administration, as well as to AAV administra-
(Fig. 30). After treatment with rAAV2-RB1, the weight of tion.”’” Thus, to characterize the toxicity of rAAV2-RBI

tumor tissues was much lower than that of tumor tissues in immunocompetent mice, we administered rAAV2-RB1
from empty vector-treated animals (Fig. 3D). Moreover, the (1 x 10'* vg per animal) to C57BL/6 mice and subse-
growth of RB tumors was assessed, and tumor growth quently examined the biosafety 24 days after admin-

Investigative Ophthalmology & Visual Science

was decreased dramatically after injection of rAAV2-RBI istration of rAAV2-RB1. The treatment exhibited mild
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toxicity, both systemically and locally in mice. Intravit-
real rAAV2-RB1 did not induce systemic symptoms in
immunocompetent mice. At necropsy, the microscopic struc-
tures of the collected organs were normal, and flag
staining was negative in all cases, indicating that there
was no viral replication in off-target organs (Fig. 5A).
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Ficure 3. Efficacy of rAAV2-RB1 in a PDX model. (A) Schematic diagram of the study design including treatment, sampling, and efficacy
assessment. PDX mice were randomly divided into to groups and then received intravitreal injections of equal concentrations (1 x 10'2
vg) of rAAV2-RB1 and empty vector. (B) Representative photographs of engrafted eyes at 21 days after intravitreal injection. Empty vector—
injected eyes showed tumor progression (fop), while rAAV2-RBI1-treated eyes showed limited tumor burden (bottom). (C) Representative
eyeballs from empty vector— and rAAV2-RBI-treated mice in each PDX cohort. (D) Representative tumor weights from empty vector- and
rAAV2-RBI-treated mice in each PDX cohort. Rates are shown as the mean + SD, *P < 0.05, **P < 0.01, **P < 0.001. (E) Representative
volumes (mm?) of eyeballs from empty vector— and rAAV2-RBI-treated mice on different days after intravitreal injection in each PDX cohort.
Rates are shown as the mean £ SD, *P < 0.05, *P < 0.01, **P < 0.001.

For local structures, pathological characteristics of eyeballs
in saline solution-, empty vector—, and rAAV2-RBI1-treated
mice were exhibited without damage (Fig. 5B). To further
explore the visual damage of rAAV2-RBI, ERG was
conducted to test the visual function. There was no visual
damage after rAAV2-RB1 administration (Fig. 50).
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Ficure 4. Evaluation of RB1 expression in rAAV2-RB1-treated mice. (A) Immunostaining of RB1 and rAAV2-RB1 (FLAG) in rAAV2-RB1-
treated and empty vector-treated tumor tissues in PDX mice. (B) Statistical results of RB1 expression in rAAV2-RBI-treated and empty
vector-treated PDX tumor tissues. Rates are shown as the mean £ SD, *P < 0.05, **P < 0.01, **P < 0.001. (C) Western blot analysis showing
RB1 expression in empty vector— and rAAV2-RBI-treated RB PDX samples (empty vector group in black and rAAV2-RB1 group in gray).

DiscuUsSION

Numerous therapeutic strategies have emerged, resulting in
enhanced clinical outcomes. However, no gene therapy has
been reported previously in RB. Hence, rAAV2-RBI is a
novel option for patients with RB with promising efficacy
in RB PDX models. In this study, we constructed an RB
gene therapy system using RBI as the target and AAV as
the delivery vehicle as a precise and targeted gene therapy
and conducted a safety assessment.

In contrast with most cancers, the genetic changes that
initiate RB are well defined. Specially, RB is the most stud-
ied single-gene mutation tumor, with up to 3366 RB1 gene
mutation sites identified. Mutations in RBI were detected in
94% of patients with RB, including stop—gain mutations in
39.8% of patients, isodisomy of chromosome 13q in 35.0% of
patients, loss of heterozygosity of RBI in 18.5% of patients,
splicing mutations in 19.4% of patients, homozygous dele-
tion of RB1 in 8.8% of patients, and chromothripsis involving
the RB1 locus in 8.8% of patients.”® However, the RB protein
is essential for accurate DNA replication, and it has emerged
that this protein regulates the stage of the cell cycle.?” Hence,
repairing the RB1 gene and replenishing the RB1 protein by
gene therapy may induce the cone precursor to exit the cell
cycle and inhibit the tumorigenesis of RB.

Because of the very high number of RB1 gene muta-
tion sites and mutation types, it is difficult to restore the
function of the RB1 gene by gene editing-based repair of
specific sites with technologies such as CRISPR-Cas9. A safe
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and efficient expression vector that can be used to repair the
entire RB1 gene needs to be developed to improve the effec-
tiveness of targeting the RB1 gene for RB treatment. Viral
vectors are the main tool for gene therapy.?! However, the
high rate of host genome integration and systemic and local
toxicity hinder the clinical application of lentiviruses, even
though lentiviral vectors are ideal for delivery of the RB1
gene. AAV is considered the commonly used viral vector for
gene therapy because of its low immunogenicity, integration
ability, and efficient infection procedure.?* Hence, we devel-
oped rAAV2-RB1 to replace mutated RB1, which exhibited
promising efficacy in an RB PDX model and may be useful
for clinical treatment. In addition to viral vectors, VCN-01 is
an oncolytic adenovirus designed to selectively target tumor
cells with a high abundance of E2F-1, and it has achieved
promising outcomes in a mouse model and a phase I clini-
cal trial 3° However, enucleation was also conducted for the
first two patients with RB who were enrolled in the clinical
trial and underwent VCN-01 treatment for various reasons.

The blood-retinal barrier, small size, and limited envi-
ronment of the eyeball make it possible to achieve high
transduction efficiency in ocular tissues with a small dose
of AAV vectors, suggesting the usefulness of gene therapy
for eyeball diseases.’!'*> However, the delivery efficiency of
the AAV vectors used in ocular surgery remains low, which
has severely limited the therapeutic efficacy. rAAV is an opti-
mized and modified AAV with a stronger affinity for specific
tissue cells, such as retinal photoreceptors and pigment cells,
allowing it to better deliver gene therapy.’?-34



>

Liver

Empty Vector

Heart

Targeting of the RB1 in Retinoblastoma With Gene Therapy

IOVS | December 2023 | Vol.64 | No. 15 | Article 31 | 8

rAAV2-RB1

Empty Vector

rAAV2-RB1

Saline solution

@)

Time (ms)

Investigative Ophthalmology & Visual Science

MV ]
400
b
2001
0.
-200 1
a
-400 1
-‘T‘T_rT—T_I_T-T‘T_I_T—TTT'T‘Tﬂ_'
0 100 200 300

uv ]
4001
200
0-
-200
-400 1

Empty Vector

a
'T_ITI-T‘T—I—]—I'T—I—TTI_H—FI
0 100 200 300
Time (ms)

Kiey

N\
400
2001

0-
-200 1
-400f

rAAV2-RB1
b
’HT_"T_ITW_I—T—I—I
0 100 200 300
Time (ms)

Ficure 5. Evaluation of the systemic and local toxicity of rAAV2-RB1. (A) Pathological characteristics of essential organs in empty vector—
and rAAV2-RBI-treated (fop) mice. Inmunohistochemical staining of empty vector- and rAAV2-RB1 (Flag) in essential organs of rAAV2-RB1-
treated PDX mice (bottom). (B) Pathological structures of eyeballs in saline solution (lef?), empty vector (middle), and rAAV2-RBI-treated

(right) mice. (C) Visual function of saline solution (lef?), empty vector (middle), and rAAV2-RB1-treated (right) mice evaluated by ERG at

P10.
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Although rAAV2-RB1 exhibited promising efficacy in an
RB PDX model, there is a long way to go before it can be
applied in clinical treatment. rAAV2-RB1 also lacks compar-
ison with the current first-line treatment methods for RB
(ophthalmic artery interventional chemotherapy, systemic
venous chemotherapy, intraocular injection chemotherapy,
etc.), and it is necessary to explore whether gene therapy
with rAAV2-RB1 and the combination of these first-line treat-
ments can achieve greater benefits for patients with RB. In
summary, we constructed a gene therapy system with RB1
as the target and AAV as the delivery vehicle to achieve
precise and targeted treatment for patients with RB. Intravit-
real injection of rAAV2-RB] after RB patient tumor implanta-
tion produced a tumor-suppressive effect, and a safety evalu-
ation was performed in an RB PDX model. rAAV2-RB1 is thus
a new potential therapy for patients with refractory RB, and
it is expected to be a novel treatment for RB that will increase
the rate of eye preservation and improve visual prognosis in
children.
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