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A B S T R A C T   

Retinoblastoma is a rare childhood cancer of the eye. Of the small number of drugs are used to treat retino
blastoma, all have been repurposed from drugs developed for other conditions. In order to find drugs or drug 
combinations better suited to the improved treatment of retinoblastoma, reliable predictive models are required, 
which facilitate the challenging transition from in vitro studies to clinical trials. In this review, the research 
performed to date on the development of 2D and 3D in vitro models for retinoblastoma is presented. Most of this 
research was undertaken with a view to better biological understanding of retinoblastoma, and we discuss the 
potential for these models to be applied to drug screening. Future research directions for streamlined drug 
discovery are considered and evaluated, and many promising avenues identified.   

1. Introduction 

Retinoblastoma is the most common eye cancer worldwide (Kivelä, 
2009), and while today patient survival is greater than 95% in 
high-income countries, the disease remains lethal in the majority of 
cases in lower-income countries due to the lack of access to health care 
(The Global Retinoblastoma Study Group, 2022; Wong et al., 2022). 
Retinoblastoma is a relatively uncommon disease with around 8000 new 
cases registered globally every year (Fernandes et al., 2018; Kivelä, 
2009; MacCarthy et al., 2006) with an incidence that depends on both 
the birth rate and population size (Kivelä, 2009). 

The first attempt to describe the mechanism of retinoblastoma 
tumourigenesis was made by Knudson, using the “two-hit” hypothesis 
(Knudson, 1971). The target of two-step mutational inactivation in 
retinoblastoma was attributed to the tumour suppressor gene RB1 
(Friend et al., 1986). Our current understanding of retinoblastoma 
progression is still incomplete, but appears to include a small number of 
genomic and epigenetic alterations (Kooi et al., 2016; Zhang et al., 
2012). The cell-of-origin is considered to be the red/green cone photo
receptor precursor. (Xu et al., 2014). Recently, two retinoblastoma 
subtypes have been discovered: subtype 1 corresponds to the expression 
of mature cone markers and has few genetic alterations apart from RB1 
inactivation. In contrast, the more aggressive subtype 2 tumours express 
less differentiated cone markers, together with neuronal/ganglion cell 

markers as well as slightly more numerous genetic alterations (Liu et al., 
2021). 

Historically, the first treatment option that became available for 
retinoblastoma was enucleation of the eye, which is still used today in 
cases where diagnosis has been significantly delayed (Appukuttan et al., 
2013). The first attempts at conservative management, using radio
therapy, were explored at the turn of the 20th century, and widely used 
until the 1990s (Stallard, 1952) when such treatment was found to cause 
secondary non-ocular neoplasms, particularly in young infants (Moll 
et al., 2001). Radiotherapy was then virtually banned from the arma
mentarium, and replaced by first line chemotherapy using carboplatin, 
etoposide and vincristine, followed by focal treatment, such as cryo
therapy, hyperthermia, photocoagulation, or brachytherapy (Hamel 
et al., 2000; Rodriguez-Galindo et al., 2003; Lumbroso-Le Rouic et al., 
2008; Shields et al., 2020; Shields and Shields, 2010). In order to miti
gate the systemic toxicity caused by chemotherapy, and to overcome 
treatment resistance of tumour cells disseminated from the retina to 
adjacent ocular compartments, i.e. seeding, due to poor drug concen
trations achieved in the seeding compartments, more targeted therapies 
have been developed, primarily using the drugs melphalan and top
otecan via new administration routes, such as ophthalmic artery, 
intra-vitreous or intracameral injections, significantly improving eye 
survival (Mendoza and Grossniklaus, 2016; Munier et al., 2013). 

The limited number of cases, lack of access to disease management in 
developing countries (Rajeshuni et al., 2019), and the young age of 
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patients, are all obstacles for the development and implementation of 
new treatment modalities and the evaluation of new drugs. 

The standard retinoblastoma chemotherapy drugs currently 
employed in the clinic, i.e. carboplatin, etoposide, vincristine, 
melphalan and topotecan, were not initially developed for the disease, 
but were repurposed years after their first approval for other types of 
cancer. These drugs were selected based on their performance in other 
paediatric malignancies in a series of pilot studies conducted by several 
groups (Cancela et al., 2020; Chan et al., 2005). Multicentric trials have 
remained virtually absent from the landscape of retinoblastoma. Com
plete pharmacological/pharmacokinetic profiles were established only 
after clinical use of a drug (Schaiquevich et al., 2017). Melphalan, a DNA 
alkylating agent, was primarily used as a melanoma treatment (Clifford 
et al., 1963), and carboplatin, another DNA-binding compound, displays 
a beneficial effect on central nervous system (CNS) tumours, as well as 
head, neck and ovarian carcinomas (Douek et al., 1991; Ohnuma et al., 
1984; Walker et al., 1985). The topoisomerase inhibitors topotecan and 
etoposide have primarily been used against ovarian cancer (McNeil, 
1996) and lymphomas/leukaemia (Issell and Crooke, 1979), respec
tively. Vincristine was discovered to cause myelosuppression, and 
therefore found its first application in acute leukaemia treatment (Evans 
et al., 1963; Karon et al., 1962). Furthermore, combinations of these 
chemotherapeutic agents (carboplatin-etoposide-vincristine = CEV), 
have been then used as the current standard-of-care for two decades 
(Gutierrez and Crooke, 1979; White, 1991). 

Since the drugs used in retinoblastoma treatment have not been 
designed specifically for retinoblastoma, this suggests that better drugs, 
or drug combinations, are yet to be discovered. Alternative drugs may 
function better than existing ones when applied together with such 
approaches. 

Drug evaluation for new compounds is a complicated process that 
can take years (Walters, 1992), though the development of new treat
ment modalities can be achieved via a range of different strategies. 
(Organizing Committee for the Workshop on Health and Medicine et al., 
2004) Molecular approaches, such as proteomics, genomics and tran
scriptomics, identify new targets through an understanding of the 
cellular mechanisms underlying the disease phenotypes of interest, and 
may indicate biomarkers for disease-relevant targets and/or earlier 
diagnosis (Lindsay, 2003; Sun et al., 2020). These approaches can pro
vide insight into upregulated or downregulated genes, and drugs tar
geting these biomolecules, already in use to treat other diseases, may be 
repurposed (March-Vila et al., 2017). Another complementary strategy – 
high-throughput screening of drug libraries – can facilitate such repur
posing, and is advantageous since the drugs in many libraries are already 
clinically approved for other diseases. Thus, a large body of data 

concerning their action, toxicity and side effects already exists. Repur
posing existing drugs reduces the drug evaluation timeline; however, in 
vitro studies remain a crucial step for identifying drugs to repurpose and 
for delineating other key features. 

While drug repurposing implies meticulous screening of large 
numbers of compounds from different primary indications, drugs 
repurposed for paediatric oncology were already used in children as a 
primary indication (Blatt and Corey, 2013). For example, melphalan was 
approved by the food and drug administration (FDA) in 1964 for the 
treatment of multiple myeloma in adults, and later its antitumour ac
tivity towards rhabdomyosarcoma and Hodgkin’s disease in children 
was also demonstrated (Belasco et al., 1987; Glimelius and Lahn, 2011). 
The cytotoxicity of melphalan towards retinoblastoma cells was assessed 
using a clonogenic assay (Inomata and Kaneko, 1987), and in vivo safety 
studies (Ueda et al., 1995) provided the rational for its use in patients 
(Schaiquevich et al., 2017). Due to severe toxicity when administrated 
systemically, melphalan is administered locally, by intraarterial or 
intravitreous injections, and can also be combined with other chemo
therapeutics, such as topotecan, when needed (Al Kofide and Al-Sharif, 
2019). 

In order to successfully repurpose a drug approved for a different 
application, its efficacy towards an appropriate preclinical disease 
model should be shown and validated. The type 2 diabetes drug met
formin, despite demonstrating antitumour activity towards retinoblas
toma cell lines in vitro, failed to suppress tumour growth in a 
retinoblastoma xenograft model based on the Y79 cell line at pharma
cological levels (Brodowska et al., 2014). This failure can be explained 
by cancer cell specific toxicity, difficulties in drug dose translation from 
in vitro to in vivo studies, a nonoptimal treatment regimen and/or the 
involvement of unexpected pathways when used in combination with 
adjuvant chemotherapeutics (as is typically the case in the clinic). 
Attention to biologically and clinically relevant conditions is needed to 
overcome these challenges. In the case of a repurposed drug demon
strating efficacy in preclinical studies, it can proceed directly to phase 
II/III clinical trials for evaluation of its efficacy in humans, as the safety 
profile (typically investigated in phase I clinical trials), is already 
established. If the new indication is close to the primary one, e.g., 
repurposing for another cancer type in patients of the same population, 
the existing dosage and regimen can be applied as a starting point for 
treatment optimisation. This preliminary knowledge significantly 
shortens the total drug evaluation timeline. 

Overall, for newly developed drugs, about 12% of drug candidates 
passing preclinical studies enter clinical trials, and about 10% of drugs 
entering phase I clinical trials are ultimately approved by the FDA (Hay 
et al., 2014; Van Norman, 2019). Information about the stage-by-stage 
success/failure rates, especially for the in vitro to in vivo transition, is 
very limited. The reasons for such a low preclinical to clinical transition 
success rate include limitations in relevant response criteria (Johnson 
et al., 2001), interspecies pharmacology (Peterson and Houghton, 
2004), frequent failure of animal models to recapitulate all aspects of a 
human disease (Harrison, 2013), and ethics-related restrictions on the 
planning and performing of such experiments (Winston, 2013). In 
addition, animal experiments take 4–5 years, and the cost of drug 
development has increased exponentially over the last 50 years (Meigs 
et al., 2018). All of these limitations combined with the necessity of 
animal toxicity testing as the basis of approval for further clinical 
investigation of drug candidates lead to both the need for more careful 
drug candidate selection in in vitro studies in order to decrease the 
number of animals involved as well as a call for advanced in vitro drug 
screening platforms capable of providing drug responses more relevant 
for the further translation (Edmondson et al., 2014; Van Norman, 2020). 

2. Classical cell culture 

While mouse models were formerly used as the primary screening 
method of drug candidates (DeVita and Chu, 2008; Ireson et al., 2019; 

Abbreviations 

3D three-dimensional 
CAM chick chorioallantoic membrane 
CEV carboplatin-etoposide-vincristine 
CNS central nervous system 
DNA deoxyribonucleic acid 
ECM extracellular matrix 
FDA food and drug administration 
GFAP glial fibrillary acidic protein 
hESCs human embryonic stem cells 
hPSCs human pluripotent stem cells 
MAP2 microtubule associated protein 2 
OCT4 octamer-binding transcription factor 4 
Rb retinoblastoma 
RB1 retinoblastoma gene 
SYP synaptophysin  
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Ross and Wilson, 2014), cell culture is now used as the primary step to 
identify promising compounds (Jedrzejczak-Silicka, 2017; Kitaeva et al., 
2020). This approach helps in the implementation of the “3R” strategy – 
Replace, Reduce, Refine – for using animals in research (Jaroch et al., 
2018). The first attempts to culture retinoblastoma cells from a primary 
source – an enucleated eye – were performed in the 1960s (Huang et al., 
1970; Yoneda and Van Herick, 1963). Despite the low success rate of 
primary tissue culturing (11–20% of tumour specimens were sub
cultured for an extended period of time), important characteristics of 
retinoblastoma in vitro cultures were reported. Correlations between fast 
cell growth and the loss of morphology and functional characteristics of 
the original tissue were established (Yoneda and Van Herick, 1963). The 
chromosome count of retinoblastoma cells was reported to be between 
36 and 60. Different cell types in retinoblastoma culture were described, 
including glial (and microglial), ganglion and fibrocyte cells, which 
suggests that all of these cells may be aberrant variations of one ma
lignant retinoblastoma cell type (Huang et al., 1970). Subsequently, 
retinoblastoma cells cultured from primary sources revealed irregular, 
rounded shapes with significant variability in the sizes of both the cells 
and nuclei (Fang et al., 2006; Mendoza et al., 2015). In parallel, sys
tematic studies on the culture of mammalian and human healthy retinal 
tissues were reported (Hansson and Sourander, 1964; Liss and Wolter, 
1961). Growth patterns between retinal and retinoblastoma cells were 
similar – cells grew in rosettes (of which there are two classic types: the 
Flexner-Wintersteiner rosette, corresponding to early retinal differenti
ation, and the Homer Wright rosette, which is typical for neuroblastic 
differentiation, and both are of a neural nature (Fig. 1). 

Further investigation and optimisation of cell culture processes 
resulted in the establishment of the first human retinoblastoma cell line, 
Y79 (Reid et al., 1974). The cultured tumour cells were reported to 
possess ultrastructural characteristics identical to those in the original 
tumours. 

Cytogenetically, Y79 cells are a hyper triploid cell line with varying 
numbers of minute chromosomes. The second established retinoblas
toma cell line, WERI-Rb1 (McFall et al., 1977), is morphologically 
similar to Y79, and also grows as a suspension of loose cell aggregates. In 
xenograft models, WERI-Rb1 produces non-metastatic ocular tumours, 
while tumours from Y79 mimic invasive and metastatic disease (Che
vez-Barrios et al., 2000). 

With the methods of cell line establishment from retinoblastoma 
tumours in development, other cell lines, derived from unilateral and 
bilateral retinoblastomas associated with different RB1 gene mutations 
and/or additional non-RB1 mutations, have been shown to express 
neuronal phenotypes unlike cell lines that have been in culture for 
extended periods (Griegel et al., 1990a). Among all of the established 
retinoblastoma cell lines, Y79 remains the most fast-growing, which 

makes it more suitable for tumour growth-suppression experiments, 
whereas WERI-Rb1 depicts low endogenous cell death levels (Busch 
et al., 2014). For these reasons, these two cell lines are the most 
frequently used to test drug candidates (Brodowska et al., 2014; Lee 
et al., 2011; Shao et al., 2017; Zhang et al., 2017; Zhou et al., 2020). 
Additionally, retinoblastoma cell lines have been reported to lose their 
ability to form rosettes after significant lengths of time in culture. 
Optimisation of the original human tumour clonogenic assay has 
allowed successful colony formation from both cell lines. Confirmation 
of the Y79 cell line as an invasive and metastatic model was obtained 
using the chick chorioallantoic membrane (CAM) model (Busch et al., 
2014). The CAM model was also used to demonstrate the non-metastatic 
nature of WERI-Rb1 (Busch et al., 2014). More recently, MYCN onco
gene status has been associated with tumour formation, and both 
WERI-Rb1 and Y79 were reported to show MYCN gain (Schwermer 
et al., 2019). 

Etoposide-resistant Y79 and WERI-Rb1 cell lines have been gener
ated by continuous treatment with consecutively increasing concentra
tions of etoposide or cisplatin until the IC50 of the resistant cell line was 
at least 10-fold higher than that of the parental cell line. These resistant 
cell lines possess significantly higher growth kinetics and form greater 
numbers of tumours of larger weight in the CAM assay compared to the 
original Y79 and WERI-Rb1 cell lines (Busch et al., 2018). 
Cisplatin-resistant Y79 and WERI-Rb1 cell lines display increased 
apoptotic rates and reduced proliferation rates, whereas tumour for
mation capacity in the CAM model does not significantly change relative 
to non-resistant cell lines. The components of the extracellular matrix 
have been hypothesized to play a key role in the formation of chemo
resistance of Y79 and WERI-Rb1 etoposide-resistant cell lines (Reinhard 
et al., 2020). Aside from several studies on probable mechanisms for 
promoting or inhibiting chemoresistance in chemoresistant retinoblas
toma cell lines, the use of such cell lines for treatment discovery has been 
limited (Kong et al., 2020; Yang et al., 2020). One of the few successful 
examples showed that the etoposide-resistant WERI-Rb1 and the 
non-resistant WERI-Rb1 cell lines had a comparable sensitivity towards 
verteporfin when applied with photodynamic therapy, suggesting a 
possible treatment (Stephan et al., 2008). 

The variety of retinoblastoma cell lines currently available (those 
most commonly used are summarised in Table 1), together with rela
tively simple handling, provides great opportunities to researchers for 
drug candidate evaluation – from cytotoxicity and selectivity studies to 
the elucidation of mechanisms of action, proliferative states, senescence 
states and cell death types. The ease of performing such studies with cell 
cultures makes them a convenient tool for the characterisation of drug 
candidates at a cellular level, as well as for high-throughput techniques. 

However, despite the benefits of classical cell cultures, they have 

Fig. 1. Commonly found growth patterns of retinoblastoma cells – rosettes. Adapted from reference (Eagle, 2013).  
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some major drawbacks. All are typified by a lack of concentration gra
dients, low levels of organisation, and few cell-cell or cell-matrix in
teractions, and each of these factors can significantly influence drug 
penetration and performance, leading to inadequate predictions of drug 
candidate efficacy and the increased likelihood of failure in in vivo 
studies. Moreover, established cell lines that have been propagated for a 
long time tend to lose some initial cell features, such as growth patterns 
and expression of the original phenotype. Furthermore, availability of 
retinoblastoma cell lines is directly linked to the number of patients that 
undergo enucleation (as this is the only way to obtain material to 
establish a cell line) which nowadays is extremely low in developed 
countries thanks to the high efficacy of treatment strategies and early 
detection of the disease. To overcome this challenge and potentially 
increase heterogeneity among available cell cultures, scientists should 
consider enhanced international collaboration with groups from low- 
income countries, where retinoblastoma is often diagnosed late, and 
half of the cases have reached an advanced stage (Fabian et al., 2020). 
This will facilitate retinoblastoma research around the globe. 

3. Three-dimensional (3D) cell culture models 

In recent years, 3D cell cultures, referred to variously in the literature 
as three-dimensional cultures (Winter et al., 2019), spheres (Ma et al., 
2011), spheroids (Kuznetsova and Aleksandrova, 2017; Nath and Devi, 
2016; Tang et al., 2019), tumourspheres (Bond et al., 2013), tumouroids 
(Clevers and Tuveson, 2019), and organoids (Clevers, 2016; Hoshino 
et al., 2017; Mazerik et al., 2018; Saengwimol et al., 2018), have been 
proposed as better models for mimicking native tissues, reproducing 
some crucial disease features such as cellular heterogeneity, and the 
expression of particular genes and proteins that are not expressed in 2D 
cultures (here, ‘2D cultures’ refers to both adherent and suspension 
cells). (Corrò et al., 2020). 

An ideal 3D culture platform for drug testing and evaluation should 
present the pathophysiological features of the disease (e.g. genomic 
features, gene/protein expression, therapeutic response), be reliable and 
provide reproducible results, be adaptive to different treatment modal
ities (such as the combination of chemotherapy with focal therapy), and 
be scalable for the high-throughput screening required for testing drug 
libraries (Decarli et al., 2021). Numerous techniques for the generation 
of 3D cell cultures for drug evaluation applications are available, 
including mono- and multicellular cultures, scaffold-free and 
scaffold-based, low attachment and micropatterned plates, the hanging 
drop technique, bioprinting, and microfluidic systems (in vitro 

retinoblastoma culture systems are depicted in Figs. 2–4). (Friedrich 
et al., 2009; Jensen and Teng, 2020; Katt et al., 2016; Langhans, 2018). 

Primary cultures best represent the cellular nature of native tumours 
and are ideal for adapting treatment modalities to specific disease 
manifestations. It was reported that non-adherent spheres grown in 
defined medium genotypically match their primary tumour and express 
neuroendocrine tumour synaptophysin (SYP) and microtubule associ
ated protein 2 (MAP2) markers, whereas adherent cell monolayers are 
SYP-negative, and express retinal cell markers CD34 and cytokeratin 
(Fig. 2A). (Bond et al., 2013) These findings emphasise that 3D cultured 
cells, in contrast to adherent cell cultures, retain more crucial genetic 
features of the primary tumour. To investigate possible sub-populations 
of cells that may be relevant to treatment resistance within tumours, a 
study of the stemness properties in retinoblastoma cells was conducted 
(Tang et al., 2019). Free-floating spheroids, developed from primary 
retinoblastoma cells, express the stem-cell markers prominin-1, nestin, 
and octamer-binding transcription factor 4 (OCT4), while suppressing 
the mature retinal-cell markers glial fibrillary acidic protein (GFAP), 
microtubule associated protein 2 (MAP2) and recoverin. These markers 
demonstrate the immaturity, self-renewal growth in culture and stron
ger in vivo potential of spheroidal retinoblastoma cell cultures compared 
to established cell lines, which were reported to have only a small 
number of cancer stem cells (less than 1%) (Seigel et al., 2005). 
Furthermore, such spheroids with cancer stem-cell-like properties were 
grown in long-term cultures without the loss of these properties (Ma 
et al., 2011). These features allow the model to be used for testing and 
developing drugs aimed at targeting cancer stem-cells. 

Another strategy for disease modelling is to focus on the key features 
that best represent a particular stage or form of the disease. For reti
noblastoma, seeding remains a challenging disease manifestation and 
models mimicking seeding are highly relevant for developing new 
treatments. Free-floating patient-derived spheroids are able to repro
duce the morphology, phenotype and genotype of sphere-class vitreous 
seeds in patients (Winter et al., 2019) and Y79 cells can mimic the dust 
class of vitreous seeds. These two models were used to investigate top
otecan penetration and activity. The larger the size of the spheres, the 
longer the time required for the drug to fully penetrate to the core, 
which correlates with the cytotoxicity, and is consistent with patho
logical observations of vitreous seeds in patients. Free-floating spheres 
are therefore a suitable model for assessing the size-dependent drug 
sensitivity of seeds and for testing new treatment strategies targeting 
retinoblastoma seeds (Pascual-Pasto et al., 2019; Suresh Babu et al., 
2022). 

Further development of in vitro retinoblastoma models has focused 
on changing the environment around the cells. Matrigel®, widely used 
in organoid research, resembles basement membranes (Benton et al., 
2014) and promotes the growth of Y79 and WERI-Rb1 cells in suspen
sion, with Y79 cells forming spherical colonies (Albini et al., 1992). 
During in vivo studies, co-injection of Matrigel® with either Y79 or 
WERI-Rb1 cells into nude mice results in the desired morphology of a 
native tumour and mRNA expression or the interphotoreceptor 
retinoid-binding protein, a highly specific retina/retinoblastoma marker 
(Albini et al., 1992). Retinoblastoma organoids grown from Matrige
l®-embedded patient-derived cells retain the histological features and 
gene/protein expression of the parental seeds, as well as DNA 
copy-number alterations (Fig. 2, down panel). Furthermore, Matrige
l®-embedded organoids exposed to drugs used for the treatment of 
vitreous seeding revealed that topotecan alone, or the combination of 
topotecan and melphalan, effectively targeted proliferative tumour 
cones (RXRγ+ Ki67+) in organoids, blocking mitotic entry. Importantly, 
the drug responses of organoids were consistent with those of tumour 
cells at an advanced stage of disease (Saengwimol et al., 2018). Very 
recently, dissociated organoids were used to identify potential drug 
candidates by screening 133 FDA-approved drugs (Srimongkol et al., 
2023). A multiple tyrosine kinase inhibitor (sunitinib) demonstrated 
higher suppression of proliferative cones and lowered toxicity compared 

Table 1 
The most commonly used retinoblastoma cell lines (both commercial and pa
tient-derived).  

Cell line Commercial Reference 

Y79 Yes Reid et al. (1974) 
WERI-Rb1 Yes McFall et al. (1977) 
RB247C3, No (Squire et al., 1985) 
RB355, 
RB383 
RBL7, No Griegel et al. (1990b) 
RBL13, 
RBL14, 
RBL15, 
RBL18, 
RBL20, 
RBL30 
HSJD-RBT-1, No Pascual-Pasto et al. (2016) 
HSJD-RBVS-1, 
HSJD-RBT-2, 
HSJD-RBVS-3, 
HSJD-RBT-5, 
HSJD-RBT-7, 
HSJD-RBT-8, 
HSJD-RBVS-8  
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Fig. 2. Three-dimensional retinoblastoma culture systems based on tumour cells, and their methods of preparation (with approximate timescales).  

Fig. 3. Human stem cell-based retinoblastoma three-dimensional models, their preparation methods, and approximate timescales. hESC – human embryonic stem 
cells; iPSC – induced pluripotent stem cells. 

Fig. 4. Various methods for generating advanced retinoblastoma cultures, with representative timelines. iPSCs – induced pluripotent stem cells; hESCs – human 
pluripotent stem cells; ECM – extracellular matrix; Rb – retinoblastoma. 
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to melphalan and topotecan, against both RB1-deficient and MYC
N-amplified organoid cultures. 

Despite the promising properties of 3D in vitro models based on the 
use of patient-derived cells to recapitulate treatment response in 
accordance with parental tissue and retain important genomic alter
ations and gene expression levels, variations between samples, low 
availability of patient-derived material, and scale-up challenges limit 
high-throughput drug screening studies. Hence, established cell lines are 
better suited to high-throughput studies and consequently a scaffold- 
based model using polymeric microparticles for the growth of Y79 
spheres was developed to investigate the efficacy of anticancer drugs 
(Fig. 2B). (Mitra et al., 2012) This approach supported the growth of 
established cell lines as tumouroids suitable for high-throughput drug 
screening. However, whilst the scaffold supported and accelerated the 
formation of 3D structures, some features, e.g., nutrient gradient and 
hypoxic regions, were absent. The antiproliferative effect of doxoru
bicin, etoposide and carboplatin in the 3D model was significantly lower 
than in the suspension (IC50 values were increased by approximately five 
times). When treating the 3D model with doxorubicin, flow cytometry 
data demonstrated 4.4-fold lower drug accumulation compared to the 
suspension cells, accompanied by a 2.3-fold higher collagen content. 
The latter suggests an increased synthesis of collagen in the 3D model 
extracellular matrix with the extracellular matrix acting as a barrier to 
drug diffusion. Microarray and miRNA analysis revealed changes in 
several genes and miRNA expression in cells grown in the 3D model, 
which was proposed to influence the environment and drug effects. Such 
a model emphasises the variation in drug sensitivity due to the more 
complex cellular/structural organisation in 3D cultures. 

Another scaffold-based 3D model based on magnetic levitation 
(Fig. 2C), (Goldsmith et al., 2018) involves the generation of spheroids 
by magnetizing a mixture of Y79 cells and nanoshuttles composed of 
poly-L-lysine, iron, and gold. These 3D structures have a similar 
morphology to retinoblastoma seeds and were used for testing selected 
treatment conditions. In principle, the model is scalable for 
higher-throughput screening, and may be interesting for treatment 
modalities related to the use of magnetic conditions, e.g. magnetic 
hyperthermia. 

Retinal organoids, also known as optic vesicles, optic cups or mini- 
retina, can be generated from stem cells – mouse stem cells, human 
embryonic stem cells (hESCs) or human pluripotent stem cells (hPSCs) – 
and differentiated into multiple cell types organised into a micro phys
iological system (Mazerik et al., 2018). Controlled differentiation, 
growth, and maturation of organoids allows investigation of a healthy 
retina, and the development of retinal diseases. However, extensive 
maintenance, time- and cost-related issues together with genetic varia
tion frequently give inconsistent results with low reproducibility. 

Li and colleagues demonstrated direct evidence of the “two-hit” 
hypothesis by generating retinal organoids from hPSCs with monoallelic 
(RB1m1/wt) and biallelic mutation of RB1 (RB1mt1/mt2). Only organoids 
derived from hPSCs-RB1mt1/mt2 showed retinoblastoma tumourigenesis, 
supporting the notion that inactivation of both copies of the RB1 gene is 
essential and sufficient to develop retinoblastoma (Li et al., 2022). By 
inducing RB1 mutations into hESCs with CRISPR-Cas9 technology, 
retinal organoids were shown to reproduce cell state transitions during 
retinoblastoma tumourigenesis (Fig. 3, top panel). (Kanber et al., 2022; 
Liu et al., 2020; Rozanska et al., 2022) This model helped to elucidate 
disease development, and showed that the retinoblastoma cell of origin 
in these organoids is the maturing cone precursor. Moreover, among the 
multiple cell types present in the organoids, retinoma-like cells were 
purported to be intermediate between premalignant cone precursors 
and tumour cells. As a proof of feasibility of the model, commonly used 
chemotherapeutics – vincristine, carboplatin, etoposide, melphalan and 
topotecan – were tested, and led (with the exception of etoposide) to a 
reduction of the Ki67+ proliferative marker and caused cell apoptosis in 
the organoids (Liu et al., 2020; Rozanska et al., 2022). Unfortunately, 
due to the long organoid maturation time (120–150 days) and their 

complex maintenance requirements, further optimisation is needed for 
them to be considered suitable for routine drug screening and evalua
tion. However, such a model is suitable for the testing of small numbers 
of lead drug candidates. In contrast, CRISPR/Cas9-induced RB1− /−

hESCs were used for medium-throughput screening of a library 
comprising 119 FDA-approved chemotherapeutics and compared to 
control hESCs (Avior et al., 2017). Such a model is as convenient for 
screening drugs as classical cell culture, but should not be considered a 
true 3D culture. Studies revealed that from the 119 drugs tested on 
RB1− /− hESCs, most of the drugs used to treat retinoblastoma in the 
clinic, such as etoposide, topotecan and vincristine, performed similarly 
in the RB1− /− and control cells, while mutant cells were more suscep
tible to carboplatin, potentially due to mitochondrial dysfunction (Avior 
et al., 2017). 

To conclude, 3D retinoblastoma cultures more closely mimic native 
tumours than traditional cell cultures, and in some cases patient-derived 
cell culture is challenging or even impossible to obtain. 3D retinoblas
toma cultures also display features of parental tissue when grown with 
patient-derived cells and/or disease manifestation. Several methods are 
available to generate retinoblastoma tumouroids, giving an opportunity 
to adapt them to specific research needs. However, studies on the dis
covery and evaluation of new therapeutics are rare, and to the best of 
our knowledge there is no case of implementation of such models into 
the drug discovery pipeline for retinoblastoma. Instead, known drugs 
already used for retinoblastoma treatment have been tested on 3D 
models as a proof-of-concept, and the drug response is similar to those of 
particular disease stages. For the further development of such models, 
there is therefore a need to scale up and test a larger number of treat
ment conditions in order to identify new, promising treatment 
candidates. 

4. Hybrid in vitro-in vivo models 

Another direction for the further evaluation of the usefulness of 3D 
models is the possibility of transferring them to in vivo models and 
compare points of interest, and although such studies require the use of 
animals, they could potentially reduce the number of animals needed. 
However, to the best of our knowledge, limited studies on engrafting 
whole-mount retinoblastoma tumouroids generated in vitro are avail
able. The benefits of such protocols for drug discovery purposes are yet 
to be reported. 

The earliest experiments on retinoblastoma tumour cells or aggre
gates of cells were transplantations into athymic nude mice (Gallie et al., 
1977) and albino CDF rats (Kobayashi et al., 1982) performed in late 
1970s. Retinoblastoma specimens taken after enucleation or Y79 cells 
were injected into the anterior chamber. Fresh tumour cells showed 
little growth after injection, whereas Y79 cells spread from the intra
ocular injection site to the orbit, optic nerve and brain (Gallie et al., 
1977). The aggressive behaviour of Y79 cells is echoed by the previously 
mentioned study where their invasiveness was associated with a meta
static phenotype, whereas WERI-Rb1-derived tumours in transgenic 
Rag-2 knockout immunodeficient mice remain localized in the eye with 
anterior choroidal invasion occurring only at the late stages (Che
vez-Barrios et al., 2000). Both subcutaneous and orthotopic xenograft 
models (summarised in Table 2) are available for retinoblastoma (del 
Cerro et al., 1992; Li et al., 2012) with limitations to recapitulate the 
developmental environment of human retinoblastoma (Laurie et al., 
2005). Orthotopic injections of tumour cells into the vitreous or sub
retinal space result in fast-growing tumours (del Cerro et al., 1992; 
Kobayashi et al., 1982). Retinoblastoma xenograft models have been 
extensively used to investigate intraocular pharmacokinetics and 
toxicity (Bogan et al., 2021a, 2021b; Kaczmarek et al., 2021) – infor
mation that is highly valuable for intravitreal drug administration in
sights – as well as to evaluate some potential treatment candidates with 
antitumour activity (Burr et al., 2011; Dalgard et al., 2008; Delrish et al., 
2021; Laurie et al., 2005; Wu et al., 2018; Xia et al., 2019). 
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Matrigel®, which supports Y79 and WERI-Rb1 cells growth in vitro, 
also enhances the growth of human retinoblastoma subcutaneous 
transplants in vivo when injecting a tumour-cell suspension mixed with 
Matrigel® into nude mice (Albini et al., 1992). It was shown that 
WERI-Rb1 cells mixed with Matrigel® resulted in 75% more tumours in 
SCID mice than without Matrigel® (Cowell et al., 1997). 

To assess retinoblastoma formation, organoids were grown from 
patient-derived RB1− /− induced pluripotent stem cells (iPSCs), and after 
retinal differentiation for 45 days, were engrafted onto immunocom
promised mice (Fig. 3, down panel). (Norrie et al., 2021) The tumours 
thus formed in the mice displayed the same cellular and genomic fea
tures as in parental tissues. The overall process took 12–18 months to 
produce retinoblastoma in this system, making it unsuitably slow for 
drug evaluation, although the system is highly biologically relevant and 
can reveal the RB1-associated mechanism of retinoblastoma tumouri
genesis and its cellular origins (Fig. 4). 

5. Conclusions and outlook 

3D structures grown from patient-derived specimens or from estab
lished cell lines mimic the natural tumour to a greater extent than 
classical cultures. Their characteristics are closer to the original tumour 
tissue, and stem-cell-like properties result in self-organisation and 
growth. Such models can be considered better options for drug 
screening, due to their improved simulation of drug penetration in a real 
tumour, avoiding the expenditure of time and resources on further 
evaluation of non-optimized drugs in in vivo studies. In several studies, 
3D models were tested with the drugs used for the treatment of retino
blastoma in the clinic and demonstrated biologically relevant responses. 
Although 3D models seem to be more predictive for drug response than 
classical cell culture, they are not yet sufficiently widely used for the 
discovery of new drugs or drug repurposing, but instead have been used 
for selective screening of treatment conditions and, more often, to 
answer biological questions. Moreover, when engrafted to animals, 3D 
structures enhance tumour growth in vivo. The more challenging pro
tocols required for the growth of 3D structures need further optimisa
tion/automation to facilitate their implementation in the discovery of 
new treatments for retinoblastoma. Furthermore, primary tissues, used 
in the majority of studies which generate 3D models, require access to 
the source, and can be difficult to obtain. Using primary tissues allows 
the detailed study of retinoblastoma and its underlying variable genetic 
make-up, which, on the one hand, may lead to different drug responses, 

but, on the other, provides the possibility of adapting treatments to 
different stages of the disease (Aasen and Vergara, 2019), and could 
ultimately lead to personalized medicines for retinoblastoma. 

3D in vitro models created using established cell lines, despite losing 
some of the features of primary cells, have shown their potential for 
more accurate drug sensitivity prediction. Moreover, as these models 
can be scaled-up and used for extensive drug screenings, they can serve 
as an intermediate step between classical culture and selective testing on 
the primary source-derived or in vivo models, thus reducing the number 
of animals used. At present, 3D models, positioned between in vitro and 
in vivo models, are typically only compared with classical in vitro models. 
Limited data is available on the direct comparison of drug responses 
between 3D and in vivo models in drug sensitivity studies. As a 3D model 
is ultimately an approach to better simulate in vivo studies and facilitate 
the drug development process, a direct comparison of these two ap
proaches is essential to better assess the benefits, applicability and 
limitations of 3D models. Since retinoblastoma is a rare cancer, the 
major pharmaceutical companies show little interest, if any, in devel
oping new drugs for the disease. Hence, drug repurposing studies 
(Cancela et al., 2020), or the synthetic modification of drugs already 
used to treat retinoblastoma to improve their selectivity (Kerr et al., 
1998; Singh et al., 2018), are the mostly likely approaches to further 
improve treatment protocols. Consequently, the application and further 
development of the 3D models described herein will play a crucial role 
in future therapies. 
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Table 2 
Xenograft models of retinoblastoma.  

Description Cell source Animal Implantation site Reference 

Y79 Y79 Nu/nu mouse Anterior chamber Gallie et al. (1977) 
Y79 Y79 Nu/nu mouse Subcutaneous 
Y79 Y79 Nu/+ mouse Anterior chamber 
Fresh retinoblastoma Primary culture Nu/nu mouse Anterior chamber 
Fresh retinoblastoma Primary culture Nu/+ mouse Anterior chamber 
EXP-5 Retinoblastoma-like explant CDF albino rat Intraocular Kobayashi et al. (1982) 
Y79 Y79 Fischer 344 albino rat Subretinal del Cerro et al. (1992) 
Y79 Y79 Nu/nu mouse Subcutaneous Albini et al. (1992) 
WERI-Rb1 WERI-Rb1 Nu/nu mouse Subcutaneous 
WERI-Rb1-Matrigel WERI-Rb1 SCID mouse Subcutaneous Cowell et al. (1997) 
Y79 tumour Y79 transgenic Rag-2 knockout immunodeficient mouse Intravitreal Chevez-Barrios et al. (2000) 
WERI-Rb1 tumour WERI-Rb1 transgenic Rag-2 knockout immunodeficient mouse Intravitreal 
Y79-GFP GFP-labelled Y79 Newborn Sprague-Dawley rat Intravitreal Laurie et al. (2005) 
SO–Rb 50 SO–Rb 50 NOD-SCID mouse Subcutaneous Li et al. (2012) 
HSJD-RBT-2, HSJD-RBT-2, Nu/nu mouse Intraocular Pascual-Pasto et al. (2016) 
HSJD-RBT-5, HSJD-RBT-5, 
HSJD-RBT-7 HSJD-RBT-7 
HSJD-RBT-8 HSJD-RBT-8 
WERI-Rb1 WERI-Rb1 New Zealand white rabbit Intraocular Daniels et al. (2018) 
SJRB-iPSC-4, Retinal organoid C57BL/6 SCID mouse Intravitreal Norrie et al. (2021) 
SJRB-iPSC-4CR, 
SJRB-iPSC-8, 
SJRB-iPSC-8CR  

I.L. Sinenko et al.                                                                                                                                                                                                                               



Experimental Eye Research 230 (2023) 109447

8

References 

Aasen, D.M., Vergara, M.N., 2019. New drug discovery paradigms for retinal diseases: a 
focus on retinal organoids. J. Ocul. Pharmacol. Therapeut. 1–7. https://doi.org/ 
10.1089/jop.2018.0140, 00.  

Al Kofide, A., Al-Sharif, E., 2019. Retinoblastoma Management: Advances in 
Chemotherapy. Retin. - Past, Present Futur., IntechOpen, pp. 1–17. https://doi.org/ 
10.5772/intechopen.86820. 

Albini, A., Melchiori, A., Garofalo, A., Noonan, D.M., Basolo, F., Taraboletti, G., et al., 
1992. Matrigel promotes retinoblastoma cell growth in vitro and in vivo. Int. J. 
Cancer 52, 234–240. https://doi.org/10.1002/ijc.2910520214. 

Appukuttan, B., Biswas, J., Khetan, V., 2013. Enucleation in retinoblastoma: pros and 
cons. Expet Rev. Ophthalmol. 8, 351–353. https://doi.org/10.1586/ 
17469899.2013.826053. 

Avior, Y., Lezmi, E., Yanuka, D., Benvenisty, N., 2017. Modeling developmental and 
tumorigenic aspects of trilateral retinoblastoma via human embryonic stem cells. 
Stem Cell Rep. 8, 1354–1365. https://doi.org/10.1016/j.stemcr.2017.03.005. 

Belasco, J.B., Mitchell, C.D., Rohrbaugh, T., Rosenstock, J., 1987. IV melphalan in 
children. Cancer Treat Rep. 71, 1277–1278. 

Benton, G., Arnaoutova, I., George, J., Kleinman, H.K., Koblinski, J., 2014. Matrigel: 
from discovery and ECM mimicry to assays and models for cancer research. Adv. 
Drug Deliv. Rev. 79, 3–18. https://doi.org/10.1016/j.addr.2014.06.005. 

Blatt, J., Corey, S.J., 2013. Drug repurposing in pediatrics and pediatric hematology 
oncology. Drug Discov. Today 18, 4–10. https://doi.org/10.1016/j. 
drudis.2012.07.009. 

Bogan, C.M., Kaczmarek, J.V., Pierce, J.M., Chen, S.C., Boyd, K.L., Calcutt, M.W., et al., 
2021a. Evaluation of intravitreal topotecan dose levels, toxicity and efficacy for 
retinoblastoma vitreous seeds: a preclinical and clinical study. Br. J. Ophthalmol. 
1–9. https://doi.org/10.1136/BJOPHTHALMOL-2020-318529, 0.  

Bogan, C.M., Pierce, J.M., Doss, S.D., Tao, Y.K., Chen, S.C., Boyd, K.L., et al., 2021b. 
Intravitreal melphalan hydrochloride vs propylene glycol-free melphalan for 
retinoblastoma vitreous seeds: efficacy, toxicity and stability in rabbits models and 
patients. Exp. Eye Res. 204, 108439 https://doi.org/10.1016/j.exer.2021.108439. 

Bond, W.S., Akinfenwa, P.Y., Perlaky, L., Hurwitz, M.Y., Hurwitz, R.L., Chévez- 
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Reinhard, J., Wagner, N., Krämer, M.M., Jarocki, M., Joachim, S.C., Dick, H.B., et al., 
2020. Expression changes and impact of the extracellular matrix on etoposide 
resistant human retinoblastoma cell lines. Int. J. Mol. Sci. 21, 1–29. https://doi.org/ 
10.3390/ijms21124322. 

Rodriguez-Galindo, C., Wilson, M.W., Haik, B.G., Merchant, T.E., Billups, C.A., Shah, N., 
et al., 2003. Treatment of intraocular retinoblastoma with vincristine and 
carboplatin. J. Clin. Oncol. 21 https://doi.org/10.1200/JCO.2003.09.103, 2019–25.  

Ross, N.T., Wilson, C.J., 2014. In vitro clinical trials: the future of cell-based profiling. 
Front. Pharmacol. 5 https://doi.org/10.3389/FPHAR.2014.00121. 

Rozanska, A., Cerna-Chavez, R., Queen, R., Collin, J., Dorgau, B., Beh, C.S., et al., 2022. 
pRB-depleted pluripotent stem cell retinal organoids recapitulate cell state 
transitions of retinoblastoma development and suggest an important role for pRB in 
retinal cell differentiation. Stem Cells Transl Med 1–19. https://doi.org/10.1093/ 
STCLTM/SZAC008. 

Saengwimol, D., Rojanaporn, D., Chaitankar, V., Chittavanich, P., Aroonroch, R., 
Boontawon, T., et al., 2018. A three-dimensional organoid model recapitulates 
tumorigenic aspects and drug responses of advanced human retinoblastoma. Sci. 
Rep. 8, 1–13. https://doi.org/10.1038/s41598-018-34037-y. 

Schaiquevich, P., Fabius, A.W., Francis, J.H., Chantada, G.L., Abramson, D.H., 2017. 
Ocular pharmacology of chemotherapy for retinoblastoma. Retina 37, 1–10. https:// 
doi.org/10.1097/IAE.0000000000001275. 

I.L. Sinenko et al.                                                                                                                                                                                                                               

https://doi.org/10.5772/66905
https://doi.org/10.5772/66905
https://doi.org/10.3389/fmolb.2020.00033
https://doi.org/10.1054/bjoc.2001.1796
https://doi.org/10.1054/bjoc.2001.1796
https://doi.org/10.1167/IOVS.62.14.8
https://doi.org/10.3390/cancers14092166
https://doi.org/10.3390/cancers14092166
https://doi.org/10.1542/peds.30.5.791
https://doi.org/10.3389/fbioe.2016.00012
https://doi.org/10.1021/BC970163L
https://doi.org/10.3389/fbioe.2020.00322
https://doi.org/10.1136/bjo.2008.150292
https://doi.org/10.1073/pnas.68.4.820
https://doi.org/10.1007/BF00685390
https://doi.org/10.1007/BF00685390
https://doi.org/10.12659/MSM.923817
https://doi.org/10.12659/MSM.923817
https://doi.org/10.1038/srep25264
https://doi.org/10.1038/srep25264
https://doi.org/10.1007/s10517-017-3661-x
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.3389/fphar.2018.00006
https://doi.org/10.1158/1078-0432.CCR-05-0849
https://doi.org/10.1158/1078-0432.CCR-05-0849
https://doi.org/10.1167/iovs.10-6501
https://doi.org/10.1167/iovs.10-6501
https://doi.org/10.2147/IJN.S29945
https://doi.org/10.1093/pnasnexus/pgac162
https://doi.org/10.1038/nrd1202
https://doi.org/10.1038/nrd1202
https://doi.org/10.1016/0002-9394(61)90909-6
https://doi.org/10.1073/pnas.2011780117
https://doi.org/10.1073/pnas.2011780117
https://doi.org/10.1038/s41467-021-25792-0
https://doi.org/10.1016/j.ophtha.2007.11.009
https://doi.org/10.3892/or.2011.1291
https://doi.org/10.3892/or.2011.1291
https://doi.org/10.1016/j.ejca.2006.06.003
https://doi.org/10.3389/fphar.2017.00298
https://doi.org/10.1177/2155179018773758
https://doi.org/10.1177/2155179018773758
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref84
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref84
https://doi.org/10.1111/j.2042-3292.1998.tb00860.x
https://doi.org/10.14573/altex.1807041
https://doi.org/10.14573/altex.1807041
https://doi.org/10.1177/107327481602300203
https://doi.org/10.1016/j.ajo.2014.12.014
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref89
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref89
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref89
https://doi.org/10.1016/S0161-6420(01)00562-0
https://doi.org/10.1016/S0161-6420(01)00562-0
https://doi.org/10.1016/j.sjopt.2013.06.003
https://doi.org/10.1016/j.sjopt.2013.06.003
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://doi.org/10.1016/j.pharmthera.2016.03.013
https://doi.org/10.1038/s41467-021-24781-7
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref94
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref94
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref94
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref95
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref95
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref95
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref95
https://doi.org/10.1016/j.canlet.2016.06.012
https://doi.org/10.1126/scitranslmed.aat9321
https://doi.org/10.1016/j.ejca.2004.01.003
https://doi.org/10.1016/j.ajo.2019.04.015
https://doi.org/10.1093/jnci/53.2.347
https://doi.org/10.3390/ijms21124322
https://doi.org/10.3390/ijms21124322
https://doi.org/10.1200/JCO.2003.09.103
https://doi.org/10.3389/FPHAR.2014.00121
https://doi.org/10.1093/STCLTM/SZAC008
https://doi.org/10.1093/STCLTM/SZAC008
https://doi.org/10.1038/s41598-018-34037-y
https://doi.org/10.1097/IAE.0000000000001275
https://doi.org/10.1097/IAE.0000000000001275


Experimental Eye Research 230 (2023) 109447

10

Schwermer, M., Hiber, M., Dreesmann, S., Rieb, A., Theißen, J., Herold, T., et al., 2019. 
Comprehensive characterization of RB1 mutant and MYCN amplified retinoblastoma 
cell lines. Exp. Cell Res. 375, 92–99. https://doi.org/10.1016/j.yexcr.2018.12.018. 

Seigel, G.M., Campbell, L.M., Narayan, M., Gonzalez-fernandez, F., 2005. Cancer stem 
cell characteristics in retinoblastoma. Mol. Vis. 11, 729–737. 

Shao, Y., Yu, Y., Zong, R., Quyang, L., He, H., Zhou, Q., et al., 2017. Erlotinib has tumor 
inhibitory effect in human retinoblastoma cells. Biomed. Pharmacother. 85, 
479–485. https://doi.org/10.1016/J.BIOPHA.2016.11.054. 

Shields, C.L., Shields, J.A., 2010. Retinoblastoma management: advances in enucleation, 
intravenous chemoreduction, and intra-arterial chemotherapy. Curr. Opin. 
Ophthalmol. 21, 203–212. https://doi.org/10.1097/ICU.0b013e328338676a. 

Shields, C.L., Bas, Z., Tadepalli, S., Dalvin, L.A., Rao, R., Schwendeman, R., et al., 2020. 
Long-term (20-year) real-world outcomes of intravenous chemotherapy 
(chemoreduction) for retinoblastoma in 964 eyes of 554 patients at a single centre. 
Br. J. Ophthalmol. 1–8. https://doi.org/10.1136/bjophthalmol-2019-315572. 

Singh, R.K., Kumar, S., Prasad, D.N., Bhardwaj, T.R., 2018. Therapeutic journery of 
nitrogen mustard as alkylating anticancer agents: historic to future perspectives. Eur. 
J. Med. Chem. 151, 401–433. https://doi.org/10.1016/J.EJMECH.2018.04.001. 

Squire, J., Gallie, B.L., Phillips, R.A., 1985 704 1985. A detailed analysis of chromosomal 
changes in heritable and non-heritable retinoblastoma. Hum. Genet. 70, 291–301. 
https://doi.org/10.1007/BF00295364. 

Srimongkol, A., Laosillapacharoen, N., Saengwimol, D., Chaitankar, V., Rojanaporn, D., 
Thanomchard, T., et al., 2023. Sunitinib efficacy with minimal toxicity in patient- 
derived retinoblastoma organoids. J. Exp. Clin. Cancer Res. 42, 1–15. https://doi. 
org/10.1186/s13046-023-02608-1. 

Stallard, H.B., 1952. Irradiation of retinoblastoma (glioma retinae). Lancet 259, 
1046–1049. https://doi.org/10.1016/S0140-6736(52)90697-1. 

Stephan, H., Boeloeni, R., Eggert, A., Bornfeld, N., Schueler, A., 2008. Photodynamic 
therapy in retinoblastoma: effects of verteporfin on retinoblastoma cell lines. 
Investig. Ophthalmol. Vis. Sci. 49, 3158–3163. https://doi.org/10.1167/iovs.07- 
1016. 

Sun, J., Xi, H.Y., Shao, Q., Liu, Q.H., 2020. Biomarkers in retinoblastoma. Int. J. 
Ophthalmol. 13, 325–341. https://doi.org/10.18240/ijo.2020.02.18. 

Suresh Babu, V., Kizhakeyil, A., Dudeja, G., Chaurasia, S.S., Barathi, V.A., Heymans, S., 
et al., 2022. Selective induction of intrinsic apoptosis in retinoblastoma cells by 
novel cationic antimicrobial dodecapeptides. Pharmaceutics 14, 2507. https://doi. 
org/10.3390/pharmaceutics14112507. 

Tang, Z., Ma, H., Mao, Y., Ai, S., Zhang, P., Nie, C., et al., 2019. Identification of stemness 
in primary retinoblastoma cells by analysis of stem-cell phenotypes and 
tumorigenicity with culture and xenograft models. Exp. Cell Res. 379, 110–118. 
https://doi.org/10.1016/j.yexcr.2019.03.034. 

Ueda, M., Tanabe, J., Inomata, M., Kaneko, A., Kimura, T., 1995. [Study on conservative 
treatment of retinoblastoma–effect of intravitreal injection of melphalan on the 
rabbit retina]. Nihon Ganka Gakkai Zasshi 99, 1230–1235. 

Van Norman, G.A., 2019. Limitations of animal studies for predicting toxicity in clinical 
trials: is it time to rethink our current approach? JACC Basic to Transl Sci 4, 
845–854. https://doi.org/10.1016/j.jacbts.2019.10.008. 

Van Norman, G.A., 2020. Limitations of animal studies for predicting toxicity in clinical 
trials: Part 2: potential alternatives to the use of animals in preclinical trials. JACC 
Basic to Transl Sci 5, 387–397. https://doi.org/10.1016/j.jacbts.2020.03.010. 

Walker, R.W., Allen, J.C., Bacha, D., Tan, C., 1985. Treatment of recurrent primary brain 
tumors of childhood with carboplatin. Ann. Neurol. 18, 406–406.  

Walters, P.G., 1992. FDA’s new drug evaluation process: a general overview. J. Publ. 
Health Dent. 52, 333–337. https://doi.org/10.1111/j.1752-7325.1992.tb02298.x. 

White, L., 1991. Chemotherapy for retinoblastoma: where do we go from here? 
Ophthalmic Paediatr Genet 12, 115–130. https://doi.org/10.1177/ 
13563890022209334. 

Winston, R., 2013. Animal experiments deserve a place on drug labels. Nat. Med. 19, 
1204. https://doi.org/10.1038/nm1013-1204. 

Winter, U., Aschero, R., Fuentes, F., Buontempo, F., Zugbi, S., Sgroi, M., et al., 2019. 
Tridimensional retinoblastoma cultures as vitreous seeds models for live-cell 
imaging of chemotherapy penetration. Int. J. Mol. Sci. 20 https://doi.org/10.3390/ 
ijms20051077. 

Wong, E.S., Choy, R.W., Zhang, Y., Chu, W.K., Chen, L.J., Pang, C.P., et al., 2022. Global 
retinoblastoma survival and globe preservation: a systematic review and meta- 
analysis of associations with socioeconomic and health-care factors. Lancet Global 
Health. https://doi.org/10.1016/S2214-109X(21)00555-6, 0:e380–9.  

Wu, M., Xiong, H., Zou, H., Li, M., Li, P., Zhou, Y., et al., 2018. A laser-activated 
multifunctional targeted nanoagent for imaging and gene therapy in a mouse 
xenograft model with retinoblastoma Y79 cells. Acta Biomater. 70, 211–226. 
https://doi.org/10.1016/j.actbio.2018.02.006. 

Xia, W., Wang, L., Yu, D., Mu, X., Zhou, X., 2019. Lidocaine inhibits the progression of 
retinoblastoma in vitro and in vivo by modulating the miR-520a-3p/EGFR axis. Mol. 
Med. Rep. 20, 1333–1342. https://doi.org/10.3892/mmr.2019.10363. 

Xu, X.L., Singh, H.P., Wang, L., Qi, D.L., Poulos, B.K., Abramson, D.H., et al., 2014. Rb 
suppresses human cone-precursor-derived retinoblastoma tumours. Nature 514, 
385–388. https://doi.org/10.1038/nature13813. 

Yang, L., Zhang, L., Lu, L., Wang, Y., 2020. LncRNA UCA1 increases proliferation and 
multidrug resistance of retinoblastoma cells through downregulating miR-513a-5p. 
DNA Cell Biol. 39, 69–77. https://doi.org/10.1089/dna.2019.5063 lncRNA. 

Yoneda, C., Van Herick, W., 1963. Tissue culture cell strain derived from retinoblastoma. 
Am. J. Ophthalmol. 55, 987–992. https://doi.org/10.1016/0002-9394(63)90379-9. 

Zhang, J., Benavente, C.A., McEvoy, J., Flores-Otero, J., Ding, L., Chen, X., et al., 2012. 
A novel retinoblastoma therapy from genomic and epigenetic analyses. Nature 481, 
329–334. https://doi.org/10.1038/nature10733. 

Zhang, Q., Cheng, Y., Huang, L., Bai, Y., Liang, J., Li, X., 2017. Inhibitory effect of 
carboplatin in combination with bevacizumab on human retinoblastoma in an in 
vitro and in vivo model. Oncol. Lett. 14, 5326–5332. https://doi.org/10.3892/ 
ol.2017.6827. 

Zhou, Z., Jiang, H., Xia, J., Zhang, J., 2020. Comparison of the therapeutic effects of 
lobaplatin and carboplatin on retinoblastoma in vitro and in vivo. Int. J. Oncol. 57, 
697–706. https://doi.org/10.3892/ijo.2020.5085. 

I.L. Sinenko et al.                                                                                                                                                                                                                               

https://doi.org/10.1016/j.yexcr.2018.12.018
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref109
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref109
https://doi.org/10.1016/J.BIOPHA.2016.11.054
https://doi.org/10.1097/ICU.0b013e328338676a
https://doi.org/10.1136/bjophthalmol-2019-315572
https://doi.org/10.1016/J.EJMECH.2018.04.001
https://doi.org/10.1007/BF00295364
https://doi.org/10.1186/s13046-023-02608-1
https://doi.org/10.1186/s13046-023-02608-1
https://doi.org/10.1016/S0140-6736(52)90697-1
https://doi.org/10.1167/iovs.07-1016
https://doi.org/10.1167/iovs.07-1016
https://doi.org/10.18240/ijo.2020.02.18
https://doi.org/10.3390/pharmaceutics14112507
https://doi.org/10.3390/pharmaceutics14112507
https://doi.org/10.1016/j.yexcr.2019.03.034
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref121
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref121
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref121
https://doi.org/10.1016/j.jacbts.2019.10.008
https://doi.org/10.1016/j.jacbts.2020.03.010
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref124
http://refhub.elsevier.com/S0014-4835(23)00068-4/sref124
https://doi.org/10.1111/j.1752-7325.1992.tb02298.x
https://doi.org/10.1177/13563890022209334
https://doi.org/10.1177/13563890022209334
https://doi.org/10.1038/nm1013-1204
https://doi.org/10.3390/ijms20051077
https://doi.org/10.3390/ijms20051077
https://doi.org/10.1016/S2214-109X(21)00555-6
https://doi.org/10.1016/j.actbio.2018.02.006
https://doi.org/10.3892/mmr.2019.10363
https://doi.org/10.1038/nature13813
https://doi.org/10.1089/dna.2019.5063 lncRNA
https://doi.org/10.1016/0002-9394(63)90379-9
https://doi.org/10.1038/nature10733
https://doi.org/10.3892/ol.2017.6827
https://doi.org/10.3892/ol.2017.6827
https://doi.org/10.3892/ijo.2020.5085

	The predictive capacity of in vitro preclinical models to evaluate drugs for the treatment of retinoblastoma
	1 Introduction
	2 Classical cell culture
	3 Three-dimensional (3D) cell culture models
	4 Hybrid in vitro-in vivo models
	5 Conclusions and outlook
	Funding
	Declaration of interest
	Data availability
	References


