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Abstract

Retinal diseases encompass a diverse group of disorders that affect the structure and function of the retina,
leading to visual impairment and, in some cases, irreversible vision loss. The investigation of retinal diseases is
crucial for understanding their underlying mechanisms, identifying potential therapeutic targets, and developing
effective treatments. The use of in vitro cell models has become instrumental in advancing our knowledge of
these disorders, but given that these conditions usually affect retinal neuronal cell types, access to appropriate
cell models can be potentially challenging. Among the available in vitro cell models, the 661W cone-like cell line
has emerged as a valuable tool for studying various retinal diseases, ranging from monogenic conditions, such
as inherited retinal diseases, to complex conditions such as age-related macular degeneration (AMD), diabetic
retinopathy, amongst others. Developed from immortalized murine photoreceptor cells, and freely available for
academics from its creator, the 661W cell line has offered visual scientists and clinicians around the world a reliable
and well-characterised platform for investigating disease pathogenesis, exploring disease-specific molecular
signatures, and evaluating potential therapeutic interventions. This review aims to provide an overview of the
661W cell line and its applications in the study of both inherited and acquired retinal diseases. By examining

the applications and limitations of this unique cell line, we may gain valuable insights into its contributions in
unravelling the complexities of retinal diseases and its potential impact on the development of novel treatments
for these diseases.
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Retinal diseases are a leading cause of vision impair-
ment and blindness worldwide, with both inherited and
acquired forms contributing to progressive degeneration
of photoreceptors [1, 2]. Despite extensive research aimed
at understanding the pathophysiological mechanisms
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Originally derived from retinal tumours in 1992, 661W
cells are an immortalized cone photoreceptor-like line
that have been characterized for their expression of cone
photoreceptor markers and their ability to replicate cer-
tain aspects of retinal diseases, such as oxidative and
metabolic stress [4, 5]. They have been used as models in
the study of inherited and acquired retinal disease. Fur-
thermore, their rapid proliferation and stable phenotype
have facilitated their application in drug screening and
gene therapy development. Though the use of 661W cells
presents limitations, as the monolayer culture conditions
are unable to replicate the complexity of the retinal archi-
tecture and microenvironment, amongst other physi-
ological limiting factors. These limitations necessitate
complementary approaches, whereby 661W cells are able
to provide a platform for preliminary testing before fur-
ther validation in more complex models, such as animal
models, prior to clinical applications being considered.
This review provides and in-depth examination of the
characterization and diverse applications of the 661W
cell line, highlighting its contributions to retinal disease
research while addressing its limitations and future direc-
tions for its use in therapeutic development. An overview
of the discussed topics within this review are provided in
Fig. 1.

History and characterisation of 661W cells

The synthesis of the 661W cell line began in 1992 when
Al-Ubaidi et al. were investigating the effects of expres-
sion of viral oncogenes in photoreceptors [4]. Previously,
Al-Ubaidi et al. (1992) demonstrated that expression of
the simian virus 40 (SV40) large tumour antigen (T anti-
gen) driven by the rhodopsin promoter led to rod pho-
toreceptor cell death rather than tumorigenesis [6]. As a
result, the lab group investigated whether using the inter-
photoreceptor retinoid-binding protein (IRBP) promoter,
which precedes the expression of rhodopsin during
development as well as being expressed in both rods and
cones, to drive the expression of SV40 T antigen would
induce tumorigenesis in photoreceptors [4]. This led to
early bilateral retinal and brain tumours being formed
in transgenic mice. These transgenic mice were also
crossbred with the retinal degeneration 1 (rd1) mouse
that allowed identification of tumours forming, not only
in rod photoreceptors, but in cones as well, as rdI mice
exhibit early rod degeneration. Thus, the 661W cell line
was isolated from these retinal tumours [4].

Although originally immortalized in 1992, the 661W
cell line was not fully characterised until 2004 by the
Al-Ubaidi group [5]. In culture, these cells adhere to
the growth surface and initially exhibit an equivalent
cytoplasm and nuclear size. Once attached, the cyto-
plasm increases in size and cells start to exhibit an elon-
gated and spindle-shaped appearance. 661W cells form
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monolayers with a tendency to cluster, which facilitates
the formation of cell-cell contacts, similar to those seen
in retinal tissue [5]. The 661W cell lineage is known to
proliferate rapidly and have a doubling rate of approxi-
mately 24 h as used commonly in cultured mediums like
DMEM supplemented by bovine serums, and growth fac-
tors such as epidermal growth factor (EGF) or fibroblast
growth factor (FGF) can enhance proliferation [7].

Interestingly, their morphology is not representative of
photoreceptors as they lack the typical outer segments
present in rods and cones [5]. Cellular and molecular
analyses revealed that 661W cells more closely resemble
cone photoreceptors in their physiological characteris-
tics and gene expression pattern than rod photorecep-
tors. They express cone opsins, transducin and arrestin,
proteins involved in the cone phototransduction cascade,
but do not express rhodopsin or rod arrestin. Due to the
expression of cone-specific genes, the 661W cell line
can serve as a useful tool for investigating cone disease
mechanism and treatment. Furthermore, upon exposure
to light, 661W cells undergo changes in cyclic guanosine
monophosphate (cGMP), and other signalling pathways
typical of photoreceptor activity [8]. This light-induced
response allows 661W cells to be used a model to study
the molecular mechanisms underlying phototransduc-
tion and photoreceptor health. However, research has
not yet shown that 661W cells respond to different wave-
lengths of light in a manner comparable to native photo-
receptors. Nonetheless, research has utilised 661W cells
to investigate how light exposure affects cellular pro-
cesses, such as gene expression, protein phosphorylation,
and cell survival, providing valuable insights into normal
visual function and the pathophysiology of retinal disease
[8-12]. As 661W cells lack the polarized morphology of
photoreceptors, they are less suitable for studies involv-
ing light-mediated processes involving trafficking of typi-
cal outer segment proteins.

More recently, 661W cells have been characterised
for the study of retinal ciliopathies. In a comprehensive
study in 2019, Wheway et al. performed whole transcrip-
tome sequencing of 661W cells to reveal the expression
of numerous cilia-associated genes [13]. High-resolution
imaging techniques confirmed the presence of distinct
cilia structures and their related proteins [13]. Addition-
ally, the knockdown of the cilia gene /f88 effectively dis-
rupted cilia formation in 661W cells [13]. Together, these
studies have established 661W cells as a suitable model
for investigating cone photoreceptor degeneration in ret-
inal diseases.

Studying retinal diseases in vitro

A variety of retinal cell lines have been developed to
study retinal diseases, with immortalized cell lines
being a convenient tool due to their ease of culture and
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Fig. 1 Flow chart illustrating the main topics of this review
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reproducibility. Apart from 661W cells, other cell lines
with photoreceptor similarities include the retinoblas-
toma Y-79 [14] and WERI-Rb [15] lines, and the MU-PH1
line [16]. The Y-79 cell line is a human-derived line that
has been shown to express both rod an cone photore-
ceptor genes, but has a greater expression level of rod-
specific genes [17, 18]. Expression of rod-specific genes
has also been shown to be modulated by light, reflecting
gene expression changes in rods [18]. As the Y-79 cell
line is human-derived, it has more relevance in study-
ing human retinal diseases over 661W cells which are
murine-derived. However, the Y-79 line has been more
commonly used in retinoblastoma research rather than
as a model for studying photoreceptors. When treated
with thyroid hormone, the WERI-Rb line expresses L and
M opsin genes, though lack expression of other photo-
receptor genes [19, 20], limiting its use in photoreceptor
research. MU-PH1 cells are more reflective of progeni-
tor cells as they have both Miiller glia and photoreceptor
characteristics [16]. They express both rod and cone pho-
toreceptor genes, as well as melanopsin which is a gene
specific to intrinsically photosensitive RGCs. The cell line
was more recently developed compared to other photo-
receptor lines [16], and as such there is limited research
using this line. With these factors taken into consider-
ation, the 661W cell line currently offers the most well-
studied immortalized cell model for photoreceptor cells.

Retinal degeneration can also encompass the degen-
eration of the retinal pigment epithelial (RPE) cells, such
as in age-related macular degeneration (AMD) [21]. The
ARPE-19 cell line is the most commonly used model for
studying RPE degeneration in retinal diseases [22], and
can be investigated in parallel with 661W cells to model
the RPE and photoreceptor degeneration seen in AMD
patients. Retinal ganglion cells (RGCs) are the primary
cells affected in optic neuropathies, and previous in vitro
studies used the RGC-5 cell line to model these diseases
[23]. Controversy surrounded the use of RGC-5 after
conflicting experimental results prompted an in depth
characterisation of the line, revealing that the RGC-5
line does not appropriately represent RGCs, with some
journals now refusing to publish studies using this line
[24]. The original paper characterizing the RGC-5 line
has since been retracted [23]. These findings underscore
the importance of fully characterizing cell lines before
employing them to study diseases. Cell lines for other
retinal cells include MIO-M1 cells as a model for Miiller
glia [25], and MG5 as a model for microglia [26].

Primary retinal cultures, a combination of cells iso-
lated directly from the retina, provide the most physi-
ologically relevant cell-based model for studying retinal
function and degeneration [27]. These cultures retain key
structural and functional properties, making them ideal
for understanding disease mechanisms across retinal cell
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types and testing therapeutic interventions. To model
different aspects of retinal degeneration, studies have
exposed primary retinal cell cultures to conditions such
as light induced-damage [28], hyperglycemia [29], and
oxidative stress [30]. Neuroprotective treatments have
been tested for photoreceptor degeneration in cell cul-
ture such as minocycline (an antibiotic) [30] and crocin
(a painkiller) [28], amongst others. However, primary ret-
inal cell cultures require additional supplements, neuro-
trophic factors and substrates to be maintained [31, 32],
adding to the cost of experiments and inducing possible
physiological changes that are not representative of the
typical retinal environment. Culturing isolated photore-
ceptor cells, as opposed to retinal cell cultures consist-
ing of a variety of cells, has proven difficult as they often
lose their inner and outer segments during the isolation
process, likely contributing to their 1-2 day limited lifes-
pan [31]. Unlike primary photoreceptor cultures, which
have a limited lifespan and require continuous harvesting
from animals [31], 661W cells provide a consistent and
reliable supply of photoreceptor cells for experiments.

Retinal organoids, which are retinal-like tissue derived
from human pluripotent stem cells (hPSCs), provide a
comparable tissue culture model to the retina as it mim-
ics the cellular architecture and molecular function of the
human retina [33]. The laminated 3-D structure of retinal
organoids allows for cellular interactions and microen-
vironmental conditions that recapitulate the retina [33].
Since retinal organoids are often derived from hPSCs,
they provide a human-specific model, limiting inter-spe-
cies differences that arise from animal cell lines. Further-
more, retinal organoids derived from patients harbouring
disease mutations exhibit similar pathophysiology, pro-
viding a platform to study morphological and molecular
changes associated with disease-causing mutations [7,
34, 35]. However, retinal organoids are costly, difficult to
maintain, and have a complex and timely differentiation
process [36], as differentiation typically takes around 100
days to form mature and functional photoreceptors [37].
This makes retinal organoid impractical for wide drug
screening experiments, though valuable for patient-tai-
lored interventions.

While primary retinal cell cultures and retinal organ-
oids provide the most physiologically relevant models,
their limitations in scalability and maintenance make
immortalized cell lines like 661W cells a valuable alter-
native for preliminary investigations into retinal diseases.
Since their development, 661W cells have significantly
advanced research in a variety of retinal diseases, with
the studies discussed in this review outlined in Table 1.
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Table 1 Studies using the 661W cell line discussed within this review

Application

Disease modelling

Paper

Findings

Inherited retinal diseases

Achromatopsia

Retinitis
pigmentosa

A model for rod
photoreceptors

Leber congenital
amaurosis
Usher syndrome

Bardet-bied|
syndrome

Exogenous expression of
human mutations

Exogenous expression of
human mutations

Exogenous expression of
human mutations

Oxidative stress - H,0,
induced

Oxidative stress — H,0,
induced

Oxidative stress — H,0,
induced

Oxidative stress — Light
damage

Increased Ca’*
Increased Ca**

Increased Ca’*
Increased Ca**

Exogenous expression of
human mutations
Phosphodiesterase 6
inhibition

Exogenous expression of
healthy gene

Exogenous expression of
human mutation

Exogenous expression of
human mutation

Overexpression of protein

Acquired retinal diseases

Age-related
macular
degeneration

Oxidative stress — atRAL-
loaded cells

Oxidative stress — atRAL-
loaded cells

Oxidative stress — atRAL-
loaded cells

Oxidative stress

- SO,-induced

Oxidative stress

- H,0,-induced
Oxidative stress

- H,0,-induced
Oxidative stress

- H,0,-induced
Oxidative stress

- H,0,-induced
Oxidative stress — light
damage

Oxidative stress — light
damage

Oxidative stress — light
damage

Zheng et al. [38]
Liu et al. [39]
Duricka et al. [40]
Fabiani et al. [41]
Tahia et al. [42]
Leyk et at. [43]
Zhu et al. [44]

Perron et al. [45]
Arroba et al. [46]

Lin et al. [47]
Luodan et al. [48]
Liu et al. [49]

Huang et al. [50]
Tang etal. [51]
Minegeshi et al.
[52]
Panagiotopoulos

etal. [53]
Zhang et al. [54]

He et al. [55]

Yang et al. [56]
Ortega et al. [57]
Du et al. [58]
Dong et al. [59]
Sanchez-Bretafio
etal. [60]
Babaetal. [61]
Ortega et al. [57]
Chenetal. ([8])

Natoli et al. [10]

Mandal et al. [62]

R410W mutation in CNGA3 leads to hyperactive CNG channel

F525N or T383fsX mutations in CNGB3 leads to hyperactive CNG channels and
increased cytotoxicity

R563H or Q655X mutations in CNGA3 leads to ER stress

Inhibiting ceramide or increasing sphingosine-1-phosphate activity reduced cell
death

Inhibiting ceramide biosynthesis reduced cell death and by modulating antioxi-
dant, apoptotic and sphingolipid pathways

Tubastatin A (HDAC6 inhibitor) improved cell viability and maintained healthy cell
biology

Inhibition of PKM2 reduced cell death and oxidative stress

SAHA (broad HDAC inhibitor) reduced cell death whilst Tubastatin A did not

IGF-I reduced cell death, decreased calpain-2 activation, increased calpastatin
levels

S6K1 is critical for cell survival
Metformin reduced cell death

P23H, R135L, or G188R mutations in RHO lead to energy failure and OXPHOS
deficiency

Using zaprinast to inhibit PDE6, cells exhibited increased cGMP and Ca?* levels, and
activation of PKG and calpains, modelling rod degeneration in retinitis pigmentosa

Exogenous RPE6S expression in 661W cells supports function

T400P or R516H mutations in CCT2 induce a partial, and not complete, defect in
CCT machinery

€.254-649T > G mutation in CLRNT can be corrected in 661W cells using antisense
oligonucleotide therapy

Overexpression of Rnf217 protein leads to downregulation of Bardet-bied! syn-
drome genes

atRAL accumulation impairs ER function, elF2a activation, and cell death via JNK
signalling dependent apoptosis and GSDME pyroptosis

Crocin improved cell viability, amerliorated oxidative stress and mitochondrial
damage, and reduced apoptosis, pyroptosis and ferroptosis

Flavonoids quercetin and myricetin improved cell viability increased expression of
M- and S-cone opsin genes, and promoted pro-survival pathways

Inhibition of AATT inhibited SO2 synthesis, partially mimicking H,O,-induced
apoptosis

ERK1/2 and STAT3 signalling was increased after H,0,-induced oxidative stress.
Inhibiting either ERK1/2 or STAT3 exacerbated cell death.

Melatonin partially ameliorated cell death by activating melatonin receptors

661W cells posses a circadian clock, and protects against oxidative stress via modu-
lation of glutathione peroxidase activity

Flavonoids quercetin and myricetin improved cell viability increased expression of
M- and S-cone opsin genes, and promoted pro-survival pathways
Nrf2 protects cells by activating the antioxidant response element

Pyruvate protects against oxidative damage

Curcumin protects against oxidative damage
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Application Disease modelling Paper Findings

Oxidative stress — light Lin et al. ([9]) Astaxanthin protects against oxidative damage

damage

Oxidative stress Ma et al. [63] Elamipretide (SS31) protects against oxidative damage

- tBHP-induced

Oxidative stress — High Lai et al. [64] Astaxanthin protects against oxidative damage

glucose

Inflammation Shi et al. [65] C5b-9 can sensitise 661W cells to certain apoptotic and necroptotic pathways,

Inflammation Lee et al. [66] VEGF-treatment in 661W cells induced the expression of inflammatory proteins.
Flavonoid quercetin suppressed inflammatory molecules, inhibited the angiogenic
response, and inactivated of the NF-kB pathway via the inhibition of MAPK and AKT
phosphorylation

Inflammation Kamoshita et AICAR reduced inflammatory cytokine Tnf-a mRNA levels, and increasing the

al. [67] mMRNA levels of Pgc1-a, a mitochondrial biogenesis regulator.
Schnichels et anti-VEGF drug aflibercept had no toxic effects on 661W cells
al. [68]

Iron overload Huang etal.[69] Induced senescence-like changes, impaired cell proliferation, mitochondrial
dysfunction, and apoptotic cell death. Cells exhibited activation of MAPK and its
downstream molecules

Diabetic High glucose Lam et al. [70] Proteomic analysis identified an increase in apoptosis and ROS
retinopathy

High glucose Takietal. [71] Impairment of autophagy causes superoxide formation and caspase activation

High glucose Arroba etal. [72]  Somatostatin moderately promotes cell survival

High glucose Lvetal [73] Sulforaphane delays cell death

Glaucoma

AAV screening

Advanced glycation end

product-induced

Staurosporine for 661W

cell differentiation
Pressure-induced

Light-induced

Light-induced

Expression of mutated

gene

Expression of mutated

gene

Overexpression of gene

Song et al. [74]
Sayyad et al. [75]
Somvanshi et

al. [76]

Imamura et al.
[77]

Imamura et al.
[78]

Zhu et al. [79]
Sayyad et al. [75]
Chen et al. [80]

Ryals et al. [81]

Kay et al. [82]
Boye et al. [83]

Bohm et al. [84]

Addition of AGEs mimicked diabetic retinopathy conditions

Induces 661W cell differentiation into retinal ganglion cells

Cannabinol decreased cell death

Rimonabant, a selective cannabinoid receptor agonist, decreased cell death
HU-308, an agonist of cannabinoid receptor type 2, reduced cell death

Expression of MYOC mutation led to decreased autophagy activity, and increased
mitochondrial dysfunction and oxidative stress

Expression of OPTN mutation decreased cell viability

Overexpression of OPTN led to autophagy. Treatment with acteoside reduced
autophagy

scAAVT and scAAV2 were more efficient than scAAVS5 and scAAVS8 vectors at
transducing 661W cells. Increasing the number of Y-F capsid mutations increased
transduction efficiency. A sextuple mutant scAAV2 showed a nine-fold increase in
transduction efficiency to unmodified scAAV2

Screened various capsid-mutated AAV vectors and found scAAV2 (quadY-F-T-V) to
be the most efficient

Preincubation of AAV2-smCBA-mCherry with Healon for varying durations showed
up to a three-fold increase in transduction efficiency after one hour

Testing CRISPR-Cas9 plasmid transfection fast-tracked the feasibility testing of this
system before in vivo applications

661W cells for the study of inherited retinal

diseases

cone phototransduction, resulting in dysfunction and/
or degeneration of cone photoreceptors [38]. This con-

Achromatopsia

Given that 661W cells are characterised as a cone-like
cell line, they are particularly well-suited for investigat-
ing cone dystrophies. Achromatopsia is a cone dystro-
phy typically caused by mutations in genes involved in

dition results in severe visual impairments character-
ised by significantly reduced daylight vision and visual
acuity, as well as loss of colour vision. Achromatopsia
affects 1:30,000 people globally, with currently no avail-
able treatments for this condition [39, 40]. The most
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prevalent causes of achromatopsia are mutations in the
alpha and beta subunits of the cyclic nucleotide gated
channel (CNGA3 and CNGB3) genes, accounting for
approximately 25-30% and 40-50% of achromatopsia
cases, respectively [38]. Prevalence of these disease genes
is population dependent, and CNGA3 mutations can
account for as high as 84% and 80% of all achromatopsia
cases in Israeli/Palestinian [41] and Chinese populations
[42], respectively. Investigating these gene mutations
is therefore of high relevance in understanding disease
mechanisms and developing treatments for the majority
of achromatopsia patients.

Both the CNGA3 and CNGB3 disease genes are being
investigated for viral-based gene therapy in clinical tri-
als. The CNGA3 gene therapy treatment has shown
only minor improvements to patient’s visual acuity and
colour discrimination (NCT02610582) [43]. Similarly, the
CNGBS3 clinical trial also reported minor improvements
to colour vision and photoaversion in some patients,
though 21 of 23 treated patients reported increase in
vision-related quality-of-life (NCT03001310) [44]. How-
ever, electroretinogram responses remained unmeasur-
able in all patients within both clinical trials [43, 44].
Further pre-clinical studies are essential for improving
the efficacy of these gene therapy treatments, possi-
bly with subtle variations to the viral engineering of the
gene therapies. For example, the viral construct used in
the CNGB3 trials employed the human cone arrestin
promoter to drive expression, though its use was super-
seded by the preferred L-opsin promoter (PR1.7) in
more recent pre-clinical testing [45]. 661W cells provide
an ideal model for fast-tracking gene therapy safety and
transfection efficacy testing and could be a potential ave-
nue for testing multiple gene therapies. It is important to
note that 661W research provides just a foundation for
screening of gene therapies, and once a suitable therapy
has been identified, its effects in an appropriate animal
model would need to be tested before progressing to clin-
ical trials.

661W cells can also aid in identifying the pathophysi-
ological mechanisms of cone degeneration in achroma-
topsia disease genes. However, it has been previously
reported that 661W cells do not express endogenous
CNGA3 and have only minimal expression of CNGB3
[46], requiring exogenous expression of these genes for
relevant studies. 661W cells expressing different human
CNGA3 and CNGB3 mutations provided valuable insight
into disease mechanisms and revealed cytotoxicity
dependent on increased intracellular calcium (Ca?*) and
cyclic guanosine monophosphate (cGMP) [47-49], as
well as increased unfolded protein response (UPR) mark-
ers [49]. Additionally, blocking of cyclic nucleotide gated
(CNG) channels or removal of extracellular Ca?* rescued
661W cell viability, suggesting high intracellular Ca®* as
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being a primary contributor in CNG-associated cone
degeneration [48]. These pathophysiological mechanisms
of CNGA3 and CNGB3 mutations are mirrored in animal
studies [50—52], giving credence to the use of 661W cells
in cone degeneration study, even if the disease-associated
gene is not endogenously expressed.

Research is limited for the remaining achromatopsia-
associated disease genes which include: GNAT2, PDE6C,
PDE6H, and ATF6. Although each of these genes account
for less than 5% of achromatopsia cases globally [38],
certain populations show significantly higher incidence
rates, such as Korean populations exhibiting up to 38% of
patients affected with PDE6C-associated achromatopsia
[53]. Their low global incident rate is most likely the rea-
son why research efforts have been focused more towards
CNGA3 and CNGB3 genes instead. Although not yet
explored, 661W cells may be an ideal, cost-efficient
model to study these disease-associated genes. Expres-
sion of GNAT?2 [5, 54, 55], PDE6H [55], ATF6 [56] have
previously been confirmed in 661W cells, but reports
were not able to confirm PDE6C expression [13, 54].
Future directions for the use of 661W cells may include
functional knockdown of the achromatopsia genes that
are endogenously expressed to elucidate the pathophysi-
ological mechanisms of cone degeneration in vitro. Fur-
thermore, transgenic expression of associated mutations
in 661W cells may provide greater insight into patient
specific mutations as was found in CNGA3 and CNGB3
mutation studies [47-49].

Retinitis pigmentosa (RP)

Retinitis pigmentosa (RP) is a rod-cone dystrophy and
stands as the most prominent form of inherited retinal
disease [57, 58]. In contrast to the low incidence rates
of achromatopsia, RP accounts for approximately 40%
of IRDs, and affects 1:4000 people globally [57]. Muta-
tions that cause RP typically occur in rod-specific genes,
resulting in primary rod death, followed by a secondary,
mutation-independent cone degeneration. As such, the
disease initially manifests as night-blindness (nyctalo-
pia), and as the disease advances, patients experience
a gradual constriction of the visual field (tunnel vision)
which can progress to complete blindness [59]. Although
cones are not genetically affected, understanding the
mechanisms by which they degenerate, and identifying
therapeutic targets is crucial, given our reliance on cone-
mediated vision in daily life. The underlying mechanisms
of cone degeneration in RP remain unclear, however, they
are thought to involve processes such as oxidative stress,
Ca®* overload, and dysregulation of key metabolic path-
ways, all of which have been studied in 661W cells.



Brunet et al. Cell & Bioscience (2025) 15:41

Oxidative stress in RP

Oxidative stress is a major factor involved in the patho-
physiology of RP, with an imbalance between reac-
tive oxygen species (ROS) production and antioxidant
defences mechanisms leading to photoreceptor damage
and death [60]. In 661W cells, oxidative stress is com-
monly induced through methods such as H,O,-treat-
ment, and light damage, providing valuable insights into
potential therapeutic targets and neuroprotective thera-
pies in RP. For instance, under oxidative stress, various
strategies have shown success in rescuing 661W cells,
including promoting pro-survival pathways [61, 62],
inhibiting pro-apoptotic pathways [63], and inhibiting
histone modifiers [64].

Apoptosis is a well-established death process occur-
ring in RP, and has been shown to be a major cell death
pathway in 661W cells exposed to oxidative stress [65].
Ceramide (CER) and sphingosine-1-phosphate (S1P)
are sphingolipids with opposing actions: CER promotes
apoptosis, while S1P promotes cell survival [66]. In 661W
cells under H,0,-induced oxidative stress, pre-treatment
with an inhibitor of de novo CER synthesis demonstrated
protective effects [61]. Similarly, pharmacologically
increasing S1P levels protected cells by impairing apopto-
sis and promoting pro-survival responses. Another study
that inhibited ceramide biosynthesis with L-cycloserine
showed 661W cells were protected from oxidative-stress
mediated cell death through modulating antioxidant,
apoptotic and sphingolipids pathway genes [62]. Stud-
ies have also used 661W cells to investigate molecular
changes during oxidative stress and identify potential
therapeutic targets. One such study investigated the role
of pyruvate kinase 2 (PKM2), which is expressed in pho-
toreceptors and has been associated with oxidative stress
[63]. In response to light damage, 661W cells featured
increased PKM2 expression, oxidative stress, and apop-
tosis. Pharmacological PKM2 inhibition improved these
parameters, suggesting PKM2 may be a promising thera-
peutic target.

Another avenue of research has focused on histone
deacetylase (HDAC) activity, which has been shown
to be dysregulated in several IRD models, including
RP [67]. HDAC inhibitors have shown promise in pro-
tecting 661W cells from oxidative stress [64], and have
emerged as a promising neuroprotective strategy. A
study by Carullo et al. (2024) developed a variety of
HDAC inhibitors and selected the most suitable inhibi-
tors to test their mechanism of action and ability to com-
bat oxidative stress in both 661W and ARPE-19 cells. In
661W and ARPE-19 cells under H,0,-induced oxidative
stress, pre-incubation with different HDAC inhibitors
saw significant improvements in cell viability and main-
tained healthy cellular morphology compared to H,O,
treatment alone [64]. Their developed HDAC inhibitor,
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repistat, was chosen for testing in the dye"® zebrafish
and rd10 mouse model of inherited retinal disease and
demonstrated the ability to alleviate cone degeneration.
This thorough study exemplifies the importance of using
multiple models to validate a treatment, with parallel
testing of 661W and ARPE-19 cells serving as a prelimi-
nary screening platform to assess drug efficacy before
progressing to more complex in vivo models.

Increased Ca®* in RP

Alongside oxidative stress, increased Ca®* levels are a
common feature in many RP models and contribute sig-
nificantly to photoreceptor degeneration. Elevated Ca?*
levels have been widely studied in 661W cells and have
been used to assess various drugs for neuroprotective
effects. Suberoylanilide hydroxamic acid (SAHA) [68],
insulin like-growth factor-1 (IGF-1) [69], and metformin
[70] have all demonstrated protective effects, and have
partially recovered viability of 661W cells under Ca?*
overload.

In 661W cells stressed with the calcium ionophore
A23187 to increase intracellular Ca®*, pre-treatment with
SAHA (a broad-acting pan-HDAC inhibitor) improved
cell survival and redox capacity [68]. These protective
effects were also observed in retinal explants from the
rd1 mouse model of RP, where SAHA treatment resulted
in a two-fold increase in photoreceptor numbers at the
highest concentration tested [68]. Interestingly, in the
same study, Tubastatin A, which was previously shown
to be effective against oxidative stress in 661W cells [64],
was unable to mitigate the effects of Ca®* overload, high-
lighting the importance of testing drug efficacy under dif-
ferent disease-related cellular conditions.

In a notable study by Arroba et al. (2009), IGF-1 was
shown to protect the 661W cells from Ca**-induced
apoptosis, reduce calpain-2 activation, and maintain lev-
els of calpastatin via the AKT-CREB pathway [69]. The
therapeutic effects of IGF-1 were further validated in
wildtype retinal explants under Ca*" stress, and explants
from the rdI mouse model of RP. In both models, IGF-1
reduced photoreceptor apoptosis, decreased calpain-2
activation, and increased calpastatin levels, mirroring
the molecular findings from 661W cells. These findings
underscore the value of 661W cell research in identifying
potential molecular mechanisms associated with thera-
peutic compounds before these therapies are transitioned
into more complex models.

Another critical pathway involved in RP is the mam-
malian target of rapamycin (mTOR) signalling pathway,
a key regulator of cell metabolism, growth, and survival.
Aberrant activation of mTOR signalling in some RP mod-
els has made it an attractive target for therapeutic inter-
vention [71, 72]. Research by Lin et al. (2018) showed
that ribosomal S6 kinase 1 (S6K1), a downstream effector
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of mTOR, was critical for 661W cell survival [73]. This
was further corroborated in vivo in the rd10 mouse
model of RP, where overexpression of S6K1 promoted
both rod and cone survival and function [73]. Addition-
ally, metformin, a widely available anti-diabetic drug
and inhibitor of mTOR complex 1 (mTORC1) has also
shown therapeutic potential. Intravitreal injections of
metformin in the rdI mouse delayed visual impairment
and reduced photoreceptor apoptosis [70]. 661W experi-
ments supported metformin’s protective effects against
Ca?*-induced apoptosis, highlighting the therapeutic
potential of targeting mTOR and its downstream effec-
tors in RP treatment [70].

661W line variations to study rod degeneration in RP
Manipulating the 661W cell environment to model sec-
ondary cone degeneration has provided valuable insights
into molecular mechanisms, therapeutic targets, and
potential treatments for RP. However, as RP is charac-
terised by primary rod degeneration, the limitations of
661W cells as cone-like cells must be acknowledged. A
recent study by Liu et al. (2022) overexpressed rhodop-
sin (RHO) in 661W cells to examine the effects of auto-
somal dominant RHO mutations on energy metabolism
in photoreceptors [74]. Wild-type (WT), RHO, and three
mutants (P23H, R135L, and G188R) were overexpressed
in 661W cells, and they found that in RHO overexpressed
cells, energy failure may also be one of the early events
involved in primary rod death. Additionally, the authors
found RHO overexpression in the WT and P23H groups
led to OXPHOS deficiency, triggering AMPK activation
and metabolic reprogramming towards increased aerobic
glycolysis. However, energy failure and cell injury were
more severe in the R135L and G188R mutants, poten-
tially from impaired metabolic reprogramming [74].
These results generally correlate with the clinical sever-
ity of these mutations (R135L>G188R>P23H). While
661W cells cannot fully replicate in vivo photoreceptors,
this RHO overexpression model may be a useful in vitro
tool to investigate the mechanisms underlying the heter-
ogenous phenotypes of RHO mutations.

A novel 661W-A11 line has also been recently devel-
oped by Huang et al. (2021) which expresses rod-specific
genes to better represent rods in vitro [54]. During retinal
development, photoreceptor precursor cells are inher-
ently determined to differentiate into cone cells, unless
expression of neural retina-specific leucine (Nrl) is pres-
ent [75]. 661W-Al11 cells transfected with Nrl showed
increased expression of rod genes, though maintained
similar expression levels of cone genes to the original
661W line [54]. However, morphologically they differed,
with 661W-Al11l being more elongated and having a
slower replication rate. Using zaprinast to inhibit phos-
phodiesterase 6 (PDE6) activity in 661W-A11 has shown

Page 9 of 19

promise in mimicking the pathophysiology of RP rods.
These cells exhibited increased cyclic-guanosine mono
phosphate (cGMP) and Ca?* levels, along with activa-
tion of protein kinase G (PKG) and calpains [54]. Con-
trastingly, some studies suggest the original 661W line
is insensitive to zaprinast treatment [76, 77]. While the
full potential of the 661W-A11 cell line remains to be
explored, its recent development represents a significant
advancement in facilitating future RP research.

Leber congenital amaurosis
Leber congenital amaurosis (LCA) is a rare disease con-
sidered to be a severe and early onset form of retini-
tis pigmentosa due to the similar clinical features [78].
Symptoms are present from birth or manifest in early
infancy. There have been over 20 disease-associated
genes identified, some of which are also associated with
the later onset retinitis pigmentosa [40]. However, the
use of 661W cells to study these 20 LCA genes is limited.
The RPE6S gene is arguably the most well-known LCA-
related gene, as it was the first to have an FDA-approved
adeno-associated viral vector gene therapy Luxturna®
(voretigene neparvovec-rzyl) [3]. Mutations to the RPE65
gene, leading to defective RPE cells, is one of the com-
mon causes of LCA, though incidence rates vary largely
within populations [79]. After phase 1 clinical trials of
Luxturna®, Tang et al. (2011) identified RPE6S5 to also be
expressed in human cones [80]. They further demon-
strated in 661W cells that exogenous expression of RPE65
supports cone function by promoting photopigment
regeneration, expanding our understanding of the thera-
peutic impact of Luxturna®. These retrospective findings
of developed therapies are important in guiding develop-
ment of future therapies, particularly in 661W cells, as it
expands their experimental potential for use in studying
mutations in genes not endogenous to 661W cells.
Another study explored mutation-specific defects
in the CCT2 gene identified within a family exhibit-
ing LCA symptoms [81]. The study attempted to gener-
ate retinal organoid cultures from the patient-derived
induced pluripotent stem cells, but were unsuccessful
due to decreased proliferative activity in the organoids.
Knockdown of the CCT2 gene in 661W cells also found
decreased proliferation. Using a viral vector, overexpres-
sion of wildtype CCT2 significantly rescued cell prolif-
eration, while overexpression of its mutated form had no
rescue effect [81]. Though the same experimental design
may have been conducted in retinal organoids, the ease
of use and maintenance of 661W cells allowed for easier
collection of results, highlighting their value in functional
studies of gene mutations.
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Usher syndrome

Usher syndrome is a rare ciliopathy that also displays
similar clinical presentations to retinitis pigmentosa,
however, patients with Usher syndrome exhibit sensori-
neural hearing loss [82]. It is the most common condition
affecting both vision and hearing, with varying degrees of
severity depending on the mutation [82, 83]. Usher syn-
drome is inherited in an autosomal recessive manner and
is categorised into three primary types, 1, 2, 3, each dis-
tinguished by the onset and severity of hearing loss and
rate of vision decline [82]. To date, there have been 15
genes associated with this condition [40]. Although ani-
mal models sufficiently represent the hearing loss aspect
of Usher syndrome, validation of the retinal degeneration
that mimics the human presentation in mouse models
are still lacking [84]. Recent advances in genome editing
technologies, such as CRISPR-Cas9, have made it pos-
sible to develop a genetically modified primate model of
Usher syndrome using the MYO7A gene [85]. However,
generating these in vivo models requires a substantial
amount of time and validation.

Despite Wheway et al. (2019) having established 661W
cells as a suitable model for studying ciliopathies [13],
their use for investigating Usher syndrome remains
underexplored. One study successfully introduced an
Usher-causing mutation in the CLRNI gene into 661W
cells, and further demonstrated that the mutation could
be corrected using an antisense oligonucleotide approach
[86]. However, studies involving other Usher-associated
genes in 661W cells are limited, highlighting a significant
opportunity for future research within this area.

Bardet-Biedl syndrome

Bardet-biedl syndrome is another rare ciliopathy that is
characterised by an expansive range of debilitating symp-
toms that affects many body systems, including cognitive
impairment, renal dysfunction, obesity, heart defects, as
well as rod-cone dystrophy [87]. The retinal degenera-
tion aspect of Bardet-biedl syndrome is often progres-
sive, with symptoms becoming apparent by 7 or 8 years
of age and many patients becoming legally blind by their
mid-teens [88]. Additional ocular dysfunctions associ-
ated with Bardet-biedl syndrome include strabismus, cat-
aract, and glaucoma [89]. Although 24 disease-associated
genes have been identified [40], approximately 20—-30%
of patients have unknown genetic causes [90]. This gap
in knowledge complicates diagnosis and treatment for a
substantial subset of Bardet-biedl syndrome patients.

The use of 661W could potentially expedite the identifi-
cation process of disease genes for the remaining patients.
A novel study by Zhang et al. (2020) demonstrated that
the mature microRNA miR-183 is indispensable for
vision, with its ablation resulting in the downregulation
of Bardet-biedl syndrome (BBS) genes [91]. Given that
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microRNAs negatively regulate the expression of numer-
ous genes, the study sought to identify the mechanism by
which miR-183 downregulation led to retinal dysfunc-
tion. The overexpression of Rnf217 protein, a direct tar-
get of miR-183, in 661W cells confirmed the subsequent
downregulation of BBS genes. Although neither miR-183
or RNF217 have thus far been identified as disease genes
in Bardet-biedl patients, miR-183 and its respective tar-
gets may be of interest when conducting genetic screen-
ing of patients. The study by Zhang et al. has also paved
the way for using 661W cells to further investigate retinal
degeneration in Bardet-biedl syndrome.

661W cells for the study of acquired retinal
diseases
Age-related macular degeneration (AMD)
Age-related macular degeneration is a progressive reti-
nal disease characterised by the degeneration of cells in
the macula, the central portion of the retina responsible
for central vision. The macula contains a cone-rich area
called the fovea, and the loss of cone photoreceptors in
this region causes major visual impairment [59]. The
two primary types of the AMD are neovascular and geo-
graphic, differentiated by the presence of neovascularisa-
tion and leaking of fluid from the retinal vasculature in
neovascular AMD. Geographic AMD may also develop
into neovascular AMD in patients at advanced stages
of the disease. Treatments for neovascular AMD are
aimed at decreasing vasculature atrophy via anti-VEGF
injections and laser treatment; however, no treatments
currently exist for geographic AMD. Furthermore, the
underlying mechanisms that contribute to AMD patho-
genesis have been widely studied but are still not fully
understood.

661W cells have been widely used to study the molecu-
lar mechanisms of cone degeneration within the context
of AMD, with enough research available to warrant its
own dedicated review. Similar to retinitis pigmentosa,
oxidative stress is a well-established contributor to AMD
and can be easily replicated in vitro [9, 10, 92]. However,
this overlap in disease modelling brings into question
whether 661W cells could accurately represent disease
processes in two vastly different diseases.

Oxidative stress in AMD

Several studies have examined the molecular mecha-
nisms associated with oxidative stress within the AMD
retina, which include (but are not limited to) the role of
all-trans-retinal (atRAL) accumulation, endogenous SO2,
and ERK1/2 and STATS3 signalling activation [93, 94].
The accumulation of atRAL in photoreceptors has been
closely associated with geographic AMD. A recent study
by He et al. (2023) utilised both atRAL-loaded 661W
cells and mouse models to investigate the molecular
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mechanisms of atRAL mediated cell death. The authors
propose that atRAL accumulation impairs ER function,
partially through oxidative stress, which leads to eukary-
otic translation initiation factor 2a (elF2«) activation,
promoting retinal degeneration via c-Jun N-terminal
kinase (JNK) signalling-dependent apoptosis and gas-
dermin E (GSDME) mediated pyroptosis [93]. In atRAL-
loaded 661W cells, crocin, a natural carotenoid with
antioxidant and anti-inflammatory properties used for
pain relief, was found to improve cell viability, ameliorate
oxidative stress and mitochondrial damage, and reduce
apoptosis, pyroptosis and ferroptosis [94]. Interestingly,
in light-damaged mice, crocin treatment improved visual
function and retinal integrity compared to untreated
controls, highlighting its therapeutic potential [95].

Given the central role oxidative stress plays in AMD
pathogenesis, it is crucial to understand how it can
affect other cellular pathways. In this context, 661W
cells treated with H,O, exhibited significantly reduced
endogenous sulphur dioxide (SO,) levels and aspartate
aminotransferase 1 (AAT1) expression, thereby promot-
ing apoptosis [96]. Inhibition of AAT1 inhibited SO,
synthesis, and partially mimicked H,0O,-induced apopto-
sis seen in vitro. These findings indicated that the SO,/
AAT1 pathway may be an important regulator of apopto-
sis, and that targeting this pathway may have therapeutic
potential in AMD [96]. However, further investigations
are necessary to clarify the specific mechanisms. In con-
trast to the pro-apoptotic SO,/AAT1 pathway, the activa-
tion of the ERK1/2 and STAT3 signalling pathways may
serve as a protective response to oxidative stress. A study
by Dong et al. (2012) found increasing activation of the
ERK1/2 and STAT3 signalling pathways in response to
increasing concentrations of H,O, [97]. Pharmacologi-
cally inhibiting ERK1/2 and STAT3 separately further
aggravated H,O,-induced cell death, highlighting their
potential role in combating oxidative stress.

Like in RP, research in AMD has also explored admin-
istration of antioxidants to counteract the effects of
oxidative stress. 661W cells were used to examine the
neuroprotective potential of Nrf2, which protects cells
via the activation of the antioxidant response element,
increasing the expression of an array of antioxidant genes
[9]. Other antioxidants tested in 661W, including pyru-
vate [11], elamipretide [98], curcumin [99] and astaxan-
thin [10, 92], have also shown protective effects. While
studies using 661W cells highlight its efficacy against
oxidative damage [10, 92], human trials involving oral
astaxanthin combined with other antioxidants have only
shown modest benefits for AMD patients. Although
there were reports of disease stabilisation and minor
improvements to vision, the full extent of antioxidant
supplementation for improving vision in AMD patients
remains unclear [100, 101].
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Melatonin, commonly known for its role in promoting
sleep, is a natural antioxidant that has been studied for
its protective effects in AMD. Human studies suggest a
reduction in melatonin AMD patients [102], and further
research has indicated that daily oral supplementation of
3 mg melatonin may help delay disease progression [103].
These findings suggest melatonin may have therapeutic
potential for AMD, and researchers have further inves-
tigated these protective mechanisms in 661W cells. In a
study utilising H,O,-stressed 661W cells, melatonin par-
tially ameliorated cell death by activating its receptors,
rather than its direct antioxidant action [104]. Notably,
H,0, induced the gene expression of apoptotic markers
Fas, FasL, and caspase-3, but treatment with melatonin
or a melatonin receptor agonist partially restored expres-
sion to basal levels, suggesting receptor-mediated pro-
tection [104]. Melatonin is also an important regulator
of circadian rhythm [103], and while evidence of a direct
correlation between melatonin, oxidative stress and cir-
cadian rhythm in AMD is currently lacking, a study by
Baba et al. (2022) found that 661W cells may possess a
functional circadian clock that could be useful for explor-
ing such a relationship [105]. Furthermore, they demon-
strated that the 661W circadian clock may protect cells
from oxidative stress via modulation of glutathione per-
oxidase activity.

Inflammation in AMD

In vitro studies have also been useful in elucidating some
of the underlying mechanisms of retinal inflammation,
another key contributor to AMD. Research in 661W cells
has shown that inflammation in AMD involves several
factors, including the complement system [106], VEGF
[107, 108] and pro-inflammatory signalling pathways
[109-111]. The complement system, while a crucial host
defence, has also been implicated in the pathogenesis
of AMD due to its inflammatory mediators [112, 113].
Many different proteins are involved in the complement
system, however a study by Shi et al. (2015) used 661W
cells to investigate the role of the terminal complement
complex C5b-9 in modulating photoreceptor death [106].
They found that C5b-9 can sensitise 661W cells to cer-
tain apoptotic and necroptotic pathways, suggesting that
complement activation in AMD may directly induce cone
death, or sensitise the cones to other insults, although
further in vivo research is required [106].

VEGF is another key factor in the pathogenesis of
neovascular AMD and drives inflammation and prolif-
erative vascularisation. Elevated VEGF levels are com-
mon amongst AMD patients, and anti-VEGF intravitreal
injections are commonly used as treatment. 661W cells
have been used to assess treatments that modulate VEGE.
One study used various ocular cell lines, including 661W
cells, to test the toxicity of the approved anti-VEGF drug
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aflibercept [108]. Over the 72-hour period investigated,
aflibercept showed no toxic effects in vitro at clinically
relevant concentrations, reinforcing its safety for use in
AMD patients. Another study found that VEGF-treat-
ment in 661W cells induced the expression of inflamma-
tory proteins, but that the protective flavonoid quercetin
suppressed inflammatory molecules, inhibited the angio-
genic response in vitro, and inactivated of the NF-kB
pathway via the inhibition of MAPK and AKT phosphor-
ylation [107].

Other studies have utilised 661W cells to investigate
pharmacological agents that may mitigate the inflam-
matory processes and offer potential therapeutic strate-
gies. This includes a study by Ortega et al. (2021) which
used both in vitro and in vivo experiments to investigate
the therapeutic potential of the flavonoids quercetin
and myricetin [109]. In H,O, and atRAL stressed 661W
cells, both compounds improved cell viability, increased
expression of M- and S-cone opsin genes, and promoted
pro-survival pathways. Similarly, a study by Kamoshita et
al. (2016) used 661W cells and in vivo models to assess
the underlying mechanisms and protective effects of
AICAR, an AMPK activator, during inflammation [110].
661W cells treated with AICAR activated AMPK, reduc-
ing inflammatory cytokine Tnf-a mRNA levels, and
increasing the mRNA levels of PgcI-a, a mitochondrial
biogenesis regulator.

Dual cell model approach for studying AMD

While 661W cells are a valuable tool to study photore-
ceptor degeneration, AMD is a multifactorial disease, in
which a major hallmark is the degeneration of the RPE
cells. Accordingly, a large amount of research has also
focused on RPE-cell models, such as the ARPE-19 line,
to better understand this crucial aspect of the disease.
A limitation of inducing acute oxidative stress in 661W
cells, is that it cannot mimic the gradual progression
of AMD which is also accompanied by the accumula-
tion of iron ions [114]. To address this, Huang et al. in
2024 generated chronic injury models in ARPE-19 and
661W cells by exposing them to iron ion overload over
time [115]. This led to senescence-like changes in both
cell lines, impaired cell proliferation, mitochondrial
dysfunction, and apoptotic cell death. Both cell mod-
els exhibited activation of MAPK and its downstream
molecules, and when intravitreally injected in mice,
resulted in geographic AMD-like lesions and reduced
visual function. This newly identified method of mod-
elling a chronic AMD-like environment in 661W cells
provides an alternative to the previously used acute oxi-
dative stress model. This research helps support previ-
ous findings of the involvement of iron accumulation in
AMD pathogenesis, while concurrently demonstrating
that evaluating both ARPE-19 and 661W cells produced
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the same experimental outcome [115]. Future research
on AMD disease mechanisms would benefit from incor-
porating both ARPE-19 and 661W cells, as this dual
approach allows for a more comprehensive assessment of
the disease, capturing both RPE and cone photoreceptor
dynamics, which together offer a fuller model of retinal
degeneration involved in AMD.

Overall, it is clear that 661 W cells are a valuable model
for understanding the mechanisms underlying AMD and
identifying therapeutic targets. While some of the prom-
ising in vitro results have been validated in animal mod-
els and, in a few cases, in clinical trials, further in vivo
studies are needed to fully assess the clinical relevance of
disease mechanisms and treatments developed for AMD.

Diabetic retinopathy

Diabetic retinopathy is a result of hyperglycaemia in dia-
betic patients that leads to atrophy of blood vessels. The
initial vascular atrophy restricts blood flow to the retina
and causes blood vessel leakage, blurring and creat-
ing dark patches in patient’s vision [59]. Treatments for
diabetic retinopathy are similar to those for neovascular
AMD, as symptoms for both diseases are attributed to
retinal vascular defects.

Unlike AMD, loss of cone photoreceptors is not a
prominent factor that has been identified in diabetic reti-
nopathy patients [116], and translation of diabetic reti-
nopathy research in cells to clinical presentations may be
problematic as cells models lack the aberrant vasculari-
sation that primarily causes the disease. Nonetheless, the
effect of hyperglycaemia as well as a range of treatments
have been studied in the 661W cone-like cells exposed
to high glucose conditions. Proteomic analysis of 661W
under hyperglycaemic conditions identified an increase
in apoptosis and ROS [117], with another study reveal-
ing that 661W cells rely on autophagy to offset these
effects [118]. Somatostatin was shown to moderately
promote cell survival in diabetic-like 661W conditions
[119], whilst sulforaphane has been shown to delay cell
death [120], but neither treatment achieved substantial
protection of 661W cells. However, in the case of 661W
studies, photoreceptor death is induced by high glucose
to replicate diabetic conditions, whereas photoreceptor
death in the diabetic retina is induced by more complex
mechanisms. Another approach taken to mimic diabetic
retinopathy conditions is the addition of advanced glyca-
tion end products (AGEs), specifically glycated bovine
serum albumin (BSA) to 661W cells [121]. AGEs are
a diverse family of compounds with a multifaceted role
in diabetic retinopathy. Arguably, whether addition of
glycated BSA to 661W is representative of the effect of
AGEs in diabetic retinopathy, or whether even the addi-
tion of AGEs themselves to fully represent the complexity
of diabetic retinopathy, should be brought into question.
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The pathophysiological mechanisms of diabetic retinopa-
thy may therefore be too difficult to fully recapitulate in
661W cells.

Glaucoma

Glaucoma is a multifactorial optic neuropathy caused
by damage to the optic nerve, ultimately resulting in
progressive vision loss [59]. Around 80 million people
globally are affected by the disease [122]. However, the
use of retinal cell lines to study glaucoma has come into
question. Previous in vitro work predominantly used
the RGC-5 to study glaucoma, as it was the only existing
RGC line and was regarded as a breakthrough for glau-
coma research at the time [123]. The origin of the RGC-5
was postulated to be developed from 661W cells due to
their similarities, though this was later argued to not be
the case by different studies [24, 124]. Whether 661W
cells could be used as an RGC line was then hypothesised.
With the addition of staurosporine, 661W cells were
reported to differentiate into retinal ganglion precursor-
like cells [125-127]. Although the use of this differenti-
ated 661W line to represent RGCs remains contentious,
there is currently no other proliferative cell-based model
for optic neuropathies such as glaucoma.

Glaucoma is typically considered an acquired disease,
though both genetic and environmental factors contrib-
ute to its prevalence. Acquired glaucoma can be simu-
lated in 661W by elevating pressure using a pressure
chamber causing pressure-induced toxicity. The thera-
peutic potential of cannabinoids to lower intraocular
pressure has been explored since the 1970s [128]. In a
recent study, pressure-induced differentiated 661W cells
were able to be rescued with cannabinol, a type of canna-
binoid, and further testing in rat models of glaucoma ver-
ified cannabinol’s therapeutic effect [126]. Cannabinoids
have also shown to prevent degeneration in light-induced
stressed 661W cells [129, 130]. While cannabinol has not
been evaluated in human glaucoma patients in respect to
intraocular pressure, other cannabinoids such as delta-
9-tetrahydrocannabinol (THC) and cannabidiol (CBD)
show a decrease in intraocular pressure in clinical stud-
ies, but therapeutic benefits only lasted a few hours
[131-133]. As there are over 100 natural cannabinoids
identified and a wide range of synthetic cannabinoids,
661W cells could serve as a valuable tool for screening
potential cannabinoid-based glaucoma treatments.

The genetic component of glaucoma has also been
explored in 661W cells, specifically the MYOC and OPTN
genes, which are associated with early-onset glaucoma,
though both genes are not endogenously expressed in the
cell line. Induction of MYOC wildtype and mutant gene
expression in 661W cells found decrease in autophagic
activity, and increased mitochondrial dysfunction and
oxidative stress in mutant MYOC cells [134]. However,
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the translatability of this study is uncertain as 661W cells
were not differentiated into retinal ganglion precursor-
like cells for investigation. In another study, expression of
OPTN wildtype and mutant gene were induced in differ-
entiated 661W cells, and found to decreased cell viabil-
ity in cells expressing OPTN mutations [125]. Chen et al.
(2019) then demonstrated that acteoside, a neuroprotec-
tive drug, rescued 661W cells from OPTN overexpres-
sion-induced death [127]. Acteoside has more recently
been investigated in glaucoma-induced animal mod-
els and demonstrates promising potential for glaucoma
patients [135, 136], but whether acteoside is also ben-
eficial for chronic inherited glaucoma requires further
research.

661W cells for AAV screening

Adeno-associated viruses (AAV) are commonly used
for gene therapy in vision research due to their desirable
safety profile, ability to efficiently transduce retinal cells,
and their capacity to drive long-term gene expression
[137]. The 661W cell line has become a valuable model
for testing AAVs, with several studies demonstrating its
use in evaluating AAV serotype tropism and transduction
efficiency.

Ryals et al. (2011) screened multiple self-compli-
mentary AAVs (scAAVs) for optimal transduction
efficiency in 661W and ARPE-19 cells [138]. They iden-
tified scAAV1 and scAAV2 to be the most efficient over
scAAV5 and scAAVS8 vectors and demonstrated that
increasing the number of Y-F capsid mutations (the
structure that encapsulates the AAV genome) increased
transduction efficiency. In 661W cells, a sextuple mutant
scAAV2 showed a nine-fold increase in transduction
efficiency to unmodified scAAV2 [138]. Another study
screened various capsid-mutated AAV vectors in 661W
cells and found scAAV2 (quadY-F+ T-V) to be the most
efficient [139]. These results were further replicated in
mice via intravitreal injection, a less targeted but simpler
and safer procedure compared to subretinal injections.
Remarkably, the addition of quadY-F + T-V mutations to
the capsid surface led to ~ 13-fold increase in the number
of transduced photoreceptors compared to unmodified
scAAV2 [139].

Furthermore, the inner limiting membrane (ILM)
can act as a physical barrier, hindering the delivery of
AAVs to the photoreceptors via intravitreal injections
[140]. Efforts to enhance AAV transduction efficiency
were explored by Boye et al. (2016) that developed a
sub-inner limiting membrane (subILM) injection tech-
nique that significantly improved transgene expres-
sion in primate models [141]. To refine this technique,
a Healon® injection (a sodium hyaluronate-based oph-
thalmic viscoelastic) was required to create a chamber
for drug administration in the subILM. Healon® with
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AAV2-smCBA-mCherry was first tested in 661W cells
to assess its effects on vector transduction. Preincuba-
tion of the AAV2-smCBA-mCherry vector with Healon
for varying durations, showed up to a three-fold increase
in transduction efficiency after one hour. Importantly,
using 661W cells helped validate the vector’s perfor-
mance before conducting further testing in primate mod-
els [141].

An important limitation to consider is the varying tro-
pism of different AAV serotypes for specific cell types,
making efficient targeting of the photoreceptors with-
out off-target transduction quite challenging. Previous
clinical trials treating retinal dystrophies commonly used
AAV?2, which could in part be due to the success of the
Luxturna® gene therapy to treat RPE cells [3, 142]. How-
ever, more research is emerging that indicates AAV2 to
preferentially transduce RPE cells over photoreceptors
[143, 144]. For example, in subretinally injected non-
human primates, AAV2 and AAV8 both efficiently trans-
duced RPE cells at low concentrations, but at higher
concentrations were able to target photoreceptors,
although AAVS8 was significantly better at doing so [143].
Moreover, although testing in 661W cells may offer a
rapid screening method, a caveat to consider is that AAV
transduction efficiency in vitro cannot directly translate
to their performance in vivo. AAV5 and AAVS8 shown to
outperform AAV2 at transducing photoreceptors in vivo
despite the popular use of AAV2 [139, 145-148]. In con-
trast, AAV2 has shown to have superior transduction effi-
ciency in vitro compared to AAV5 and AAVS [138, 149,
150]. It is made further difficult to address transduction
efficiency of AAVs in 661W cells when mean fluorescence
intensity of cells is commonly reported in studies, rather
than the percentage of positively transduced cells, possi-
bly due to the low transduction of 661W cells [138, 141].
In addition to the ambiguity of transduction efficiency
reporting in 661W cells, the intricate retinal architecture
and challenges of delivering AAVs to the retina cannot be
replicated in 661W cells. Despite these challenges, 661W
cells could still be used as preliminary indicator for eval-
uating AAVs, though these preliminary findings should
be paired with further in vivo testing.

Research has also been conducted to integrate the
complex and relatively new technology of the CRISPR-
Cas9 gene editing into AAVs. Testing CRISPR-Cas9 plas-
mid transfection in 661W cells fast-tracked the feasibility
testing of this system before in vivo applications, which
saw restored vision in rhodopsin-deficient mice [151]. As
gene editing research is still in its infancy, 661W cells are
an ideal model to validate this gene therapy tool along
with general AAV screening for feasibility and efficiency
in retinal therapies.
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Limitations of 661W cells as a tool to study retinal
disease

While 661W cells are a valuable model for studying
retinal biology and disease, there are several limitations
associated with their use that have been touched on
briefly throughout this review. Firstly, the immortalized
nature of 661W cells, necessary for their indefinite cul-
ture and use in research, can result in deviations from the
normal cellular phenotype, including changes in meta-
bolic activity and differentiation states [5]. The 661W cell
line undergoes repeated mitosis whilst primary photore-
ceptors cells are terminally differentiated, with a limited
capacity for cell division [152].

661W cells are non-polar unlike photoreceptor cells
and, as mentioned earlier, do not form outer segments as
they do not express outer segment structural proteins [5].
These alterations may affect the accuracy of reflecting the
physiological and pathological characteristics of photore-
ceptor cells, particularly of those relating to light-medi-
ated processes. Although some studies have shown 661W
cells incur physiological changes when exposed to light,
the changes are not reflecting of full photoreceptor func-
tionality [8]. Various differentiation elements and manip-
ulations to culture conditions can facilitate inducing
immortalized cells to display a more neuronal phenotype,
as exemplified in differentiated SH-SY5Y cells that exhibit
a more accurate morphological and biological depiction
of neurons than when undifferentiated [153, 154]. How-
ever, photoreceptors are a highly specialized neuron that
may never be able to be fully represented with an immor-
talized 2-D cell line, though efforts towards bioengineer-
ing and cellular reprogramming should be considered to
shift the phenotype of 661W cells closer towards a pho-
toreceptor phenotype.

Despite 661W cells being more representative of cone
photoreceptors, there is a vast amount of research that
use 661W cells as synonymous with all photorecep-
tors. This is a particular issue when these cells are used
to model diseases with mutations in rod-specific genes,
as the pathophysiological mechanisms of degeneration
may be misrepresented in the cone-like 661W cells. The
developments by Huang and colleagues [54] that engi-
neered the 661W-A11 line to be more rod-like has paved
the way for future research in rod photoreceptors and
their degeneration.

Additionally, while 661W cells express several photore-
ceptor markers, they do not express all the genes or pro-
teins found in mature photoreceptors, particularly those
involved in specific retinal diseases, such as CNGA3 and
RPE65 [47-49, 81], as discussed earlier. This incomplete
representation can limit the utility of 661W cells in fully
understanding disease mechanisms and testing therapeu-
tic interventions. Overcoming this limitation by exoge-
nous expression of these genes in 661W cells, particularly
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of patient-specific mutations, has aided in understand-
ing changes specific mutations have on protein function
beyond in silico predictions as well as indicate towards
the potential downstream disease mechanisms.

As there is an absence of natural tissue architecture and
a lack of practical feedback from other retinal cells, the
661W cell model cannot incorporate all the complexi-
ties of retinal disease pathophysiology. This is particularly
relevant in the study of acquired retinal diseases such as
AMD and diabetic retinopathy. The absence of support-
ing cells in 661W cell culture, such as Miiller glia and ret-
inal pigment epithelium, means that essential aspects of
retinal physiology, such as nutrient transport, outer seg-
ment renewal, and immune response, are not sufficiently
represented. Therefore, results may not correlate with in
vivo application accurately, which could lead to disparity
between in vitro and in vivo findings. It may be suggested
that use of 661W cells in research can only act as prelimi-
nary data that later require validation in more complex
models, such as animal models. The advantage of initially
using 661W cells are that rapid screening of drugs can
take place, as well as optimising a dose-response curve
that would otherwise require a large number of animals.

Despite these challenges, 661W cells remain a useful
model, but their limitations must be considered when
interpreting research findings and translating them to
clinical contexts. By complementing research that uses
immortalized cell lines with further validation, such as
in vivo models, researchers can accelerate experimental
findings of drug screening and gene therapies without
compromising validity of results. Future advancements in
bioengineering and cellular reprogramming may further
improve the physiological relevance of this widely used
model, creating an even more powerful tool for study-
ing photoreceptor degeneration and developing novel
therapeutics.

Conclusion

The 661W cell line has emerged as an invaluable tool
for investigating both inherited and acquired retinal dis-
eases, significantly advancing our understanding of the
pathogenesis, molecular mechanisms, and potential ther-
apeutic strategies for these conditions. This cell line offers
the ability to control cell conditions, is a more affordable
system when compared to animal research, and has sta-
ble culturing conditions, allowing for consistency across
experiments. Together, these factors offer the ability to
assess cone cell death, differentiation, cytotoxicity, drug
efficacy, and much more. Studies utilising the 661W cell
line have been instrumental in elucidating the underlying
mechanisms of single mutation inherited retinal diseases,
paving the way for treatment development. However, the
multifaceted and complex nature of acquired retinal dis-
eases poses challenges in accurately recapitulating these
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conditions in the 661W model. It is crucial to acknowl-
edge these limitations and recognize the importance of
translating findings from the cell line to in vivo models
and human patients. Moving forward, future studies
should prioritize integrating findings from the 661W
cell line with in vivo models to validate the translational
relevance of these studies. This approach will not only
enhance our understanding of disease mechanisms, but
also accelerate the development of effective treatments
for retinal diseases. The 661W cell line has facilitated
our understanding of retinal diseases, and holds prom-
ise for further advancements in unravelling their dis-
ease mechanisms and developing innovative therapeutic
interventions.
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