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Reporter-guided photoreceptor differentiation in 2D culture using
PGP1-hIPSCs: A comparable alternative to 3D organoid systems?
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Purpose: To develop and characterize a xeno-free, two-dimensional (2D) differentiation protocol for directing human
induced pluripotent stem cells (hIPSCs) toward photoreceptor (PhR)-like cells, using a live-reporter system and tran-
scriptomic analysis to evaluate lineage fidelity and maturation compared to the three-dimensional (3D) culture paradigm.
Methods: A CRISPR/Cas9-engineered PGP1 hIPSC line expressing fluorescent reporters for retinal markers (VSX2,
BRN3B, and RCVRN) was differentiated in adherent culture using chemically defined media supplemented with small
molecules (T3, DAPT, taurine, and retinoic acid). Differentiation was assessed over time by immunocytochemistry, flow
cytometry, reverse transcription quantitative polymerase chain reaction, ultrastructural imaging (transmission electron
microscopy and scanning electron microscopy), and bulk RNA sequencing. Comparative transcriptomic analysis with
3D retinal organoid data was conducted to evaluate developmental kinetics and pathway enrichment.

Results: The 2D protocol reproducibly generated PhR-like cells expressing PhR-associated protein markers, including
CRX, NR2F2, RCVRN, THRP OPSIN-S, OPSN-M/L, and ARR3. Flow cytometric analysis demonstrated 93.6%,
96.2%, and 70.3% of RCVRN, OPSN-M/L, and OPSN-S positive populations at day (D) 42, while up to 97.4% of cells
stained positive for RCVRN by D52. Early commitment to a PhR lineage was evident by D30, supported by transcrip-
tional profiles consistent with PhR-like ontogeny. Ultrastructural analyses revealed features of putative inner and outer
segments, including developing cilia and disc-like “whorls” supported by expression of gap junction protein markers
and cilium markers (TMEM138 and CX36). Bulk RNA sequencing demonstrated faithful temporal regulation of PhR
gene networks and highlighted accelerated differentiation compared to 3D cultures.

Conclusions: This pilot xeno-free 2D differentiation protocol offers a timely and scalable method for generating PhR-like
cells from hIPSCs comparable to standard 3D culture systems. The results validate its downstream utility for retinal
cell therapy development, high-throughput screening, and transplantation outputs pending further investigation, while
supporting the transcriptome dominance model as a framework for evaluating photoreceptor fate acquisition in this

culture paradigm.

Age-related macular degeneration (AMD) and retinitis
pigmentosa (RP) are prevalent ocular pathologies classified
as retinal degenerative diseases. These conditions affect a
significant number of individuals worldwide, with approxi-
mately 200 million people living with AMD [1] and over 1.5
million affected by RP [2]. Most of these individuals will
eventually experience partial or even complete loss of vision.

A shared characteristic among all retinal degenerative
diseases is the damage inflicted upon the two types of light-
sensing photoreceptor (PhR) cells, the rods and cones. These
photon-capturing cells transform light signals into electrical
impulses that are vital for vision production.
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In AMD, the damage is greatest in the cone-dense region
of the retina’s macula. This region is responsible for acuity
and central vision [3]. Progression of damage during retinal
degenerative pathologies leads to irreversible destruction of
these cells. There is no significant treatment to target these
later stages of degeneration [4—6].

Pluripotent stem cell (PSC)—derived treatments are
being considered as a possible therapeutic solution for retinal
pathology to reverse the loss of vision by replacement of
damaged PhRs with healthy new ones [7]. Earlier monolayer-
based differentiation systems established important develop-
mental principles for photoreceptor specification, particularly
in murine models [8,9]. While these studies laid fundamental
groundwork for in vitro retinal differentiation, clinical trans-
lation efforts in human systems have converged primarily on
three-dimensional (3D) retinal organoid platforms and thus
serve as the principal comparator in the present study.

Protocols to generate PhRs from human PSCs have
primarily relied on 3D retinal organoid systems, which



Molecular Vision 2026; 32:232-253 <http:/www.molvis.org/molvis/v32/232>

model human retinal development with high fidelity [10—13].
However, these methods are primarily constrained by
protracted culture durations, with limited scalability for
downstream clinical translation [14].

The transcriptome dominance model provides a compre-
hensive framework for understanding how PhR cell types
are specified and maintained through tightly regulated gene
expression [15—-18]. Central to this model are transcriptional
hierarchies, where specific transcription factors act at various
levels to activate or repress genes critical for PhR subtype
differentiation. These transcription factors function within
gene regulatory networks, coordinating the temporal and
spatial activation of gene sets to ensure the orderly progres-
sion of PhR development. The model also incorporates
feedback mechanisms, whereby gene products modulate
transcription factor activity to fine-tune and stabilize cell
identity. Epigenetic regulation, including DNA methylation
and histone modifications, further reinforces gene expres-
sion patterns essential for long-term PhR maintenance.
Importantly, the model accounts for the interplay of intrinsic
factors and extrinsic cues, such as growth factors and cell—
cell interactions, which together guide PhR specification.
Although the transcriptome dominance model continues to
evolve, the present study leverages its established principles
to track and evaluate the molecular progression of a directed
PhR differentiation protocol.

In this study, we report the development of a xeno-free,
chemically defined two-dimensional (2D) differentiation
protocol that guides human induced PSC (hIPSC)—derived
cells through the progressive stages of PhR development
using small molecules and cytokines that mimic key devel-
opmental cues. This adherent system offers a tractable and
scalable alternative to 3D cultures, significantly reducing
differentiation time and avoiding the need for any genetic
enrichment strategies.

Retinal lineage progression was assessed using a triple
transgenic reporter hIPSC line. Expression of VSX2-cerulean
and RCVRN-mCherry, combined with immunocytochemistry,
flow cytometry, and reverse transcription quantitative poly-
merase chain reaction (RT-qPCR), confirmed the emergence
of substantial photoreceptor-like populations expressing
cone-specific markers within the first 6 weeks of culture.
Furthermore, using comparative transcriptome analysis with
3D retinal organoids, we demonstrate that this 2D system
induces earlier expression of PhR-specific genes, consistent
with a transcriptional dominance model of PhR development.

This pilot differentiation study was undertaken to
evaluate the feasibility of the protocol and to observe early
biological trends in PhR marker expression, rather than to
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generate statistically powered outcomes. The primary objec-
tive of this proof-of-concept investigation was to develop
a clinically relevant strategy for generating PhR-like cells
within an accelerated time frame, offering potential advan-
tages for downstream applications such as suspension-based
transplantation therapies. The findings demonstrate that the
2D differentiation protocol drives cells through a faithful,
stepwise trajectory toward a PhR-like identity. This protocol
could offer translational promise, positioning it as a viable
alternative to the more complex and time-intensive organoid-
based systems.

METHODS

Human induced pluripotent stem cells: The PGP1-hIPSC
reporter line [19] was obtained from Robinson & Del-Tsonis
(Miami University, Oxford, OH). This CRISPR/Cas9-engi-
neered, triple transgenic line expresses fluorescent markers
for early retinal cell types: V'SX2-cerulean (neural progenitor),
recoverin (RCVRN)-mCherry (pan-PhR), and BRN3b-
GFP (retinal ganglion cell). This system enables real-time
tracking of cell fate transitions from pluripotency through
eyefield progenitor cells, neural retinal progenitor cells, and
PhR commitment. Use of hIPSCs was approved by the Bond
University Human Research Ethics Committee (BUHREC;
protocol RO1740).

PGP1-hIPSCs at passage (p) 46 (experiment 1), p49
(experiment 2), and p60 (experiment 3) were cultured feeder-
free on hESC-qualified Matrigel (BioStrategy, Macquarie
Park, Australia) and maintained in mTeSR complete medium
(StemCell Technologies, Rhodes, Australia) with daily media
changes. Prior to differentiation, cells were transitioned to
growth factor reduced Matrigel. Cells were seeded at ~150,000
cells/cm? and transitioned to primary differentiation medium
(day [D] 1; Appendix 1) upon reaching ~90% confluence
[20,21]. On D7, cells at ~70% to 80% confluence (~50,000
cells/cm?) were passaged with Collagenase IV (ThermoFisher
Scientific, Scoresby, VIC, Australia). Rock inhibitor (10 pM)
(Focus Bioscience, Tingalpa, QLD, Australia) was added 1 h
before each passage to enhance yield, minimize stress, and
support survival [22].

Given the postmitotic nature of PhR cells, passage
timing was guided by cell morphology assessment and
proliferation rates. Gentle Cell Dissociation Reagent (Stem-
Cell Technologies) was used for enzyme-free dissociation. As
single-cell passage proved ineffective, cultures were passaged
as clumps, limiting accurate cell counting during secondary
differentiation.

Murine 661W PhR cells as control: The immortalized murine
PhR 661W cell line [23,24], provided by Dr. Muayyad
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Al-Ubaidi (University of Oklahoma, Norman, OK) and
obtained through Dr. Krisztina Valter-Kocsi (Australian
National University, Canberra, Australia), was used as a
control for immunocytochemistry (ICC), flow cytometry,
and microscopy analysis. Cells were cultured in high-
glucose Dulbecco’s modified Eagle’s medium with HEPES
(ThermoFisher Scientific), 10% fetal bovine serum (Cytiva,
Macquarie Park, NSW, Australia), 0.5% Glutamax (Thermo-
Fisher Scientific), and 1 pl/ml 2-Mercaptoethanol (Merck,
Bayswater, VIC, Australia).

Cells were maintained on uncoated Costar tissue culture
(TC)-treated plates and passaged at ~80% confluency using
TrypLE (ThermoFisher Scientific). Detached and resus-
pended cells were centrifuged at 300g for 3 min, reseeded,
and cultured at 37 °C, 5% CO,, and 90% relative humidity.

Differentiation medium and supplementation: From DO,
primary differentiation medium guided the cultures toward
the eyefield and neural retina, with medium changes every
2 to 3 days. On DS, secondary differentiation medium was
introduced to enhance neural induction and PhR lineage
commitment. Supplements included triiodothyronine (T3,
D9; Sigma-Aldrich, St. Louis, MO), DAPT (D19; Sigma-
Aldrich), taurine (D23; Sigma-Aldrich), and retinoic acid
(D33; Sigma-Aldrich) and were maintained until D66 and
D111. The complete list of reagents is detailed in Appendix
1 and Appendix 2.

Immunocytochemistry: Cells were fixed in 4% paraformalde-
hyde (PFA) for 10 min, permeabilized in blocking buffer (95%
DPBS™, 0.3% goat serum, 0.3% Triton X-100) for 1 h, and
incubated overnight at 4 °C with primary antibodies, 1:100
prepared in Antibody Dilution Buffer (ADB: DPBS; Sigma-
Aldrich, supplemented with 10% bovine serum albumin
and 0.3% Triton-X). Antibodies are listed in Appendix 3.
Secondary antibodies prepared in ADB (1:1,000; Appendix 4)
were applied for 1 h at room temperature. Nuclei were stained
with 20 uM Hoechst 34,580 for 10 to 15 min. Coverslips were
mounted using Dako (Agilent Technologies, Mulgrave, VIC,
Australia) Fluorescence Mounting Medium.

Confocal and live-cell microscopy: Following immunocy-
tochemical staining of cultured cells, samples were imaged
using an Olympus FV3000 confocal microscope (Evident,
Macquarie Park, NSW, Australia) with Fluoview FVS315-
SW analysis software (version 2.3.2.169 Evident), a Nikon
Eclipse Ti-DH fluorescent microscope (Nikon, Rhodes,
NSW, Australia), or a Live Cell Nikon Ti-E Inverted micro-
scope (Nikon DMi1-468798) with NIS-Elements Advanced
Research Software (version 5.02.03; Nikon). Live cells were
monitored throughout the differentiation process and imaged
using an Olympus DP23M digital microscope (Evident) with
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CellSens Standard software (version 4.2; Evident). Images
of comparative samples were acquired under related settings
within each experiment and exported as raw OIR (Olympus)
or ND2 (Nikon) files, respectively, and converted to TIFF
or JPEG files after analysis. Images of comparative samples
were acquired under similar settings within each experiment
and exported as raw OIR (Olympus) or ND2 (Nikon) files,
respectively. Images were processed using ImagelJ software
(version 1.4f; National Institutes of Health, Bethesda, MD,
USA). Individual color channels were first separated and
saved, after which they were recombined to generate the final
TIFF composite image.

Flow cytometry: Cells were dissociated with TrypLE and
processed in FACS buffer (DPBS™, 2% bovine serum
albumin, 0.01% sodium azide). After permeabilization
in blocking buffer (30—60 min, on ice), cells were stained
with primary antibodies (1:100, 60—90 min) and secondary
antibodies (1:1,000, 30 min; Appendix 2 and Appendix 3).
For experiment 2, D52 cultures were stained for RCVRN;
661W cells served as positive controls. Negative controls were
incubated with secondary antibody only (goat anti-mouse IgG
[H'L], Alexa Fluor 488; ThermoFisher Scientific). In experi-
ment 3, D42 and D49 samples were stained for OPSIN-S,
OPSIN-M/L, or RCVRN, with 661W and unstained samples
as positive or negative controls, respectively. Data were
acquired on a BD FACSAria Fusion and analyzed with
FACSDiva v9.0 (Macquarie Park, NSW, Australia). Detailed
flow cytometric gating strategies, including cell population
selection, control samples, and marker-specific analyses, are
shown in Appendix 5, Appendix 6 and Appendix 7.

RT-qPCR for the identification of development from hIPSC-
PhR progenitors: RNA was extracted using the Quick-
RNA Miniprep Kit (Zymo Research Integrated Sciences,
Chatswood, NSW, Australia) per manufacturer instructions,
with additional concentration and clean-up using RNA Clean
& Concentrator-5 (Zymo Research) as needed. First-strand
complementary DNA (cDNA) synthesis was performed using
the iScript cDNA Synthesis Kit (Bio-Rad, Gladesville, NSW,
Australia 1,708,890) with 200 ng input of RNA material.

RT-qPCR reactions were run using the SsoFast EvaGreen
Supermix (Bio-Rad, 1,725,201) with 500 nM forward and
reverse primers, at 95 °C for 30 s, 40 cycles of (1) denaturation
at 95 °C for 5 s and (2) annealing and extension at 60 °C for
5 s with a final melt curve. Data analysis used Bio-Rad CFX
Maestro v2.3 software, with fold changes calculated using
the AACT method. GAPDH served as the reference gene [25],
and fold change values were calculated based on maximum
expression for each gene target. Gene targets were selected
based on their role in the transition from pluripotency to PhR
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progenitor fate, consistent with previous in vitro studies.
Primer sequences were obtained as predesigned KiCqStart
primers (Merck KSPQ12012 or Integrated DNA Technolo-
gies, Coralville, IA), detailed in Appendix 8 with results
presented in Appendix 9.

Topological analysis:

Transmission electron microscopy—Cells were
fixed in 4% PFA and 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer, postfixed in 1% osmium tetroxide, and
dehydrated in graded ethanol. Samples were embedded in
LX112 resin and polymerized at 60 °C overnight. Ultrathin
sections (80 nm) were cut using a Leica Microsystems (Mt
Waverley, VIC, Australia) UC6 ultramicrotome, stained with
uranyl acetate and lead citrate, and imaged on a JEOL 1011
(Peabody, MA) transmission electron microscope at 80 kV.

Scanning electron microscopy: On D99 of experiment
3, cells were fixed in 3% glutaraldehyde, dehydrated in
graded ethanol, rinsed with hexamethyldisilazane (Sigma-
Aldrich), and air-dried overnight. Samples were mounted
on stubs, gold-coated (JEOL Smart Coater), and imaged
using a JCM-5000 NeoScope scanning electron microscope
(Peabody, MA). Images were analyzed with NeoScope v1.2.3.

Summary of time course cell analysis: To monitor cell differ-
entiation and development in culture, samples were taken at
key developmental time points for analysis of marker expres-
sion using ICC, gene expression using RT-qPCR analysis,
and subset marker analysis using flow cytometric analysis.
Additionally, cells were pelleted and preserved for bulk RNA
sequencing. For ICC, cells were collected at six time points
(experiment 1: DO-IPSC, D6, D30, D46, D52, and D66).
Cells were stained with specific antibodies followed by
secondary fluoresceinated antibodies. Controls were exposed
to secondary antibodies only. Control antibody staining is
shown in Appendix 10. For gene expression analysis, cells
were harvested at five time points (experiment 1: DO-IPSC,
D6, D30, D40, and D59) for RT-qPCR analysis. GAPDH was
used as a housekeeping reference gene [25]. Cells for bulk
RNA sequencing were collected at five time points (experi-
ment 1: DO-IPSC, D9, D30, D40, and D53).

To monitor cell differentiation and assess the repro-
ducibility of the original protocol developed, samples were
taken as close to the previous time points in differentiation
as possible for ICC analysis, RT-qPCR, flow cytometric
analysis, and collection and pelleting of cells for bulk RNA
sequencing. For ICC, cells were collected at six time points
for each subsequent experiment (experiment 2: D9, D31, D42,
D52, D61, and D66; experiment 3: D9, D36, D43, D52, D66,
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and DI111). For RT-qPCR, cells were harvested for analysis
at five time points (experiment 2: DO-IPSC, D7, D30, D45,
and D66; experiment 3: IPSC, D9, D30, D45, and D66). Flow
cytometric analysis was performed at one time point, D52, for
experiment 2 and two time points, D42 and D49, for experi-
ment 3. Cells for bulk RNA sequencing were collected at five
time points for experiment 2 (DO-IPSC, D9, D30, D45, and
D66) and seven time points for experiment 3 (DO-IPSC, D7,
D30, D45, D50, D66, and D111; time points analyzed and
assays used are listed in Appendix 11, Appendix 12, and
Appendix 13).

Transcriptome analysis: Raw sequencing reads for mono-
layer cultures were assessed for quality and adaptor or index
contamination using FastQC, then aligned to the human
reference genome (Hg38) using the Rsubread package with
default parameters. Gene-level count matrices were gener-
ated by mapping aligned reads to the GENCODE compre-
hensive gene annotation (GRCh38.p14) using featureCounts.
Count matrices for organoid cultures were downloaded
from GSE119274. Raw counts were normalized using the
trimmed mean of M-values method to account for library
size differences. Genes with low expression, defined as fewer
than 1 count per million in more than 70% of samples, were
excluded from downstream analyses. Dimensionality reduc-
tion was first performed via principal component analysis
(PCA) on gene-wise scaled expression values, followed by
uniform manifold approximation and projection to facilitate
visualization of global transcriptional patterns. Differential
expression analysis was conducted using the [imma—voom
pipeline. Briefly, the voom function was used to estimate
the mean—variance relationship of log-counts, which were
then modeled using linear modeling (ImFit) and moderated
with empirical Bayes (eBayes) shrinkage. Significantly
differentially expressed genes were identified using topT-
able, adjusting for multiple testing. Gene set enrichment and
pathway analyses were performed on differentially expressed
gene lists to identify functional annotations and regulatory
pathways.

RESULTS

PGP-1-reporter live fluorescence and morphological
changes observed during differentiation: The PGP1-hIPSC
line, engineered to express fluorescent reporters for retinal
development markers, was used in this study. An experi-
mental outline is illustrated in Figure 1A. This line, previ-
ously validated for differentiation into neural retina and
PhR progenitors [26], enables real-time monitoring via live
fluorescence, eliminating the need for cell sacrifice for
endpoint assays. Daily culture assessments were conducted
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Figure 1. Pilot differentiation timeline and morphological progression of PGP1-hIPSCs toward photoreceptor lineage. A: Schematic of the
pilot differentiation protocol. PGP1-hIPSCs were cultured in primary medium from Day 0 (D0) to D8 to induce eyefield progenitor cells
(EFPCs), followed by neural induction medium from D9 to promote neural retina progenitor cells (NRPCs), with additional supplementation
to guide photoreceptor (PhR) lineage specification. B: Overview of small molecules used during differentiation. Supplementation included
T3 (DY), DAPT (D19), taurine (D23), and retinoic acid (D33). Full medium composition is provided in Appendix 1 and Appendix 2. C:
Representative cell morphology from DO (i.e., IPSCs) to D3 in primary medium compared to D20 in secondary medium, where neurite
outgrowth is evident. D: Live fluorescence imaging at D27 revealed RCVRN-mCherry reporter expression, indicating photoreceptor lineage
commitment.

by tracking cerulean (VSX2) and mCherry (RCVRN) signals; primary and secondary medium. Here, DAPT (y-secretase

GFP (BRN3B) was not detected and is not discussed. inhibitor) is used as a NOTCH inhibitor [27] and was added
to the medium on D19 to drive PhR commitment. Similarly,

The earliest stages in driving progenitors toward a PhAR  tayrine is a vital signaling molecule for PhR development [28]
commitment involve the inhibition of NOTCH signaling.  and is prevalent across the entire retina. Endogenous taurine
Figure 1B summarizes the small molecules used in the  isa cysteine derivative that has been shown to induce neural
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development and maintenance and promote differentiation to
PhR terminal fate [29,30]. Taurine deficiencies in rodents,
cats, and primates reveal the inability of PhRs to mature [31].
T3, an activator of thyroid hormone receptors, was used from
the onset of secondary differentiation (D9) as it is thought
to influence and promote specifically cone fates [32]. When
used in vivo and in vitro in organoid studies, T3 demonstrates
a propensity to determine cone fates as well as diversity
within cone subtypes [33]. Retinoic acid was added as a final
supplement at later stages of secondary differentiation (D33).
It regulates NRL expression and, therefore, rod fate [34].
Live morphological changes were observed throughout, with
rosette formation and neurite outgrowth observed around D15
to D20 (Figure 1C). Cells were harvested upon fluorescence
detection, with mCherry (RCVRN) expression first observed
at D27 of the initial pilot experiment (Figure 1D).

Emergence of a PhR phenotype: Retinal progenitor cell
development began with the emergence of eyefield markers
characteristic of the anterior neural ectoderm, visualized via
ICC (Figure 2A). At D6 of differentiation, cultures continued
to express the pluripotency-associated markers, OCT4 and
SOX2, as shown by nuclear localization in most cells.
Concurrently, upregulation of early eyefield transcription
factors RAX, PAX6, and LHX2 was observed, indicating the
onset of retinal lineage specification in response to exogenous
patterning cues present in the differentiation medium.

Following transfer to neural induction medium, cultures
exhibited marked morphological changes, with sequential
supplementation of T3 (D9), DAPT (D19), taurine (D23), and
retinoic acid (D33). By D30, ICC revealed the presence of
neural retina progenitor and proliferation marker CHX10 in
the presence of NR2F2 (Figure 2A). By D46, coexpression of
RCVRN and NR2F2 indicated the initiation of PhR lineage
commitment, while CHX10 expression was notably reduced.
RAX expression persisted alongside PRDMI, consistent with
a transitional progenitor state and early PhR identity. By D66,
cells exhibited markers of mature PhRs, including OPSIN-
M/L and RCVRN, signifying further differentiation toward
a committed PhR-like phenotype.

Gene expression changes from pluripotency to a PhR-like
identity: Gene expression dynamics from pluripotency
toward a PhR-like fate were assessed by RT-qPCR, normal-
ized to GAPDH [25] and expressed as a percentage of each
gene’s maximum expression (Figure 2B). The RT-qPCR plot
shows biological trends; accordingly, the results are descrip-
tive trends only. OCT4 declined steadily from DO, remaining
low until a slight increase from D40. OTX?2 is involved in
early ocular genesis and in subpopulations of progenitor cells
that primarily produce cones [35]. Here we report a steady
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expression until D30, after which we observed an apparent
increase. The neural retina progenitor marker VSX2 increased
to D6, followed by a transient decrease at D30, whereafter
it resumed its increase. PRDM1 was undetectable until D6,
increased sharply to D30, then declined gradually after
D40. The PhR commitment marker CRX was noticeably
upregulated as early as D6 with peak expression seen at D30,
followed by a transient decline by D40 with a subsequent
increase toward the final time point. NR2F2 and RCVRN
followed similar trends, with low early expression and
steady upregulation from D30 onward, indicating progression
toward a PhR lineage. NR2F2 and RCVRN, both encoding
PhR progenitor genes, showed an apparent increase in expres-
sion from D30.

Reproducible and efficient differentiation toward a PhR
lineage: Reproducibility of PhR differentiation was
confirmed in experiments 2 and 3 using stage-specific protein
markers. From D9 of both experiments, as illustrated in the
representative images in Figure 3A, SOX2, a key marker
that supports retinal progenitor proliferation, was observed.
Eyefield transcription markers PAX6, SIX3, CHX10, OTX2,
LHX2, and RAX were also detected at this time point [36,37].
By D31 (experiment 2; Figure 3B), OTX2 expression was
maintained, with expression of markers of committed PhRs,
CRX. OPSN-S expression was not clearly visible. In contrast,
NR2F2 was abundantly expressed. RHO expression was not
evident, whereas RCVRN was readily detected, along with
PRDMI and the neural marker TUJ1. A similar pattern was
observed in experiment 3 on D36 (Figure 3C), and OTX2
expression was once again maintained with the emergence
of PhR commitment marker CRX. OPSN-S was clearer at
this time point with RCVRN. NR2F2 was again expressed
with RxRg appearance, which some studies have shown to be
localized to cone PhRs [38]. Expression of PRDM1 and TUJI1
was also noted at this time point.

At D42 of experiment 2, expression of CRX OPSN-S,
RCVRN, LHX2, OTX2, PRDMI, and TUJ1 was maintained
(Figure 3D). By D43 of experiment 3, concurrent expression
of RHO and OPSIN-M/L indicated the emergence of both
rod and cone PhR lineages (Figure 3E). By D52 of experi-
ment 2 (Figure 4A), expression of RCVRN and ARR3 was
evident, while CRX was not. OPSN-S was present, and TUJ1
and LHX?2 remained expressed. Ki67-positive nuclei within
the differentiating cell population demonstrated ongoing
proliferative activity. Colocalization with RCVRN was not
observed, consistent with the distinct subcellular localization
of these respective markers.

By D52 of experiment 3 (Figure 4B), cultures expressed
THRp, ARR3, and OPSN-M/L, while NRL and RCVRN were
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Figure 2. Stage-specific transcription factor and gene expression during retinal differentiation. A: Immunofluorescence analysis revealed
dynamic expression of transcription factors and retinal markers across differentiation stages. At D6, pluripotency markers OCT4 and SOX2
were detected. During primary differentiation, the retinal neurogenesis markers RAX, PAX6, and LHX2 emerged. By D30, expression of
the neural retinal progenitor cell (NRPC) marker CHX10 and photoreceptor (PhR) subtype-specifying marker NR2F2 was observed. At
D46, RCVRN and NR2F2 were present alongside diminishing CHX10, with sustained expression of RAX and PRDM1. By D66, OPSN-M/L
and RCVRN were detected. Cell nuclei were counterstained with Hoechst 33,342. B: RT-qPCR analysis of gene expression across five time
points (D0, D6, D30, D40, and D59) during the differentiation protocol. Expression levels were normalized to GAPDH and presented as
percentage of maximal expression for each gene. The data show expression then downregulation of pluripotency gene OCT4, followed by
upregulation of eyefield gene OTX2, NRPC gene VSX2, and early PhR lineage markers PRDM1, CRX, RCVRN, and NR2F2.
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Figure 3. Temporal expression of retinal markers during differentiation (Days 9-43). A: Representative images from Experiments 2 and 3
showing expression of eyefield progenitor markers PAX6, SOX2, SIX3, CHX10, OTX2, LHX2 and RAX on D9. B: Immunofluorescence
at D31 showed expression of OTX2 and CRX, with no detectable signal for OPSN-S or RHO. Expression of NR2F2, RCVRN, PRDMI,
and TUJ1 was observed. C: At D36, expression of OTX2, CRX, OPSN-S, RCVRN, NR2F2, RxRg, PRDM1, and TUJI was evident. D:
By D42, expression of CRX, OPSN-S, and RCVRN was maintained, along with LHX2. Some OTX2 expression persisted, and PRDM1
and TUJ1 remained detectable. E: At D43, immunocytochemistry revealed expression of RHO, OPSN-M/L, and RCVRN. Cell nuclei were
counterstained with Hoechst 33342.
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Figure 4. Representative immunofluorescence images from two independent experiments showing retinal marker expression during late
differentiation (Days 52-66). A: At D52, cells expressed RCVRN, ARR3, CRX, OPSN-S, TUJ1, LHX2, and the proliferation marker K -67.
B: At the same time point, NRL and RCVRN were absent, while THRf, ARR3, OPSN-M/L were apparent. C: By D61, PRDM1 and CRX
apeared absent, whereas ARR3, OPSN-S, GNAT2, RCVRN, and THRf remained expressed. D: At D66, TUJ1 and LHX2 expression
declined consistently across replicates, while RCVRN, OPSN-M/L, ARR3, OTX2, and OPSN-S were detected; CRX was barely detectable.
Cell nuclei were counterstained with Hoechst 33,342. Circular or clustered staining patterns reflect regions of natural cell aggregation that
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Figure 5. Flow cytometric analysis of retinal marker expression during differentiation. A. Flow cytometry of cells harvested from Experiment
2 at D52 showed 97.4% RCVRN-mCherry—positive cells, comparable to 99.9% positivity in 661W control cells. B. Analysis for Experiment
3 at D42 revealed 93.6% RCVRN, 96.2% OPSN-M/L, and 70.3% OPSN-S expression, relative to 661W positive controls. At D49, 93.3% of
the population was RCVRN-positive, compared to 99.3% in 661W cells.

not detected. At D61 in experiment 2 (Figure 4C), staining for
PRDMI1, CRX, and RCVRN was reduced at this time point,
whereas cone-specific markers ARR3, OPSN-S, GNAT2, and
THRp were more prominent. At the final time point, D66
of experiment 2 (Figure 4D), ARR3, OTX2, and OPSN-S
expression persisted alongside diminishing TUJ1 and LHX?2.
Detected CRX levels varied between experiments. By D66 of
experiment 3 (Figure 4D), all three PhR markers, RCVRN,

241

OPSIN-M/L, and ARR3, were clearly expressed. The culture
duration for experiment 3 was extended to D111, revealing
sustained expression of both rod and cone PhR markers,
RHO and OPSIN-S, via immunocytochemistry. Addition-
ally, expression of the gap junction protein CX36 and the
connecting cilium marker TMEM138 was observed. These
findings, integrated with gene expression and ultrastructural
data are discussed collectively in the Results section.
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Flow cytometric detection of RCVRN and mature PhR
marker expression: Live mCherry fluorescence, indicative
of RCVRN expression, was detected as early as D24 in
experiment 2 and D21 in experiment 3 (Appendix 14). By
D52 of differentiation, 97.4% of cells in experiment 2 were
RCVRN-positive by flow cytometry, compared to 100% in
the 661W control population (Figure 5A).

Immunocytochemical staining revealed consistent
expression of RCVRN, OPSN-S, and OPSN-M/L as early as
D31 in experiment 2 and D36 in experiment 3 (Figure 3B,C).
To quantify expression, flow cytometry was performed on
cells collected at days 42 and 49 of experiment 3. At D42
(Figure 5B), 92.6% of cells were RCVRN-positive, 96.2%
expressed OPSIN-M/L, and 70.3% expressed OPSIN-S. The
661W cells showed 99.9% positivity for all markers. By D49,
93.3% of cells were RCVRN-positive, compared to 99.3% in
the 661W control. These markers were selected as they have
previously been validated in the 661W cell line corresponding
to PhR-like cell lineage [39—41].

Integrated morphological and transcriptomic analysis of
PhR differentiation: PCA in Figure 6A illustrates dynamic
changes in gene expression as cells transition from hIPSCs
to PhR-like cells. Clustering of technical replicates confirms
reproducibility and consistency within individual experi-
ments (Figure 6B). Transcriptomic differences were observed
across experimental groups. Experiment 1 showed greater
variability in gene expression trends, while experiments 2 and
3 exhibited tighter clustering along the differentiation trajec-
tory. Temporal gene expression patterns revealed pronounced
shifts between hIPSC and early differentiation stages (D7—
D9), particularly in experiments | and 2, followed by relative
stabilization at later time points (Figure 6C).

Transcriptomic identification of photoreceptor pathways and
morphological correlates: Heatmap visualization in Figure
6D illustrates dynamic gene expression patterns associated
with PhR development across differentiation stages. Gene
Ontology biological process enrichment analysis identified
key pathways and genes associated with PhR development
and maturation. Early time points showed expression of
retinal progenitor genes, including OTX2, PAX6, RAX, and
LHX2. By approximately D30, expression shifted toward
committed PhR markers such as RCVRN, CRX, THRp,
OPSN-S, and RORB. Additional PhR-specific genes not
previously examined (i.e., ARMCY, EYS, MAP2, and IMPG2)
were also detected, supporting their involvement in PhR
development. These data highlight the temporal activa-
tion and suppression of key regulatory genes, which likely
correlate with distinct phases of PhR maturation. These
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transcriptomic findings informed subsequent morphological
and ultrastructural analyses.

Scanning electron microscopy of PhR-like cells: Scanning
electron microscopy (SEM) analysis of D99 cultures from
experiment 3 (Figure 6E) revealed distinct morphological
features consistent with PhR-like cells. The cells exhibited
well-defined cell bodies (cb) and extended processes resem-
bling connecting cilium (ml) observed in their neurite-like
structure. Surface textures ranged from smooth to granular,
suggesting different stages of differentiation or structural
specialization. Cells appeared organized in clusters and inter-
connected networks, potentially reflecting in vivo—like matu-
ration and increased cell-to-cell interactions. Some images
showed connecting processes (potential plasma membrane
projections [pp]) between cells, indicative of early structural
communication or support mechanisms.

Transcriptomic and ultrastructural evidence of PhR matu-
ration: Genes associated with PhR connecting cilium were
upregulated during differentiation, suggesting tightly regu-
lated timing for cilium assembly and function (Figure 7B).
Transcriptomic analysis identified clusters of genes linked
to outer segment development, indicative of advancing PhR
maturation (Figure 7C). Although these genes were not the
primary focus of earlier datasets, their expression patterns
align with ultrastructural features observed via transmission
electron microscopy (TEM; Figure 7A, D). The combined
detection of connecting cilium and outer segment—related
transcripts, along with immunocytochemical evidence of
protein localization (Figure 7E), supports the emergence of
putative outer segment structures at later time points. These
findings provide molecular and morphological evidence for
the maturation of PhR-like cells.

Ultrastructural analysis of differentiated PhR-like cells:
TEM of hIPSC-derived PhR-like cells at days 50 and 64,
alongside 661W controls (Appendix 15), revealed multiple
ultrastructural features consistent with PhR-like morphology.
At D50 (Figure 7A, B), cells demonstrated linear organization
with identifiable inner segment-like and outer segment—like
regions, calyceal process-like structures (cp), and abundant
mitochondria (m). Vesicular structures were observed in
proximity to the Golgi apparatus and within the cytoplasm.
Whorl-like membranous structures were also present at later
time points, particularly evident at D106 (Figure 7D).

Appendix 15 shows a cross section of D50 cells from
experiment 3 arranged in a semi-organized layer with clearly
identifiable nuclei (Nu) and prominent nucleoli. Cytoplasmic
compartments containing mitochondria and Golgi apparatus
were readily observed, together with membrane-bound
vesicles and polarized cell morphology.
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Figure 6. Principal component analysis (PCA) and characterization of hIPSC-derived photoreceptor (PhR) differentiation across three
independent experiments. A: PCA plot showing technical replicates clustering closely, indicating reproducibility, while experimental groups
display variation in gene expression across differentiation time points (D7, D9, D30, D40, D45, D50, D53, D66, D111). B: Combined PCA
trajectory illustrating changes in the first principal component (PC1) over time across all experiments. C: Individual PCA trajectories of PC1
for each differentiation experiment (Exp 1, Exp 2, Exp 3), demonstrating a general upward trend in PC1 values over time, with variability
during early differentiation stages. D: Heatmap of cluster analysis of differentially expressed genes, highlighting gene expression patterns
associated with photoreceptor development across all three experiments and time points. E: Scanning electron microscopy of D99 differenti-
ated cells (Exp 3), revealing surface morphology and spatial organization, including defined cell bodies (cb), presumptive connecting cilia
(ml), and potential plasma membrane proteins (pp) suggesting intercellular connectivity.
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Additional TEM imaging (Appendix 15) confirmed
similar ultrastructural features in D50 cultures, including
well-defined nuclei, cytoplasmic organelles, Golgi complexes,
mitochondria, calyceal process—like structures, and putative
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inner segment regions. Fine membrane extensions resembling
early neurite projections were also present between adjacent

cells.
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Figure 7. Ultrastructural and molecular characterization of hIPSC-derived photoreceptor-like cells. A: Schematic representation of a photo-
receptor (PhR) cell highlighting key subcellular structures: discs, synapses, nuclei (Nu), endoplasmic reticulum (ER), mitochondria (m),
Golgi apparatus (g), opsin-carrying vesicles (OCV), calyceal processes, outer segment (OS), inner segment (IS), connecting cilia (CC),
and microtubules (mt). Transmission electron microscopy (TEM) of hIPSC-derived PhR-like cells at day 50 of differentiation (D50, Exp
3) reveals nuclei (Nu), IS, OS, calyceal processes (arrow), mitochondria (m), and putative OCVs. Scale bar: 10 um. B: Heat map showing
expression of genes associated with the connecting cilium across three differentiation experiments. Data are presented as gene-wise scaled
z-scores. C: Heat map showing expression of genes associated with photoreceptor outer segments across three differentiation experiments.
Data are presented as gene-wise scaled z-scores. D: TEM image of hIPSC-derived PhR-like cells at day 106 of differentiation (D106, Exp 3)
showing abnormal organization of putative outer segments, appearing as ‘whorls’ (highlighted in yellow box). Scale bar: 5 um. E: Immuno-
fluorescence analysis of RHO, OPSN-S, CX36, and TMEMI138 expression at day 111 of differentiation (D111). Nuclei were counterstained

with Hoechst 33342.
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Comparative TEM analysis of D64 experiment 3—derived
PhR-like cells and immortalized 661W cells (Appendix
15) revealed notable morphological differences. In both
cell types, nuclei were clearly identifiable, but 661W cells
exhibited more uniform nuclear morphology and denser cyto-
plasmic organization. Mitochondria appeared more numerous
and densely packed in 661W cells, whereas stem cell-derived
PhR-like cells displayed a looser cytoplasmic arrangement
with a more dispersed organelle distribution. These obser-
vations suggest that, while PhR-associated ultrastructural
features are present in differentiated cultures, the overall
cellular architecture differs from that of the immortalized
661W cell line.

At later differentiation stages (D106), TEM imaging
revealed prominent whorl-like membranous structures consis-
tent with ongoing putative outer segment—like membrane
organization (Figure 7D). Integration of TEM and SEM
datasets provides a framework for tracking morphological
progression of hIPSC-derived PhR-like cells across differ-
entiation time points.

Early transient photoreceptor commitment in 2D culture
compared to organoid-based differentiation: A compara-
tive analysis of selected genes was used to compare this
culture paradigm to the more widely used organoid method
of culturing in vitro retinal cells. Figure 8A demonstrates a
diverging pattern across PC1. The monolayer method approx-
imates a linear trajectory while the organoid cultures follow
a more irregular average gene expression trend. Figure 8B
presents a comparative analysis of gene expression profiles
over time for selected transcription factors and markers asso-
ciated with PhR differentiation, using this developed protocol
and the more traditional organoid culture system. Organoid
comparison data were obtained from [42]. The figure displays
the temporal dynamics of multiple genes, including CRX,
LHX2, and NR2F2, throughout the differentiation process,
providing insights into the developmental trajectory under
each culture condition.

The results highlight the temporal changes in gene
expression across the differentiation process, with each
subplot illustrating the distinct activation patterns of indi-
vidual genes. These temporal patterns suggest different
roles and activation timings during PhR differentiation,
reflecting the complex regulatory processes involved. Both
culture methods exhibit similar overall expression trends for
most genes, indicating that both protocols can effectively
induce PhR differentiation. However, differences in timing
and amplitude of expression reveal important distinctions
between the two approaches.
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For genes such as CRX and R4X, the monolayer culture
reaches peak expression earlier than the organoid culture,
suggesting a faster commitment in the monolayer condition
to a PhR final fate. Conversely, genes like SIX3 and PRDM1
show more sustained expression in organoid cultures, indi-
cating prolonged activation and potentially a more gradual or
complete differentiation pathway. This prolonged expression
pattern in organoids could be attributed to the 3D structure,
which provides a more in vivo-like environment, supporting
better cell—cell interactions and niche signaling. The shaded
areas surrounding the expression curves represent statistical
variance in expression levels. Broader variance in some
plots, such as TMEM138 and RCVRN, might reflect higher
heterogeneity in gene expression among replicates or cell
populations within the culture system. Such variability
could be due to differences in differentiation efficiency or
the intrinsic heterogeneity of the cells being cultured. Gene-
specific differences are particularly notable in this compara-
tive analysis. Genes such as NR2F2 and RXRG show distinct
profiles between the two culture methods, with organoid
cultures maintaining higher overall expression levels. This
suggests that these genes might be more influenced by the
3D environment. Conversely, genes such as STX3 and SOX2
exhibit highly synchronized patterns across both methods,
implying that these genes are robustly regulated during
differentiation, regardless of the culture system. The findings
from this analysis indicate that while monolayer and organoid
cultures follow divergent temporal differentiation kinetics,
they ultimately converge on similar transcriptional programs,
leading to a PhR fate.

DISCUSSION

These works have explored the development, characteriza-
tion, and transcriptomic profiling of a novel protocol for
differentiating hIPSCs into PhR-like cells. The research
was motivated by the potential application of PhR cells in
regenerative medicine, particularly for retinal diseases that
cause irreversible loss of vision, such as AMD and RP. We
present a comprehensive analysis, from the initial protocol
development to in-depth characterization and gene expres-
sion profiling, highlighting the viability and potential of this
differentiation protocol.

Initial exploration focused on developing a robust differ-
entiation protocol. Traditional methods for PhR differentia-
tion use more common 3D culture systems, often encoun-
tering limitations with long culture duration and challenges in
enriching specific PhR subtypes [14]. To address these issues,
a 2D monolayer culture approach was employed, incorpo-
rating a combination of small molecules to drive hIPSCs
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Figure 8. Comparative transcriptomic analysis of photoreceptor differentiation in 2D monolayer versus 3D organoid cultures. A: Principal
component analysis (PCA) of average gene expression trajectories across all time points from three independent PGP1-IPSC photoreceptor
differentiation experiments (top line) and retinal organoid differentiation obtained from [42] over a 9-month culture period (bottom line). The
divergence in trend lines highlights substantial differences in transcriptional dynamics between the two culture paradigms. B: Expression
profiles of a selected subset of genes monitored throughout differentiation, illustrating distinct expression patterns between monolayer
directed differentiation and 3D organoid culture conditions.
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through distinct developmental stages. The protocol aimed to
generate a population of committed PhR progenitors capable
of further maturation.

Key findings include the stepwise induction from
eyefield progenitors to neural retina and progressively mature
photoreceptors, validated by developmental markers aligned
with the transcriptional framework of PhR development
[18,43,44]. The sequential addition of supplements such as
T3, taurine, DAPT, retinoic acid, and IGF-1 facilitated the
progression through these stages, as evidenced by marker
expression profiles captured using various analysis methods.
Markers of stage-specific development during differentiation,
from pluripotency to early PhR commitment, corresponded
well with in vivo developmental transcriptome markers,
confirming the capacity of the protocol to replicate essential
stages of PhR development.

Limitations were observed with the use of the genetically
modified PGPl-reporter line. Live fluorescence was detect-
able only when cells formed aggregates, making fluorescence
detection in single cells challenging, particularly during
dissociation for flow cytometric analysis. This challenge
necessitated the harvesting of additional cells, and methods
were then optimized to facilitate fixed, stained cultures to
obtain quantitative analysis.

Double labeling with more representative markers of PhR
cells and their progenitors may provide a more robust solu-
tion. Expanding the characterization of this protocol using a
CR X reporter line [45] will enable more precise monitoring of
PhR lineage commitment and facilitate real-time tracking of
differentiation efficiency. As CRX is a required transcription
factor for PhR development and specifies their postmitotic
lineage, implementing the use of reporter lines like this will
providing more specific and reliable labeling. However, CRX
expression is variable and fluctuates with developmental age
and light exposure [46], which may limit its reliability as a
sole marker of PhR identity. At present, the most definitive
markers for identifying committed PhR-like cells remain
unclear, particularly given the dynamic expression patterns
observed across development and differentiation platforms.
In this context, double or multiplex labeling (e.g., antibodies,
RNA probes, and reporter genes) may provide a more robust
indication of PhR commitment and phenotype than any single
marker alone. These findings underscore the need to apply
a broader panel of molecular markers to improve in vitro
characterization and posttransplantation tracking. They also
highlight the importance of further elucidating the transcrip-
tional networks that govern PhR lineage specification and
maturation.
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The reproducibility of the developed protocol was
evaluated, where two additional independent experiments
were conducted using the same differentiation methodology.
Results demonstrated consistent expression patterns of PhR
markers at multiple points across the differentiation timeline
and through quantifying expression of some of the more
commonly used markers listed in these works and guided by
the literature. This reproducibility indicates that the under-
lying differentiation framework could inform future develop-
ment of 3D culture systems; however, successful translation
would require protocol redesign, including adjustments to
patterning cues, culture architecture, and temporal signaling,
rather than direct transfer of current conditions. With
appropriate redevelopment, a 3D adaptation may enable the
emergence of additional retinal cell types and more complex
cell—cell interactions, producing tissue constructs that better
recapitulate aspects of the in vivo retinal environment. Such
systems would be more suitable for downstream applications
such as disease modeling and drug testing, which depend on
multicellular organization and signaling not achievable in the
present 2D platform. Such enhanced cell-cell communication
could generate tissues that more faithfully recapitulate the
in vivo retinal environment, making the system more suit-
able for disease and drug testing. Future investigations may
provide definitive confirmation.

The unexpected observation of RHO expression at D42
without corresponding NRL expression at D52 warrants
further investigation into the controlled nature of retinal
subpopulations during PhR development. This discrepancy
may reflect transient ectopic expression, potentially repre-
senting a temporal snapshot of differentiation influenced
by uncharacterized variables within the culture conditions.
During PhR differentiation, Nr2E3 plays a pivotal role in
activating transcription factors such as CRX and NRL. The
latter, NRL, is assumed to repress cone fate and promote rod
fate [47]. However, the developmental pathway is complex,
and some cone precursors expressing OPSN-S may inadver-
tently contribute to rod populations, although the majority
differentiate into S or M cones. It is important to note that
commitment to either a rod or cone fate may not be mutually
exclusive. Some subpopulations of cones could transiently
express both rod-specific and cone-specific genes [48], thus
providing an explanation for heterogeneity in the presented
data. This suggests that the process of PhR fate determina-
tion involves a more nuanced interplay of regulatory factors,
with potential overlap between rod and cone gene expres-
sion during early differentiation stages, a phenomenon that
warrants further investigation.
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OTX2 operates upstream of PRDM1/BLIMP1 [49].
PRDMI and VSX2 engage in a mutually inhibitory rela-
tionship where PRDM1 suppresses VSX2 by binding to its
enhancer region [50,51]. PRDM1-positive cells that express
OTX2 are those that have committed to a PhR fate [52].
The relationship between VSX2 and PRDMI is crucial for
committing cells to their respective lineages. Upregulation
of VSX2 promotes bipolar cell fate at the expense of PhRs
and vice versa. V'SX2 mutants show nonfunctional messenger
RNA in developing PhRs, indicating that OTX2-positive
cells destined to become bipolar cells may have their fate
suppressed by an overarching PhR program [52]. These
presented data also capture this relationship between VSX2
and PRDMI.

The reproducibility of this protocol has led to the charac-
terization of hIPSC-derived xeno-free PhRs without the use
of any adeno-associated virus for labeling. Moreover, this
culture paradigm yields large populations expressing mature
PhR markers, including cone subtypes, at levels that are
comparable to those reported in previous studies [7,44,53].

These repeated experiments aimed to quantify subpopu-
lations that express committed PhR markers, and the data
provide time points suggestive of large populations of
medium- and long-wavelength cones by D42. It is evident
from the data that PhRs have committed to their lineage by
D30, while live fluorescence imaging suggests that recoverin
expression begins almost 10 days prior.

The high degree of apparent coexpression between
OPSN-S and OPSN-M/L observed in our cultures contrasts
with the segregation seen in the mature human retina but is
consistent with cone development in vivo. Studies from the
Hendrickson laboratory have demonstrated that human fetal
cones frequently exhibit dual S- and L/M-opsin expression
during mid-gestation, representing a transient developmental
state before terminal subtype specification [54]. These dual-
labeled cones were reported throughout fetal stages and
progressively decline with maturation, becoming rare only
in the postnatal retina. Our findings therefore likely reflect
an immature or transitional cone phenotype within the 2D
differentiation environment, indicative of incomplete opsin
regulatory refinement at the analyzed time points rather than
aberrant fate specification.

An additional limitation of this study was the lack of
thorough characterization of cell development between D9
and DI15. These findings suggest that this time point repre-
sents the optimal window for the generation of PhR progeni-
tors using this protocol. Further analysis across adjacent
time points is expected to provide additional insights into the
dynamics of PhR differentiation. Commitment to PhR lineage
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at these early time points was not expected initially, and so
further development of the protocol will focus on this early
developmental window.

Extending the differentiation period from D66 to D112,
aligning with the culture durations commonly employed in
3D organoid protocols [55-57], revealed additional matura-
tion features, particularly in the ultrastructural morphology
of the differentiated cells. The appearance of putative outer
segments demonstrated that cells produced may be capable
of developing mature functional structures by the appear-
ance of whorls. However, this result also indicates that
specific signals are lacking to give accurate and complete
development of PhRs. Despite this, discovery of these
features demonstrates that cells undergoing differentiation
are attempting to produce features that could define their
functional phenotype. The electron microscope (EM) features
observed in differentiated cultures seem consistent with early
stages of PhR morphological maturation. The presence of
polarized inner segment-like regions, calyceal processes,
mitochondria enrichment, Golgi-associated vesicles, and
whorl-like membrane structures suggests progression toward
outer segment formation; however, these findings remain
descriptive indicators rather than functional confirmation
of mature photoreceptor activity. Definitive determination
of active protein trafficking, vesicular opsin transport, and
functional outer segment biogenesis will require future
targeted approaches, including immunoelectron microscopy,
molecular colocalization studies, and electrophysiological
assessment. Comparison to the more organized ultrastructure
of the 661W PhR cell line further indicates that while hIPSC-
derived cells demonstrate some morphological patterning,
full structural maturation likely remains incomplete at the
analyzed time points. These EM observations represent
hypothesis-generating morphological correlates rather than
definitive evidence of complete outer segment development.
Resolving these structures unequivocally will require future
studies employing immuno-EM or serial block-face EM.

Transcriptomic analysis corroborated previous find-
ings, demonstrating a well-coordinated transition of cells
from an undifferentiated state to a PhR-type lineage, closely
mimicking the developmental trajectory observed in vivo.
When compared to established retinal organoid systems, the
2D monolayer system faithfully recapitulated key aspects
of PhR development, with earlier expression of committed
lineage markers, and offered advantages in both efficacy and
ease of manipulation. While these results align with expecta-
tions and the broader goal of achieving higher yields with
reduced handling and shorter differentiation times, certain
limitations remain. Organoids continue to more accurately
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replicate native retinal cell types due to their capacity to
support complex cell-to-cell interactions. For clinical appli-
cations and transplantation, it is hypothesized that younger
progenitor cells may offer a more viable therapeutic option.
This underscores the importance of rapid and near-homoge-
neous generation of these cell types, a capability that this
protocol may provide, pending further validation through
long-term transplantation studies. The development of a reli-
able and reproducible differentiation protocol for generating
PhR-like cells from hIPSCs has significant implications for
both basic research and therapeutic applications. The protocol
can serve as a platform for studying the molecular mecha-
nisms underlying PhR development and disease, providing
insights into the etiology of retinal degenerative diseases.
On a transcriptomic level, further studies will provide a
deeper understanding of the fate choice and subfate choices
between PhR cells and what drives them. Single-cell RNA
sequencing, histone methylation, and chromatin remodeling
will be considered to understand the mechanisms governing
cellular heterogeneity in differentiated cultures, thereby
producing a more detailed map of cellular states and tran-
sitions and ultimately offering insights into how to control
these processes. Furthermore, integrating this protocol into
3D retinal organoid models could enable more complex tissue
architecture and intercellular interactions, better simulating
the in vivo environment.

This work has attempted to present a comprehensive
analysis of a 2D protocol for differentiating hIPSCs into
PhR-like cells, demonstrating its reproducibility, flexibility,
and potential for downstream applications. The findings lay a
foundation for future research aimed at advancing our under-
standing of PhR biology and developing effective treatments
for retinal degenerative diseases.

APPENDIX 1. SUPPLEMENTARY TABLE 1.
PRIMARY AND SECONDARY DIFFERENTIATION
MEDIUM

To access the data, click or select the words “Appendix 1.”
APPENDIX 2. SUPPLEMENTARY TABLE 2.

PRIMARY AND SECONDARY DIFFERENTIATION
MEDIUM

To access the data, click or select the words “Appendix 2.”

APPENDIX 3. SUPPLEMENTARY TABLE 3.
PRIMARY AND SECONDARY ANTIBODIES

To access the data, click or select the words “Appendix 3.”
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APPENDIX 4. SUPPLEMENTARY TABLE 4.
PRIMARY AND SECONDARY ANTIBODIES

To access the data, click or select the words “Appendix 4.”

APPENDIX 5. SUPPLEMENTARY FIGURE 1.
FLOW CYTOMETRIC ANALYSIS OF 661W CELLS
AND PGP1-HIPSC-DERIVED CELLS AT DAY 52
OF DIFFERENTIATION (EXPERIMENT 2).

To access the data, click or select the words “Appendix
5.” Both cell populations were fixed and stained with the
photoreceptor marker RCVRN and/or a secondary antibody-
only control. The analysis demonstrates marker-specific
fluorescence, enabling comparison of photoreceptor marker
expression between the established 661W cell line and
hIPSC-derived cells.

APPENDIX 6. SUPPLEMENTARY FIGURE 2.
FLOW CYTOMETRIC ANALYSIS OF PGP1-
HIPSC-DERIVED CELLS AT DAY 42 OF
DIFFERENTIATION (EXPERIMENT 3) AND 661W
CONTROL CELLS.

To access the data, click or select the words “Appendix 6.” Cells
were stained with photoreceptor markers RCVRN, OPSN-S
and OPSN-ML. 661W cells served as positive control.

APPENDIX 7. SUPPLEMENTARY FIGURE 3.
FLOW CYTOMETRIC COMPARISON OF FIXED
AND LIVE PGP1-HIPSC-DERIVED CELLS AT
DAY 49 OF DIFFERENTIATION (EXPERIMENT 3)
WITH 661W CONTROL CELLS.

To access the data, click or select the words “Appendix 7.”
Cells were stained with the photoreceptor marker RCVRN.
Both fixed and live populations of PGP1-derived cells were
analyzed, with 661W cells serving as controls.

APPENDIX 8. SUPPLEMENTARY TABLE 5.
PRIMERS FOR RT-QPCR

To access the data, click or select the words “Appendix 8.”

APPENDIX 9. SUPPLEMENTARY FIGURE 4.
GENE EXPRESSION DYNAMICS ACROSS FIVE
DIFFERENTIATION TIMEPOINTS IN PGP1-IPSC-
DERIVED PHOTORECEPTORS.

To access the data, click or select the words “Appendix 9.”
Expression profiles of key genes were assessed at days 0,
6, 30, 40, and 59 during the photoreceptor (PhR) differen-
tiation protocol in Experiment 2 (orange) and Experiment 3
(green). Data are presented as fold-change values normalized
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to the reference gene GAPDH and scaled to the maximum
expression level for each gene. The graphs illustrate temporal
expression patterns, including early expression of the pluripo-
tency marker OCT4, followed by the eye-field marker OTX2,
activation of the neural retinal progenitor marker VSX2, and
early photoreceptor lineage markers PRDM1, CRX, RCVRN
and NR2F2. Quantitative PCR analysis across differentia-
tion timepoints revealed distinct temporal patterns in gene
expression associated with the transition from pluripotent
hIPSCs to photoreceptor (PhR) progenitors. Expression of the
pluripotency marker OCT4 declined sharply by day 9 (D9),
confirming early exit from the pluripotent state. The retinal
specification marker OTX2 peaked at D9 before gradually
decreasing, with experiment-specific variation in the rate of
decline. VSX2, a marker of retinal progenitor cells, showed
temporally distinct expression profiles between experiments,
suggesting differences in progenitor proliferation dynamics.
PRDM], associated with PhR lineage commitment, exhibited
variable expression patterns, indicating experiment-depen-
dent timing of PhR progenitor emergence. The photoreceptor
transcription factor CRX displayed fluctuating expression
peaks and declines, reflecting variability in post-mitotic PhR
specification. Photoreceptor markers NR2F2 and RCVRN
consistently peaked at D30, followed by a tapering phase.
These findings underscore key regulatory windows and inter-
experimental variability in PhR differentiation trajectories.

APPENDIX 10. SUPPLEMENTARY FIGURE

5. CONTROL STAINING FOR PROTEIN
EXPRESSION IN 661W AND PGP1-HIPSC CELL
LINES.

To access the data, click or select the words “Appendix 10.”
A. Immunocytochemical analysis of the 661W photoreceptor
cell line showing expression of key photoreceptor and struc-
tural proteins: CX36, TMEM138, OPSN-M/L, CRX, ARR,
OPSN-S, RCVRN, Phalloidin (PHAL) and NR2F2. B. Control
staining of the human PGP1-IPSC line demonstrating expres-
sion of human mitochondrial marker, hMITO. C. Secondary
antibody-only controls used throughout the study to validate
specificity of primary antibody staining. Hoechst 33342 was
used to label cell nuclei in all panels.

APPENDIX 11. SUPPLEMENTARY TABLE 6.
CHARACTERISATION ASSAY

To access the data, click or select the words “Appendix 11.”

APPENDIX 12. SUPPLEMENTARY TABLE 7.
CHARACTERISATION ASSAY

To access the data, click or select the words “Appendix 12.”
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APPENDIX 13. SUPPLEMENTARY TABLE 8.
CHARACTERISATION ASSAY

To access the data, click or select the words “Appendix 13.”

APPENDIX 14. SUPPLEMENTARY FIGURE 6.
LIVE MCHERRY FLUORESCENCE IN PGP1-
REPORTER CELLS DURING PHOTORECEPTOR
DIFFERENTIATION ACROSS THREE
INDEPENDENT EXPERIMENTS.

To access the data, click or select the words “Appendix 14.”
Representative images showing live mCherry fluorescence
at comparable timepoints during the differentiation protocol
in Experiments 1, 2, and 3. Fluorescence reflects activation
of the photoreceptor-specific reporter, indicating progression
toward the photoreceptor lineage.

APPENDIX 15. SUPPLEMENTARY FIGURE 7.
ULTRASTRUCTURAL ANALYSIS OF HIPSC-
DERIVED PHOTORECEPTORS (PHRS) AND

COMPARISON WITH 661W CELLS.

To access the data, click or select the words “Appendix 15.”
A. Representative image of hIPSC-derived PhRs at D50
of differentiation in Exp 3. Scale bar: 20 pm. B. Magni-
fied and annotated view of panel A, showing cells in a
linear arrangement with distinguishable nuclei (Nu), inner
segments (IS), mitochondria (m), calyceal processes, defined
Golgi apparatus, telodendria, and putative opsin-carrying
vesicles (OCV). Scale bar: 10 pm. C. Image of hIPSC-derived
PhRs at day 64 of differentiation in Exp 3, showing similar
morphology to panel B, with abundant mitochondria (m)
and visible nuclei (Nu). D. Representative image of 661W
photoreceptor-like cells used for morphological comparison.
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