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SUMMARY

Outer retinal degenerative diseases (RDDs) and injuries leading to photoreceptor (PR) loss are prevailing causes of blindness worldwide.
While significant progress has been made in the manufacture of human pluripotent stem cell (hPSC)-derived PRs, robust production of
pluripotent stem cell (PSC)-PRs from swine, a popular preclinical large animal model, would provide an avenue to collect conspecific
functional and safety data to complement human xenograft studies. Toward this goal, we describe the highly efficient generation of
PR-dominant porcine induced PSC (piPSC)-derived retinal organoids (ROs) using modifications of our established hPSC-RO differen-
tiation protocol. Porcine iPSC-ROs were characterized using immunocytochemistry (ICC) and single-cell RNA sequencing (scCRNA-seq),
which revealed the presence and maturation of major neural retina cell types, including PRs and retinal ganglion cells, which possess
molecular signatures akin to those found in hPSC-ROs. In late piPSC-ROs, a highly organized outer neuroepithelium was observed
with rods and cones possessing outer segments and axon terminals expressing pre-synaptic markers adjacent to dendritic terminals
of bipolar cells. The existence of piPSC lines and protocols that support reproducible, scalable production of female and male
ROs will facilitate transplant studies in porcine models of retinal injury and RDDs unconfounded by immunological and evolutionary

incompatibilities inherent to human xenografts.

INTRODUCTION

Blinding conditions resulting from photoreceptor (PR)
degeneration have a high global prevalence (Cross et al.,
2022; Wong et al., 2014). Treatments are not available in
most cases since mammals, including humans, lack the ca-
pacity to regenerate PRs, making it necessary to either
replace or bypass them to restore vision. The ability to
generate retinal cell types and tissues from human pluripo-
tent stem cells (hPSCs) in vitro has facilitated multiple clin-
ical trials focused primarily on reconstructing the retinal
pigmented epithelium (RPE), a monolayer of cells that sup-
ports the health and function of PRs (Sharma et al., 2019;
da Cruz et al., 2018; Kashani et al., 2018; Mandai et al.,
2017; Schwartz etal., 2015). In addition, a trial was recently
initiated examining the effects of subretinal transplanta-
tion of sectioned hPSC-derived retinal organoids (ROs)
(Hirami et al., 2023), which contain PRs along with all ma-
jor cell types found in the neural retina (Capowski et al.,
2019; Gasparini et al., 2019; Meyer et al., 2009, 2011).
The preponderance of hPSC-RPE versus hPSC-PR
replacement trials is due not only to the relative

complexity of clinical PR manufacture but also to
challenges demonstrating vision restoration in preclinical
animal models using human PR xenografts. In general, all
neuronal xenografts are limited by immunological incom-
patibility and/or evolutionary divergence of synaptic pro-
teins, both of which may hinder functional connectivity
between human PRs and non-human host retinal inter-
neurons (Laver and Matsubara, 2017). Notably, recent
work has shown that human RO-derived PRs have the
intrinsic capacity to (1) respond to light similar to adult
primate foveal PRs (Saha et al., 2022), (2) extend neuronal
processes (Rempel et al.,, 2022), and (3) form de novo
synaptic connections with other hPSC-derived retinal
neurons (Ludwig et al., 2023). Therefore, if PRs can be
similarly produced from pluripotent stem cells (PSCs) of
key animal model species, it stands to reason that they
could be used in allograft studies to provide proof of
concept for functional cell replacement.

The domestic pig (Sus scrofa domesticus) is a favored large
animal preclinical model for ocular studies due to its
anatomic and physiologic similarity to humans (McCall,
2024; Sanchezetal., 2011; Beauchemin, 1974). In addition,
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despite having a significantly shorter gestation period
(16 versus 40 weeks), the porcine and human retinae are
similarly well developed and organized at birth (McCall,
2024; Wang et al.,, 2014; Hendrickson and Hicks, 2002;
Chandler et al., 1999). These common attributes have led
to the creation of numerous swine models of human retinal
degenerative diseases (RDDs) or retinal injuries for use in
testing the safety and efficacy of experimental treatments,
including stem cell-based therapies (Barone et al., 2020,
2023; Choi et al., 2021; Sharma et al., 2019; Ross et al.,
2012; Sommer et al., 2011; Kraft et al., 2005).

Given their potential utility in advancing cell replace-
ment strategies for the eye and other organ or tissue sys-
tems, extensive efforts have been made since the early
2000s to generate porcine induced pluripotent stem cells
(piPSCs) that mirror those derived from humans (Neira
et al., 2024; Ezashi et al., 2016). Initial attempts using inte-
grated transgenes failed to demonstrate key characteristics
of PSCs, such as survival and self-renewal with extended
passage, multi-lineage differentiation potential, and/or
teratoma formation (Neira et al., 2024; Ezashi et al.,
2016). Even so, rare cells expressing one or more retinal
markers, including opsins, could be found in heteroge-
neous populations differentiated from these early porcine
lines (Zhou et al., 2011), fueling continued interest in
optimizing piPSC production. Recently, development of
porcine PSC-specific culture media (Choi et al., 2019) and
transgene-free piPSCs (Conrad et al., 2023) succeeded in
overcoming prior shortcomings, allowing reproducible,
multi-lineage porcine cell differentiation. However, it re-
mained to be seen whether this new generation of piPSCs
could produce ROs.

Toward this end, we devised a method to produce an
abundance of piPSC-ROs by adapting an established
hPSC-RO differentiation protocol (Capowski et al,
2019) to follow porcine developmental timelines. The
piPSC-ROs were characterized by immunocytochemistry
(ICC), flow cytometry, and single-cell RNA sequencing
(scRNA-seq) and found to contain a high percentage of
PRs, with both rods and cones displaying structural fea-
tures and molecular signatures closely approximating
their human RO-derived counterparts. In addition, the
molecular identities of porcine RO-derived retinal gan-
glion cells (RGCs) and other neural retina cell types align
with those from hPSC-ROs. This study is the first to
demonstrate generation of ROs from piPSCs and to pro-
vide an interspecies comparison of the transcriptomes
of stem cell-derived retinal cell types. The availability
of piPSC-ROs to serve as a conspecific donor cell source
for porcine transplant studies addresses multiple con-
founding issues related to xenotransplantation and com-
plements efforts to develop hPSC-based retinal cell
replacement therapies.
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RESULTS

piPSCs reproducibly and efficiently generate ROs
using a modified human PSC-RO differentiation
protocol

To establish a porcine iPSC-RO protocol, female (Figures 1
and S1A) and male (Figure S1B) piPSC lines were differen-
tiated using a human RO differentiation protocol (Capow-
skietal., 2019) that was adapted to account for the reduced
gestational timeline of swine relative to human (Figure 1A).
Before initiating differentiation, both piPSC lines were kar-
yotyped and underwent pluripotency confirmation by
ICC (Figures S1A and S1B). To maintain piPSC pluripo-
tency, we utilized a feeder layer containing an optimized
density of irradiated mouse embryonic fibroblasts (MEFs)
(5.4 x 10° MEFs/well of a 6-well plate). Importantly,
neither Matrigel nor lower MEF densities (1.9 x 10°
MEFs/well) typically employed for human PSC mainte-
nance were successful in keeping piPSCs in a pluripotent
state over multiple passages (Figure S1C). For each RO dif-
ferentiation, embryoid bodies (EBs) were prepared from 4
wells of a 6-well plate containing piPSCs at 80%-90% con-
fluency. Notable temporal differences between swine and
human PSC-RO differentiation protocols include (1) addi-
tion of bone morphogenetic protein 4 (BMP4) and plating
of EBs onto Matrigel-coated plates on day (d) 2 vs. d6,
(2) conversion from neural induction medium to retinal
differentiation medium at d5 vs. d16, and (3) dissection
of adherent RO colonies and transition to free-floating
ROs at d11-d13 vs. d25-d35 (Figures 1A and 1B). Quantifi-
cation of 30 independent, sequential piPSC differentiation
runs revealed an average yield of 217 + 19 ROs per differen-
tiation (minimum = 83; maximum = 401) (Figure 1C). In
comparison, direct application of our human PSC retinal
differentiation protocol (Capowski et al., 2019) never pro-
duced more than four piPSC-ROs per 6-well plate (data not
shown). Throughout the differentiation process, piPSC-
ROs maintained a phase-bright outer neuroepithelial rim,
and, beginning at d80, hair-like protrusions appeared on
the surface of piPSC-ROs (Figure 1B) reminiscent of PR
outer segments found on human ROs beginning
around d150 (Capowski et al., 2019). Thus, using a high-
density MEF feeder layer and a shortened differentiation
protocol timeline, we were able to reproducibly generate
a large number of porcine iPSC-ROs with consistent
morphologies.

Early-stage piPSC-ROs are composed of RPCs, RGCs,
and early cone PRs

To assess the identity and distribution of retinal cell types
in piPSC-ROs at an early stage of differentiation, we first
examined expression of selected retinal markers using
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Figure 1. Production and differentiation of ROs from piPSCs
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(A) Schematic showing the timing of key steps in the piPSC-RO differentiation protocol used for this study compared to that of an es-

tablished hPSC-RO differentiation protocol (Capowski et al., 2019).

(B) Representative light microscopic live images of (from left to right) piPSC colonies grown on an optimal density MEF feeder layer, d2 EBs
in suspension, d12 adherent RO colonies prior to dissection, and free-floating d40 and d120 ROs in 3D culture after dissection. A higher-
magnification image of the surface of a d120 piPSC-RO shows outer segment-like protrusions.

(C) Plot showing the number of piPSC-ROs obtained from each of 30 consecutive differentiations (n = 30 differentiations, mean =217 + 19
ROs/differentiation), as indicated by the presence of a compact, uniform, phase-bright outer neuroepithelial rim 2 days after micro-
dissection of adherent cultures. Four wells of a 6-well plate containing 80%-90% confluent piPSCs were used for each differentiation.

Scale bars as shown.

ICC. Primary antibodies used for all ICC analyses were vali-
dated in the present study using adult porcine retina tissue
sections, piPSC-ROs, or piPSCs (Figures S1-S6; Table S1). At
d15, VSX2+/Ki67+ proliferating retinal progenitor cells
(RPCs) were found across the outer neuroblastic layer of
porcine ROs (Figure S3), whereas, by d40, PHH3+ prolifera-
tive cells were concentrated at the outer rim (Figures 2A
and S4A). OTX2 expression, indicative of newly born PR
precursors, was present in cell nuclei throughout the RO
neuroepithelium at d40, with more mature, RCVRN-ex-
pressing PRs located predominantly along the outer rim
(Figures 2A and S4A). The inner portion of d40 piPSC-
ROs contained numerous SNCG+ RGCs whose processes
aberrantly projected outward toward the RO surface, as
has previously been described in human ROs (Figures 2A
and S4A) (Capowski et al., 2019).

To further define the cell composition of early piPSC-
ROs, scRNA-seq was performed on d35-d41 organoids us-
ing the 10x Genomics platform with version 3 chemistry.
Five piPSC-ROs from three independent differentiations

were pooled to account for potential variability within
and between RO cultures, and subsequent analyses were
performed as described in Supplemental methods to obtain
clusters of similar cells. The clusters were manually anno-
tated using expression of known cell-associated genes,
which resulted in the identification of three main cell clas-
ses: RPCs, RGCs, and cone PRs (Figure 2B). The full list of
genes and parameters employed for cluster identification
can be found in Table S2. A fourth cluster of cells was un-
able to be defined with confidence and therefore was
labeled as unknown. Palantir (Setty et al., 2019) pseudo-
time analysis confirmed that cells within the RGC and
cone PR clusters possessed a higher state of differentiation
than that within the RPC cluster (Figure 2C). The RPC pop-
ulation expressed high levels of SFRP2, HESS5, and SOX2
(Figure 2D), whereas the RGC population was characterized
by the expression of GAP43, POU4F2 (BRN3B), and SNCG
(Figure 2E). Lastly, the cone PR population was identified
via the combined expression of the pan-PR marker
CRX and the cone genes PDE6C and RXRG (Figure 2F).
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Figure 2. ICC and single-cell RNA-seq analyses of early-stage piPSC-ROs

(A) High- and low-magnification ICC images of d40 female piPSC-ROs showing the presence of PHH3+ proliferating cells along the RO rim
with 0TX2+ PR precursors found throughout the outer neuroepithelium. Cell bodies of SNCG+ RGCs are located deeper within piPSC-ROs,
whose projections (arrowhead) often extend to the RO surface through an outer layer of RCVRN+ PRs.

(B) Uniform manifold approximation and projection (UMAP) of pooled, early-stage (d35-d41) piPSC-ROs was used to visualize the 4 cell

cluster annotations (RPC, RGC, cone PR, and unknown).

(C) Palantir values for each identified retinal cell type showed a large separation of RGCs and cones from RPCs in pseudotime.
(D-F) Normalized expression of specific genes expressed in RPCs (D), RGCs (E), and cone PRs (F) projected onto the early-stage piPSC-RO
UMAP. Fifteen piPSC-ROs (5 piPSC-ROs from each of 3 independent differentiations) were pooled for early-stage (“d40”) scRNA-seq

analysis.
Scale bars as shown.

No rod-specific PR genes were present at this stage of RO
differentiation (data not shown).

Late-stage piPSC-ROs contain rod and cone PRs,
Miiller glia, amacrine cells, and bipolar cells

To determine whether piPSC-ROs generate other major
neural retinal cell types at later stages of differentiation,
ICC was performed on d120 organoids. At this time
point, both rod and cone PRs could be identified by the
expression of RHO and GNAT2, respectively, within the
well-organized outer nuclear layer (ONL) (Figures 3A
and S4B). GOa+ rod and cone ON bipolar cells (BPCs)
were found in a layer immediately beneath the ONL
(Figures 3A and S4B). CRALBP+ Miiller glia (MG) cell
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bodies were also present in the inner nuclear layer (INL)
of porcine ROs, with processes extending radially through
the ONL (Figure 3A). Of note, at this stage of differentia-
tion, the ONL expressed RCVRN in nearly every PR
(compare Figure 3A to Figure 2A) and also expressed
RP1, a protein involved in organizing swine cone PR outer
segments, near its surface (Figure 3A). PRPH2, an outer
segment marker in both rod and cone PRs, was also ex-
pressed between d80 and d120 on the surface of piPSC-
ROs (Figures S4B and SS5A). In contrast, no SNCG+ RGCs
remained detectable at d120 by ICC, mirroring the loss
of RGCs seen in human ROs over time (Capowski et al.,
2019). In addition, we were unable to definitively identify
horizontal cells (HCs) and amacrine cells (ACs) in porcine
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Figure 3. ICC and single-cell RNA-seq analyses of late-stage piPSC-ROs

(A) ICC images of d120 female piPSC-R0s showing RHO staining concentrated at the RO surface with interspersed expression of GNAT2 in
cone PRs. GOa. is expressed in cone and rod ON BPCs in an inner RO layer beneath the RCVRN+ ONL. CRALBP expression is found in MG cell
bodies and radial processes, the latter of which traverse the ONL and form the outer limiting membrane. The ONL is highlighted in the
bottom series of images by RP1, a marker of maturing cone PRs in swine.

(B) UMAP plot of late-stage (d118-d122) piPSC-R0s with manual annotations showing 9 cell clusters: cone PRs, rod PRs, BPCs, ACs, MG,
RPCs, RPCs/MG, rod PRs/MG, and unknown.

(C) Palantir pseudotime values for each identified cell class in late-stage piPSC-ROs showing the lowest state of differentiation for RPCs and
the highest states of differentiation for cone PRs and BPCs.

(D-H) Normalized expression of specific genes expressed in cone PRs (D), rod PRs (E), ACs (F), BPCs (G), and MG (H) projected onto the
late-stage piPSC-RO UMAP. Fifteen piPSC-ROs (5 piPSC-ROs from each of 3 independent differentiations) were pooled for late stage
(“d120") scRNA-seq analysis.

Scale bars as shown.

iPSC-ROs using available antibodies, in keeping with the Next, we performed scRNA-seq and analysis on late-stage
weak immunostaining seen in fetal porcine retina (Gudu-  (d118-d122) piPSC-ROs as described for the early-stage or-
ric-Fuchs et al., 2009). ganoids. Clustering identified 8 cell clusters: cone PRs, rod
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PRs, BPCs, ACs, MG, RPCs, RPCs/MG, and rod PRs/MG,
along with one cluster whose identity was less clear and
thus was labeled as unknown (Figure 3B). Palantir pseudo-
time analysis revealed cone PRs and BPCs to be at the high-
est state of differentiation among all late-stage retinal cell
clusters (Figure 3C). High expression of PDE6C, GNAT2,
and CNGA3 in the cone cluster (Figure 3D); SAG, GNGT1,
and NR2E3 in the rod cluster (Figure 3E); GAD2, ELAVL3
(HUC), and ELAVL4 (HuD) in the AC cluster (Figure 3F);
CA10, V§X2, and NETO1 in the BPC cluster (Figure 3G);
and GFAP, DKK3, and S100A16 in the MG cluster (Fig-
ure 3H) was observed. Reverse-transcription PCR analysis
confirmed earlier expression of cone- vs. rod-specific genes
in piPSC-ROs, broadly verifying the scRNA-seq findings
(Figure S5B, primers listed in Table S3). Of note, an HC
cluster was not identified via this analysis, and the RPCs/
MG and rod PRs/MG clusters expressed multiple markers
of two major cell classes and thus were labeled as mixed,
or perhaps intermediate, cell populations.

piPSC-ROs generate an abundance of PRs over time

To serve as a useful donor source for future porcine allo-
transplantation studies, sufficient quantities of desired
retinal cell types need to be obtained from piPSC-ROs.
Therefore, after broadly identifying the retinal cell classes
present in early- and late-stage piPSC-ROs (Figures 2 and
3), we sought to determine their relative abundance over
time. Proportional analysis of the early- and late-stage
scRNA-seq data revealed that early piPSC-ROs are primar-
ily composed of RPCs (40.0%) with RGCs and cone PRs ac-
counting for the majority of remaining cells (29.0% and
25.5%, respectively) (Figure 4A). In contrast, the major
cell population in late piPSC-ROs is rod PRs (60.1%), fol-
lowed by RPCs/MG (13.0%), ACs (6.4%), BPCs (5.20%),
MG (2.90%), cone PRs (2.70%), RPCs (2.20%), and rod
PRs/MG (0.80%). The proportion of unidentifiable cells
was similar at early and late stages of differentiation
(5.50% and 6.70%, respectively). To more rigorously
analyze the differential composition and variability in
our datasets, we employed sccomp (Mangiola et al.,
2023), a recently developed method that models data
count distribution, compositionality, group-specific vari-
ability, and proportion mean-variability association,
while also taking outliers into account. Sccomp confirmed
a significant difference in RO cell type composition over
time, with RGCs, RPCs, and cone PRs comprising the
major populations in early-stage ROs, whereas rod PRs,
ACs, RPCs/MG, BPCs, and MG predominate in late-stage
ROs. Only the rod PRs/MG population failed to demon-
strate significance by sccomp across the two time points,
likely because there were so few cells of this type in the
later time point that it could not be distinguished from
zero (Figure 4B).
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Given that PRs hold particular value for retinal allograft
studies in preclinical porcine models of outer RDDs, we
further examined their production in piPSC-ROs over
time using ICC and flow cytometry. RCVRN specifically la-
bels PRs within the adult porcine retina and in piPSC-ROs
(Guduric-Fuchs et al., 2009) (Figure S6A) and thus was
used as a definitive marker for the overall PR population.
At d40, cell bodies of RCVRN+ PRs were detected by ICC
in the inner region of the organoids with processes projec-
ting outward toward the surface. Between d80 and d120, an
increasingly thick, organized ONL layer composed of PRs
developed at the outer rim of ROs, concurrent with a
decline in the presence of RCVRN+ PR cell bodies deeper
within the organoids (Figure 4C) (Rempel et al., 2022). To
quantify the percentage of RCVRN+ PR cells in piPSC-ROs
at these time points, flow cytometry on fixed and immuno-
stained cells was performed (n = 3 independent differentia-
tions; >10 piPSC-ROs per differentiation) (Figures S6B and
S6C). The percentage of RCVRN+ PRs significantly
increased between each time point, from 20.1% + 1.2% at
d40 to 51.6% + 2.01% at d80 to 73.7% =+ 2.1% at d120
(p < 0.0001 between d40 and d80; p = 0.0004 between
d80 and d120) (Figure 4D). These percentages closely
approximate those obtained for the PR population from
the scRNA-seq compositional analyses.

The cellular organization of mature piPSC-ROs mimics
that of adult porcine outer retina

To determine the capacity of piPSC-ROs to adopt a cellular
organization akin to native porcine retina, organoids were
maintained in culture for up to 190 days, whereupon they
were sectioned and immunostained alongside sections of
adult porcine retina. Like adult porcine retina, piPSC-RO-
derived M/L Opsin+ cone PRs were found in the outermost
portion of the ONL, with the remainder of the ONL
composed of RHO+ rod PRs (Figures 5A-5C). However,
M/L Opsin+ cones were qualitatively less abundant in orga-
noids compared to adult porcine retina, and M/L Opsin
and RHO were distributed throughout their respective
RO-PRs, as opposed to being exclusively localized to outer
segments as observed in adult porcine retina (Figures 5A-
5D). Of note, we were unable to reliably detect S Opsin
expression above background in piPSC-ROs using available
antibodies. Further examination of M/L Opsin and RHO
immunostaining in piPSC-ROs revealed that the cone
and rod axons extend to an outer plexiform layer (OPL)
beneath the ONL that also expresses the PR pre-synaptic
marker VGLUT1 (Figures 5A, 5C, and 5SD). Immediately
below the piPSC-RO OPL is an INL containing GOa+ BPCs
(Figures 5A, 5B, and 5D). Higher magnification of whole
RO sections also showed that cone PRs possess typical
broad, pedicle-like axon terminals that abut GOu+ BPC
processes (Figure 5D). Thus, similar to human ROs,
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Figure 4. Photoreceptors migrate to form a dense ONL and become the dominant cell population in piPSC-ROs over time

(A) Stacked bar graph showing the proportion of different cell types in female piPSC-ROs at d40 (16,654 total cells) and d120 (19,313 total
cells) as determined by scRNA-seq. Cell proportions are listed in the results section.

(B) Analysis of early and late piPSC-RO cell type composition using sccomp. Error bars denote the Bayesian 95% credible interval of the
slope between d40 and d120 piPSC-ROs for each cell type, and the central dashed lines represent the minimal effect (0.2) that the hy-
pothesis test is based on. Cell types that comprised a significantly greater proportion of the total cell population in early ROs vs. late ROs or
late ROs vs. early ROs are indicated with green error bars to the left or right of the vertical gray line, respectively. The single error barin pink
demarcates a cell type (rod PRs/MG) with no such difference.

(C) Low-magnification, confocal images of whole piPSC-RO sections at d40, d80, and d120 of differentiation showing the location of
RCVRN+ PR cells. The arrowhead indicates RCVRN+ PRs primarily localized within a deeper layer at d40, with progressive formation of a
dense ONL (arrow) by d120.

(D) Percentage of RCVRN+ PRs in fixed and immunostained cells of piPSC-ROs at d40, d80, and d120 as determined via flow cytometry.
***¥*p < 0.0001, ***p = 0.0004; ANOVA post hoc Tukey's multiple comparisons test. For each time point, n = 3 independent differenti-
ations; >10 piPSC-ROs per differentiation were pooled.

Scale bars as shown.
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Figure 5. Comparison of outer retinal organization between piPSC-ROs and adult porcine retina

(A) ICC analysis showing layered expression of RHO (rod PRs), M/L Opsin (red and green cone PRs), VGLUT1 (PR pre-synaptic marker), and
GOa. (rod and cone ON BPCs) in d190 female piPSC-ROs and adult porcine retina.

(B-D) Low (B and C)- and high (D)-magnification ICC images of d190 piPSC-ROs demonstrating expression of the synaptic marker VGLUT1
at the interface between an ONL containing M/L Opsin+ cone PRs and RHO+ rod PRs and an INL containing GOa+ rod and cone ON BPCs.

Scale bars as shown.

piPSC-ROs are able to self-organize over time to form a
layered outer retinal structure that approximates, but
does not fully achieve, the full-thickness appearance and
precise PR mosaic of native adult porcine retinal tissue.

Developmentally aligned porcine and human ROs
possess highly conserved transcriptomes

Our overall goal is to generate a robust source of piPSC-
derived retinal cells that can be used as conspecific surro-
gates for hPSC-derived retinal cells in future preclinical
porcine studies. To do so, it is important to assess the
cellular and molecular equivalency of porcine ROs and hu-
man ROs. We therefore performed an scRNA-seq meta-
analysis using our dataset from d120 piPSC-ROs (Figure 3)
and an independent dataset from developmentally
aligned, d205 human embryonic PSC-ROs (Sridhar et al.,
2020) to produce Seurat mapping (Stuart et al., 2019)
predictions. The hPSC-RO dataset was first analyzed
using the same methods described herein for piPSC-ROs
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(Figure 6A), whereupon it was employed along with Seurat
cell type label transfer to reassign cell identity to the piPSC-
RO clusters in an unbiased fashion (Figure 6B). Of note,
the d205 hPSC-RO reference dataset does not separate
rod and cone PRs and contains some cell types that were
not defined in our manually annotated piPSC-RO dataset,
such as HCs and immature MG (iMG). Therefore, the re-
annotated piPSC-RO dataset also combines rods and
cones into a single “PR” cluster and includes HCs and
iMG, which were identified based on predictions from
the human RO dataset (Figure 6B). In addition to PRs,
HCs, and iMG, the cross-species RO meta-analysis identi-
fied five other specific retinal cell clusters: ACs, BPCs,
RPCs, RPCs/MG, and RGCs.

Overall, porcine iPSC-RO cell identities (particularly PRs
and BPCs) were well-predicted by their equivalent human
RO cell types based on Seurat mapping prediction scores
(on a range of 0-1, with 1 being the highest). PRs and
BPCs had a median score of 0.89 and 0.98, respectively,
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while other cell types had median scores ranging from 0.50
to 0.73, indicating that PR and BPC cell types are most
similar to human (Figure 6C). The proportion of some
cell types varied between piPSC-ROs and hPSC-ROs (Fig-
ure 6D). Most notably, the percentage of PRs in piPSC-
ROs (65%) was almost twice that of hPSC-ROs (35%), while
the percentages of ACs and HCs were lower in piPSC-ROs
vs. hPSC-ROs (3% vs. 11% [ACs] and <1% vs. 3% [HCs],
respectively). Using sccomp analysis, significant differ-
ences in cell composition between piPSC-ROs and hPSC-
ROs were found for PRs, BPCs, and ACs (Figure 6E). To
further investigate the cross-species similarity for each
cell type, we assessed how well the manual annotations
of piPSC-RO cell types correlated with the predicted cell
type annotations derived from the human dataset (Fig-
ure 3B vs Figure 6B) (Figure 6F). The vast majority of cone
PRs (100%), rod PRs (92%), and BPCs (90%) in the manu-
ally annotated dataset were assigned the same identity by
the human dataset-predicted annotation, and 91% of
RPCs were reassigned as iMG. Other cell types were less
closely aligned between the manual and predicted annota-
tions, ranging from 81% (rod PR/MG cluster) to 41% (AC
cluster). Interestingly, nearly half of the piPSC-RO cells
labeled as ACs by manual annotation were reassigned as
RGCs or RPCs by the predicted dataset. Lastly, the un-
known cell population in the manually annotated dataset
was largely divided between PRs and RPCs in the predicted
dataset, which suggests that this population represents an
intermediate or immature PR cell type. Overall, these re-
sults indicate that multiple retinal cell types present in
d120 piPSC-ROs, including PRs, bear a molecular signature
similar to those found in d205 hPSC-ROs.

DISCUSSION

An important step in advancing all hPSC-derived retinal
cell replacement strategies to the clinic involves preclinical
testing in animal models. However, there are limitations to
xenograft studies in predicting safety and efficacy in hu-
mans owing to immune incompatibilities and structural
divergence of key proteins, including those involved in

synapse formation and function such as Pikachurin (Laver
and Matsubara, 2017). The latter hindrance is particularly
relevant for efficacy testing of PR and RGC xenografts,
which require functional synaptic connections with host
neurons. Furthermore, animals undergoing intense immu-
nosuppression regimens necessary to prevent rejection of
xenografts carry a greater risk of systemic toxicity and/or
infections, limiting efforts to perform long-term in vivo
studies. In contrast, allografts can survive using lower levels
of immunosuppression that facilitate longitudinal data
collection and may better represent protocols to be em-
ployed in future human clinical trials.

One approach to addressing the xenograft conundrum is
to test human stem cell-derived donor retinal cells in paral-
lel with “‘nearest equivalent” donor cells derived from the
chosen preclinical animal model species. To do so requires
a detailed knowledge of the cellular and molecular signa-
tures of the donor cells across both species. While such
knowledge exists for human PSC-ROs (Cowan et al.,
2020; Sridhar et al., 2020; Wahle et al., 2023), few methods
to generate ROs from PSCs of other species have been
described, and most yield exceedingly few organoids
(Jacobo Lopez et al., 2022; Volkner et al.,, 2021; Chen
et al., 2016; Eiraku et al., 2011). Failure to maintain plurip-
otency over multiple passages is a common problem for
non-human PSC lines that leads to overall poor lineage-
specific differentiation efficiency and reproducibility. If
stable pluripotency can be attained, the next hurdle lies
in adjusting the timing of retinal differentiation protocols
to account for the gestational length of the target species.
Lastly, even if consistent and robust manufacture of PSC-
ROs can be achieved from a preclinical model source, their
retinal progeny may not represent a reasonable facsimile of
those derived from hPSC-ROs. Herein, we described the
first study in any species to address each of these issues,
setting the stage for future efforts to compare retinal cell
transplant outcomes between conspecific allografts and
human xenografts.

Due to their numerous structural similarities to humans
and relative cost-effectiveness compared to non-human
primates, swine have grown in popularity as models for
developing and testing cell-based therapies. Retinal cell

(C) Prediction score values from Seurat mapping (ranging from 0 to 1, where 1 is the highest score) for each predicted cell type on the d120
piPSC-RO UMAP. Insets show prediction score histograms and medians for each cell type.
(D) Stacked bar graphs showing the proportion of cell types for hPSC-ROs at d205 and piPSC-ROs at d120. Cell proportions are listed in the

results section.

(E) Cell type compositional analysis using sccomp. Error bars denote the Bayesian 95% credible interval of the slope between hPSC-R0s and
piPSC-ROs cell types, and the central dashed lines represent the minimal effect (0.2) that the hypothesis test is based on. Green error bars
indicate cell types that comprise a greater proportion of the total cell population, while pink error bars indicate cell types with no such

difference.

(F) Heatmap depicting the relative distribution of cell identities predicted by the human RO dataset (rows) for each manually annotated

piPSC-RO cell type (columns), ranging from 0 (blue) to 1 (red).
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transplant studies in particular have employed swine as
large animal models since they are amenable to the same
surgical techniques and outcome assessments used for hu-
man subjects (Barone et al., 2023; Sharma et al., 2019). The
resulting increased attention from academia, disease foun-
dations, and industry has spurred efforts to generate trans-
genic swine RDD models, further expanding the utility of
the species for therapeutic development (McCall, 2024).
Therefore, we focused on producing and characterizing
ROs from piPSCs with the goal of providing a consistent,
high-volume source of authentic neural retina cells with
cellular and molecular properties approximating those of
their hPSC-derived counterparts. Building on recent suc-
cess in generating transgene-free piPSCs (Conrad et al.,
2023), we created a robust protocol to generate ROs by (1)
optimizing MEF feeder layer density to ensure mainte-
nance of pluripotency and (2) modifying the timing of
our existing human protocol (Capowski et al., 2019) to
reflect the porcine gestational period that is less than half
that of humans. Both steps were key to generating an
average of over 200 piPSC-ROs per 6-well plate and are
likely important for RO production from PSCs of other spe-
cies as well. Case in point, a recent publication that sought
to produce ROs from rhesus macaque PSCs using an un-
modified human retinal differentiation protocol yielded
only a few organoids (Jacobo Lopez et al., 2022). Similarly,
rote application of our hPSC retinal differentiation proto-
col to piPSCs generated less than five ROs per 6-well plate.

To examine whether piPSC-ROs have the capacity to
mature like human ROs, we employed multiple techniques
to identify and quantify cell types within piPSC-ROs over
time. By ICC, we identified RGCs, RPCs, and PRs in d40
piPSC-ROs, the latter of which are likely cones, since they
are born much earlier than rods in mammals (Swaroop
et al.,, 2010; Wang et al., 2014), and rod markers were not
present in d40 porcine ROs. However, due to a lack of anti-
bodies that identify early piPSC-derived cones, we were un-
able to unequivocally define the subtype of d40 PRs by ICC.
Instead, scRNA-seq analysis confirmed both the presence of
cone PRs and the absence of rods at this time point. By
d120, we identified BPCs, MG, and both RHO+ rods and
GNAT2+ cone PRs by ICC. ACs and HCs were unassignable
at d120 by ICC, again due to a lack of suitable primary an-
tibodies, but both populations were present by manually
annotated and/or predicted scRNA-seq analysis. Seurat
mapping predictions showed that numerous retinal cell
types generated by piPSC-ROs at d120 were highly analo-
gous to those of d205 hPSC-ROs (particularly cones, rods,
and BPCs), suggesting that porcine and human ROs are
developmentally equivalent at these time points. A similar
cross-species comparison of RGCs could not be performed
due to their near absence in later-stage porcine and human
ROs. Future scRNA-seq analyses will incorporate earlier

time points to better assess interspecies RGC transcrip-
tomic equivalency and attempt to identify RGC subtypes
in piPSC-ROs.

While numerous similarities between porcine and human
ROs were observed, some differences were also evident. For
example, based on scRNA-seq datasets used in our study
and others’, porcine ROs can yield nearly twice the overall
percentage of PRs compared to human ROs, albeit with a
higher rod:cone ratio (Sridhar et al., 2020; Cowan et al.,
2020). In addition, PRs from porcine ROs had shorter outer
segment-like structures than what is typically observed in
human ROs. The species-specific underpinnings of these
findings are not known but could reflect intrinsic differences
in the default programming of RPCs and/or the maturation
of PRs derived from piPSCs vs. hPSCs in vitro. If so, further
modification of porcine RO protocols to manipulate
rod:cone ratios and PR development is likely possible.

In summary, we present the first report of RO generation
from porcine iPSCs and the first interspecies comparison of
stem cell-derived ROs using scRNA-seq. Our findings, com-
bined with those using rhesus macaque and small animal
PSCs (Georges et al., 2023; Chen et al.,, 2016; Osakada
et al., 2008), suggest that ROs across multiple species rely
on intrinsic programming as they differentiate along their
respective developmental timelines. Our study also empha-
sizes the importance of optimizing early steps in retinal dif-
ferentiation protocols since, once formed, ROs mature in a
predominantly autonomous manner. Given their authen-
ticity and production capacity, piPSC-ROs offer an excel-
lent donor source to test the potential of PRs, RGCs, and
other neural retinal cell types to functionally integrate
into porcine models of retinal injury and RDDs. Toward
this end, we have generated ROs from both female and
male piPSC lines to allow definitive identification of donor
cells via sex chromosome analysis in gender mismatched
recipient swine. Future allograft studies using porcine
ROs will help refine retinal cell replacement strategies
and enable investigation of ocular immune responses to
conspecific subretinal transplants.

METHODS

Retinal differentiation of piPSCs

The piPSC lines obtained from Dr. Li-Fang Chu (Conrad
et al., 2023) were differentiated to ROs using a modified
hPSC differentiation protocol (Capowski et al., 2019).
Details regarding piPSC culture maintenance and RO dif-
ferentiation are available in supplemental information.

ICC
Cryosections of fixed porcine ROs were immunostained for
markers of different neural retinal cell types using primary
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antibodies listed in Table S1. Imaging was performed using
a Nikon A1R confocal microscope (Nikon, USA). Further
details are available in supplemental information.

scRNA-seq and data analysis
Single-cell suspensions from porcine ROs were prepared at
specified time points and subjected to scRNA-seq using
10x Genomics Chromium Next GEM reagents according
to the manufacturer’s guidelines. After quality control anal-
ysis, Seurat R package version 4.4.0 (Hao et al., 2021) was
used for further data processing. After normalization, vari-
able features were selected using Scry R package version
1.10.0 (https://doi.org/10.18129/B9.bioc.scry). Datasets
were subsequently subjected to principal-component
analysis, sample clustering, and differential gene expres-
sion analyses. See supplemental information for a full
description of the methods employed.

For detailed experimental procedures, please see supple-
mental information.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed
to and will be fulfilled by the lead contact, David M. Gamm
(E-mail: dgamm@wisc.edu; Phone: 608-261-1516).

Materials availability
This study did not generate new unique reagents.

Data and code availability

The scRNA-seq data are available through NCBI GEO, accession
number GSE278658. For code availability, please refer to
https://github.com/stewart-lab/scRNAseq_library and https://
github.com/stewart-lab/scRNAseq_downstream.
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