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Abstract

Background Progressive photoreceptor loss in retinal degenerative diseases leads to irreversible vision impair-
ment. Transplantation of human embryonic or induced pluripotent stem cell-derived photoreceptor precursor cells
(PRPCs) offers potential for vision restoration. However, substantial early donor cell loss remains a major challenge.
This study aims to elucidate the mechanisms underlying early PRPC loss and to evaluate host retinal responses

to transplantation.

Methods PRPCs derived from human embryonic stem cells (hESC)-based retinal organoids were subretinally trans-
planted into both normal and degenerated canine retinas to investigate the impact of host retinal degeneration

on transplant survival and integration. Single-cell RNA sequencing (scRNAseq) was performed on transplanted PRPCs
3 days post-transplantation into normal canine retinas, as well as on host retinal cells to identify molecular pathways
associated with early donor cell loss. Non-invasive multimodal retinal imaging and immunohistochemical analyses
were conducted to assess PRPC survival, integration, and host immune responses.

Results Despite systemic immunosuppression, extensive early loss of human PRPCs occurred within the first

week following xenotransplantation into both normal and degenerated canine retinas, suggesting that factors
beyond immune activation contribute to donor cell loss. Transcriptomic analysis identified metabolic stress as a key
driver of early donor cell death, characterized by dysregulation of mitochondrial function and oxidative phospho-
rylation pathways. Microglial infiltration into the donor cell mass was also observed in normal retinas, suggesting

a response to donor cell stress and apoptosis. Beyond the initial phase of cell death, surviving donor cells integrated
and persisted when transplanted into retinas with a partially preserved outer nuclear layer, whereas cell loss contin-
ued when intervention occurred at end-stage degeneration.

Conclusions Metabolic stress represents a critical barrier to PRPC survival following transplantation. Strategies aimed
at enhancing metabolic resilience may improve transplantation outcomes. Furthermore, host retinal responses shape
the transplant microenvironment, influencing donor cell survival and integration. These findings highlight the need
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for targeted interventions to mitigate early metabolic stress and optimize PRPC transplantation strategies for retinal

degenerative diseases.

Keywords Photoreceptor precursor cells, Retinal transplantation, Retinal degenerative diseases, Metabolic stress,

Single-cell RNA sequencing

Background

Retinal degenerative diseases, such as age-related macu-
lar degeneration (AMD) and retinitis pigmentosa (RP),
lead to the progressive loss of photoreceptors, resulting
in irreversible vision impairment. Cell-based therapies,
particularly transplantation of photoreceptor precursor
cells (PRPCs) derived from either embryonic stem cells
(ESCs) or induced pluripotent stem cells (iPSCs), have
emerged as a promising approach to treat these condi-
tions. These stem cell-derived PRPCs hold the poten-
tial to replace lost photoreceptors and restore vision in
patients with advanced retinal degeneration. Preclinical
studies have shown that ESC- and iPSC-derived PRPCs
can survive, integrate, and differentiate into mature pho-
toreceptors within the host retina [1-3]. Notably, even
in xenograft models, these precursor cells have demon-
strated the ability to integrate into the host retinal archi-
tecture and form functional synapses, further supporting
their potential to restore visual function [4—6]. The low
expression of HLA molecules on the surface of ESC- and
iPSC-derived PRPCs along with the retina’s status as an
immune-privileged site reduces the likelihood of rejec-
tion in xenograft settings [7—10]. Nonetheless, successful
transplantation of PRPCs still requires effective immu-
nosuppression strategies to minimize the risk of immune
rejection, especially for allogeneic and xenogeneic trans-
plants into degenerating retinas where the immune privi-
lege status of the subretinal space is compromised [2, 7,
11, 12].

In our previous work, we established an effective
immunosuppression protocol that prevents xenograft
rejection and promotes the long-term survival of hESC-
PRPCs in both normal and rcd1/PDE6B mutant canine
retinas when transplanted into the subretinal space. With
sustained systemic immunosuppression, we were able to
monitor xenograft survival up to 22 weeks post-trans-
plantation. Notably, in mutant retinas, and to a much
lesser extent in normal retinas, the transplanted PRPCs
migrated into the host retinal cell layers, including the
outer and inner nuclear layers (ONL and INL) [2]. This
migration is an encouraging sign of potential integration,
particularly in the context of studying human stem cell
derived PRPC xenograft survival and integration in pre-
clinical models of retinal degeneration.

To further assess the viability of the transplanted cells,
we developed a multimodal, non-invasive retinal imaging

protocol that combined fundus photography, near-infra-
red confocal scanning laser ophthalmoscopy (cSLO), and
en-face spectral-domain optical coherence tomography
(OCT) imaging [2]. This approach allowed for real-time
monitoring of PRPC survival in the subretinal space, pro-
viding valuable insight into the dynamics of graft inte-
gration. While these imaging techniques proved to be
effective for long-term monitoring, they also revealed an
important challenge in the early phases of transplanta-
tion. Specifically, between 3 days and 1-week post-trans-
plantation, we observed a significant loss of transplanted
PRPCs in immunosuppressed animals [2]. Although
no further cell loss occurred beyond the first week, this
early depletion of transplanted cells limited the number
of surviving PRPCs available for subsequent integration
and long-term survival and function. The early cell death,
which has been noted in other studies, represents a criti-
cal bottleneck in the success of cell-based therapies for
retinal degenerative diseases [13, 14].

Innate immune responses [15], cellular damage during
retinal organoid (RO) fragmentation and/or subretinal
injection [16], as well as anoikis [17]—apoptosis triggered
by the loss of cellular adhesion—have all been proposed
as potential causes for early donor cell loss following
transplantation. Anoikis may be mitigated by transplant-
ing retinal fragments/aggregates instead of a single-cell
suspension [18], an approach we employed in our pre-
vious study [2]. While activated microglia infiltrate the
ONL and the subretinal space in degenerated retinas,
where they can access the transplanted cell mass, this is
not observed in normal retinas. Nonetheless, early donor
cell death occurs in both degenerated and normal retinas
following transplantation, indicating that other mecha-
nisms may be at play.

In this study, we examined the molecular and cellular
mechanisms underlying early donor cell death within
the first week post-transplantation. We used a transcrip-
tomic approach that provided a comprehensive under-
standing of the molecular events leading to the loss of
transplanted PRPCs and identified key pathways that
could be targeted to improve cell survival. Additionally,
we extended our investigation to two additional canine
models of retinal degeneration at different disease stages
to determine whether early transplant loss is influenced
by the underlying retinal pathology and/or the stage of
degeneration. It is important to note that while we use
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the term PRPCs throughout this study, the transplanted
cells originate from hESC-derived ROs, which predomi-
nantly consist of PRPCs and differentiated photorecep-
tors, along with other retinal cell types [2, 19-21]. Our
findings revealed metabolic stress as a critical factor that
significantly impacts the survival of PRPCs immediately
following subretinal transplantation.

Methods

All protocols, including the research question, key design
features, and analysis plan, were developed prior to the
study but were not formally registered. The work has
been reported in line with the ARRIVE guidelines 2.0.

Study animals: The dogs utilized in this study were
bred and housed under identical conditions (diet, ambi-
ent illumination with cyclic 12 h ON-12 h OFF light) at
the University of Pennsylvania’s Retinal Disease Studies
Facility. All procedures complied with the ARVO State-
ment for the Use of Animals in Ophthalmic and Vision
Research and were approved by the Institutional Animal
Care and Use Committee (IACUC) at the University of
Pennsylvania. A detailed summary of the study animals
and the procedures performed is provided in Table 1.

Immunosuppression protocol: Dogs received a com-
bined immunosuppressive regimen starting 1 week prior
to cell transplantation and continuing throughout the
study, as previously described [2]. Oral cyclosporine A
(CsA) was administered at 5 mg/kg in the morning and
10 mg/kg in the evening, delivered in a small food bolus,
separate from full meals. Oral mycophenolate mofetil
(MMF) was given at 10 mg/kg twice daily in liquid form
without food. Oral prednisolone was initiated on the day
of transplantation at 1 mg/kg once daily and tapered to
0.1 mg/kg over 12 weeks post-injection. Topical corticos-
teroid treatment included prednisolone acetate admin-
istered from the day of transplantation through 4 weeks
post-injection and dexamethasone on the day of surgery.
Subconjunctival triamcinolone acetonide (4 mg) was
administered at the time of transplantation and repeated
at week 4. Systemic immunosuppression was monitored
via pharmacokinetic and pharmacodynamic testing of
blood cyclosporine levels at 1 week post-injection and
every 4 weeks thereafter.

Preparation of PRPCs for subretinal transplantation
and culture: Three-dimensional ROs were generated
from the WAQ9 CRX*/'dTomate hESC reporter line (Uni-
versity of Wisconsin) to produce fluorescently labeled
PRPCs using established protocols [19, 21, 22]. The ROs
were shipped overnight to the University of Pennsyl-
vania in transport medium containing Hibernate CTS
supplemented with 2% FBS, 2% B27 and 1% PSA main-
tained at 4 °C. Upon arrival, the ROs were transferred
to retinal differentiation medium (RDM) supplemented

Page 3 of 23

with retinoic acid and 2% FBS and maintained in a 5%
CO, incubator. Cells were cultured in this media for up
to 1 week prior to transplantation, with media changes
occurring every 2-3 days. To prepare for transplan-
tation, ROs were washed multiple times with Hank’s
Balanced Salt Solution (HBSS, without calcium and
magnesium) and mechanically triturated to generate
PRPC-rich fragments. These fragments were not sorted
or enriched based on CRX-driven tdTomato fluores-
cence and therefore contained a heterogeneous mixture
of retinal cell types present within the organoids. These
fragments were then transplanted subretinally into nor-
mal or mutant dogs at various stages of retinal degenera-
tion [23—25] using a previously described 5-step surgical
approach and a custom-modified subretinal injector [2].
For scRNAseq experiments, approximately 8—10 million
cells were transplanted per eye, while about 2 million
cells were maintained as fragments in culture in RDM
for 3 days. The final volume of cell suspension injected
subretinally varied slightly between animals and was
determined at the time of surgery based on the observed
distribution of cells within the subretinal space versus
any reflux into the vitreous cavity. The surgical goal was
to maximize the number of cells delivered into the sub-
retinal compartment.

Non-invasive multimodal retinal imaging of the
transplanted cells: Live imaging of the transplanted cells
at timepoints listed in Table 1 was performed as previ-
ously described [2] using a retinal camera (TRC-50Ex,
TopCon Medical Systems, Paramus, NJ, USA) that was
modified to enable detection of tdTomato fluorescence,
and a ¢SLO/OCT unit (Spectralis HRA/OCT2 unit, Hei-
delberg Engineering, Heidelberg, Germany).

Processing of cultured and transplanted RO frag-
ments and host retinal tissue, library preparation and
scRNAseq: At termination, dogs were humanely eutha-
nized in accordance with the AVMA 2020 guidelines
using an intravenous overdose of pentobarbital sodium
and phenytoin sodium (Euthasol; Virbac, Westlake, TX,
USA; 200 mg/kg). Death was confirmed by the absence
of a pulse and respiration, as well as the inability to detect
respiratory sounds or a heartbeat using a stethoscope.
Eye cups were separated from the anterior segment,
vitreous removed and 3 mm-diameter biopsies of host
neuroretina within and outside of areas of xenotransplan-
tation were collected with disposable biopsy punches. In
areas of xenotransplantation where the host neuroretina
was biopsied, transplanted PRPC-rich fragments of ROs
present in the subretinal space were then collected with
an Elschnig cyclodialysis spatula. Cultured and trans-
planted PRPC-rich fragments were dissociated into single
cells using the Miltenyi Biotec Neural Tissue Dissociation
kit—Postnatal Neurons (Cat. No. 130-094-802, Miltenyi
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Biotec, Inc., Auburn, CA, USA) following manufacturer’s
protocol. Canine retinal tissues were first incubated in
0.25% Trypsin at 37 °C for 10 min, then dissociated into
single cells using the same dissociation kit. Following
dissociation, cell counts were determined by automated
counting with the Luna-FL dual fluorescence cell coun-
ter. For each sample, 10,000 cells were loaded onto the
10X Genomics Chromium Next GEM Chip G. Library
preparation was performed using the Chromium Next
GEM Single Cell 3’ kit v3.1 (10X Genomics, Pleasanton,
CA, USA). The libraries were pooled and sequenced on
an Illumina Novaseq 2000 platform (Illumina, San Diego,
CA, USA) at the PennVet Center for Host Microbial
Interactions (CHMI) core laboratory.

Analysis of scRNAseq data: Single-cell RNA sequenc-
ing data were processed using the Cell Ranger (v7)
pipeline (10X Genomics) to generate gene expression
matrices. Sequencing reads were aligned to the human
(GRCh38) or canine (CanFamé) reference genome,
as appropriate, using the STAR algorithm within Cell
Ranger. Quality control, data normalization, clustering,
and downstream analyses were performed in R using the
Seurat v.4 package [26, 27]. After excluding cells with
low gene counts (<200 genes per cell), high mitochon-
drial gene content (>5%), or high gene count outliers, the
remaining cells were normalized using the SCTransform
method.

To assess potential contamination from host canine
cells in the transplanted PRPC preparations, sequencing
reads were also aligned to a combined reference genome
that included both human (GRCh38) and canine (Can-
Fam6) transcriptomes, with gene names prefixed with
hsa- or cfa- to distinguish species of origin. Cells were
classified as human, canine, or mixed based on the pro-
portion of species-specific transcripts. This analysis was
performed independently for all three scRNAseq experi-
ments, with each showing similar species classification
patterns. For clarity, results from one representative rep-
licate are presented in the Results section. Importantly,
all downstream analyses described in this study were
conducted exclusively on filtered expression matrices
generated using alignment to the human genome alone,
ensuring that only human donor cells were included.

Experimental repeats were integrated using Seurat’s
PrepSCTIntegration, FindIntegrationAnchors, and Inte-
grateData functions to remove batch effects. Principal
component analysis (PCA) was performed on the inte-
grated dataset, followed by UMAP for dimensionality
reduction. Clusters were annotated based on the expres-
sion of known cell type-specific markers. Differential
gene expression analysis between experimental condi-
tions or clusters was performed using Seurat’s FindMark-
ers function. Significant genes (adjusted p-value<0.05)
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were identified and used for pathway analysis. Ingenu-
ity Pathway Analysis (IPA, Qiagen) was used to identify
canonical pathways and biological functions enriched in
the dataset, with pathways having a Benjamini—-Hoch-
berg adjusted p-value <0.05 considered significant.

Cell fate trajectory inference with RNA Velocity:
Raw .bam files generated from Cell Ranger were pro-
cessed into.loom files using samtools [28] and velocyto
v.0.17.17 [29]. These.loom files were then concatenated
using the built-in Scanpy function. Prior to concatena-
tion, individual scRNA-seq datasets in .h5Seurat format
were converted to .h5ad format using SeuratDisk. Down-
stream analysis, including RNA velocity and trajectory
inference, was performed using scVelo in a Python v.3.12-
based environment.

Dissociation and culture of retinal organoids for
immunohistochemistry: Stage 2 retinal organoids
derived from the WA09 CRX*/tdTomato Jine were dis-
sociated into single cells and cultured for immunohis-
tochemistry. Organoids were washed in calcium- and
magnesium-free DPBS and incubated in 10X TrypLE
Select (Thermo Fisher Scientific) at 37°C for 30—35 min
with intermittent trituration. Dissociation was quenched
using a solution of DNase I (0.05 mg/mL final; STEM-
CELL Technologies, Vancouver, Canada) in retinal dif-
ferentiation medium [RDM; 3.5:1.5 DMEM: F12 (Gibco,
Thermo Fisher Scientific, USA), 1x Antibiotic—Antimy-
cotic (Gibco), 1xGlutaMAX™ (Gibco)] supplemented
with retinoic acid and ROCK inhibitor. Cells were fil-
tered through a pre-wetted 30 um MACS SmartStrainer
(Miltenyi Biotec), pelleted by centrifugation, and resus-
pended in 3D-RDM [3.5:1.5 DMEM:F12, 2% B27 sup-
plement, 1xX GlutaMAX, 5% FBS (WiCell, Madison, W1,
USA), 100uM taurine (Sigma-Aldrich, St. Louis, MO,
USA), and 0.4% [v/v] Chemically Defined Lipid Concen-
trate (Gibco)+ROCK inhibitor. After counting, 100,000
viable cells were plated per well onto 8-well chamber
slides pre-coated with Laminin-111 (1:20 dilution in
DMEM-F12; Fisher Scientific) and cultured at 37°C in
5% CO,. Media was partially replaced the next day. The
cells were maintained for 3 days prior to fixation (4%
paraformaldehyde for 15 min at room temperature) and
immunohistochemistry.

Tissue preparation for immunohistochemistry: Fol-
lowing euthanasia, eyes from four dogs (Table 1) were
enucleated and fixed in 4 or 2% paraformaldehyde (PFA),
cryoprotected in sucrose, and embedded in OCT com-
pound as previously described (29). Retinal cryosections
(10 pum thickness) were collected onto Superfrost Plus
slides and stored at —20°C until use.

Immunohistochemical analysis: For both retinal
cryosections and dissociated PRPCs cultured on cham-
ber slides, immunohistochemistry was performed using
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standard protocols. Samples were permeabilized with
0.25% Triton X-100 in PBS and blocked in solution con-
taining 5% bovine serum albumin (BSA) and 4.5% fish
gelatin in PBS. Primary antibodies (listed in Supple-
mentary Table 1) were applied in blocking buffer and
incubated overnight at 4 °C. The following day, samples
were incubated with Alexa Fluor-conjugated secondary
antibodies (Invitrogen, Thermo Fisher Scientific) and
counterstained using Hoechst 33,342 (Thermo Fisher
Scientific) to visualize nuclei. The immunolabeled sec-
tions were examined using a Leica TCS SP5 confocal
microscope (Leica Microsystems, Buffalo Grove, IL,
USA). Images were acquired and processed with the
Leica Application Suite and then prepared for display
using Adobe Photoshop and Illustrator.

LIVE/DEAD cell viability assay: Stage 2 retinal
organoids were subjected to mechanical trituration
as described for transplantation. Cells were incubated
with the Live/Dead Fixable Green Dead Cell Stain Kit
(Thermo Fisher Scientific) following manufacturer’s
instructions. Fluorescent images were acquired using
an epifluorescence microscope (Axioplan, Carl Zeiss
Meditec, Oberkochen, Germany) and analyzed with Fiji
software [30]. For each condition, ten fields were imaged
and quantified. Hoechst-positive nuclei were counted to
determine total cell number, and green fluorescent signal
indicated dead cells. The number and percentage of dead
cells were calculated and compiled in Excel for compara-
tive analysis.

Results
Acute loss of hESC-PRPCs following transplantation
is associated with limited migration and structural
integration into the host ONL
We previously demonstrated that subretinally injected
tdTomato-labeled PRPCs, derived from a WA09 CRX™
tdTomato hEQ(C [21] line, survive long term in immunosup-
pressed normal canine retinas (n=4 dogs). Donor cells
remained detectable for up to 22 weeks post-injection,
primarily within the subretinal space, with occasional
migration into the host ONL. A subset of cells exhib-
ited cone-like morphology, suggesting early photore-
ceptor differentiation. In contrast, when PRPCs were
transplanted into rcd1/PDE6B dogs at a late stage of
degeneration (~2 ONL rows remaining), migration was
more frequent but disorganized, with cells localizing to
both the ONL and inner retina. These donor cells did not
adopt photoreceptor-like features, underscoring the neg-
ative impact of structural alterations in end stage disease
on PRPC integration and maturation [2].

To assess how disease type and/or the stage (degree of
ONL loss) at the time of transplantation could influence
PRPC fate, we conducted similar experiments in two
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additional non-allelic canine models at different stages
of retinal degeneration. Across all four models -normal,
rcd1/PDE6B, RHO™/*, and xlpra2/RPGR - we observed
substantial loss of tdTomato fluorescence within the first
week post-transplantation (Fig. 1). Since the outcomes
in normal and rcd1/PDE6B retinas have been previ-
ously characterized [2], the current study focuses on the
RHO™®* and xlpra2/RPGR models to further evalu-
ate how disease severity influences long-term donor cell
survival and integration. First, we assessed the survival
of PRPCs following subretinal injection into mutant
RHO™®* dogs at end stage retinal degeneration, where
only a single row of cone nuclei remained in the ONL.
These dogs had previously been acutely exposed to light
levels that trigger rapid and complete loss of rods in the
central to mid-peripheral retina [24, 25]. Fundus fluo-
rescence photography revealed qualitatively a significant
reduction in tdTomato fluorescence within the first week
following injection in all 4 injected RHO™®*dogs (four
eyes). Notably, in contrast to the findings in normal and
rcd1/PDE6B dogs [2], further reduction in tdTomato sig-
nal was observed in three out of four RHO™'* animals
despite uniform immunosuppressive regimen (Fig. 1c—f).
A similar continuous decline in tdTomato fluorescence
was also noted in one xlpra2/RPGR mutant dog injected
at 88 weeks of age, when retinal degeneration was at
end-stage disease (~one row of nuclei remaining in the
ONL) (Fig. 1g). To determine whether this fluorescence
loss reflected true donor cell clearance, we performed
endpoint histological and immunohistochemical analysis
in all animals. Staining for human nuclear marker Ku80
along with visualization of tdTomato confirmed complete
loss of donor cells in three of the four RHO™R* dogs
and in the xlpra2/RPGR dog injected at end stage. In
one RHO™®* dog (EM401), a small number of surviving
PRPCs were detected localized to the subretinal space
(Supplementary Fig. 1A—E). These results suggest that
the retinal environment in end-stage disease may not be
conducive to the long-term survival of transplanted cells.

To assess whether transplantation at a less advanced
stage of photoreceptor degeneration (~three rows of
nuclei left in the ONL or late-stage degeneration) would
promote long-term survival of PRPCs, a 43-week-old
xlpra2/RPGR dog was injected and followed for up to
22 weeks post-injection (PI). A significant loss of cells
occurred within the first week PI, however more tdTo-
mato fluorescence was observed throughout the treated
area and was stable on in vivo imaging up to 20 weeks
PI, the final imaging timepoint before termination at
22 weeks for histological analysis (Fig. 1h). Upon termi-
nation, histological and immunohistochemical assess-
ment confirmed the presence of tdTomato-positive PRPC
foci distributed throughout the treated/bleb area. These
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Fig. 1 Retinal imaging following subretinal transplantation of hESC-CRX*/'9™a_derived photoreceptor precursor cells (PRPCs)

following subretinal transplantation in canine models of retinal degeneration. Fundus fluorescence images of tdTomato-expressing PRPCs at early
and extended time points post-transplantation. a-b Early imaging of grafts in (a) Normal (AS2-427) and (b) rcd1/PDE6B (2299) retina, immediately
following subretinal injection and 1 week later. Both animals were included in our previous study (Ripolles-Garcia et al., 2022); however, the images
shown here have not been published previously. c-h Longitudinal imaging of tdTomato* grafts in RHO™¥* and xIpra2/RPGR dogs at multiple
time points following subretinal injection, in animals with end-stage ¢-g and late-stage (h) retinal degeneration. All animals received systemic
immunosuppression. In panel g, the dark shading in the inferior fundus on the day of injection is due to normal pigmentation of the retina

and not indicative of hemorrhage; the surrounding gray area corresponds to the retinal detachment caused by the injection bleb. This image

was acquired using low flash intensity due to the brightness of the tdTomato signal

cells were predominantly localized either within the sub-
retinal space or had migrated into the host retina, though
in a disorganized pattern (Supplementary Fig. 1F).
Interestingly, at a single locus, PRPCs that had differen-
tiated predominantly into cones were found to be per-
fectly aligned in the host’s ONL, immediately below the
external limiting membrane. These cells formed a short
inner segment and extended a short axon with pedicle-
like synaptic terminals (Fig. 2). Notably, immunostain-
ing for RPE65 in adjacent sections confirmed that these
cells were integrated beneath the ELM and not merely
apposed to the RPE, supporting true structural integra-
tion into the host retina (Fig. 2C2).

Taken together, these findings suggest that the persis-
tence of at least three rows of nuclei in the host's ONL
may provide a more favorable environment for donor
PRPCs, supporting their long-term survival and enabling
a subset to differentiate into radially elongated photo-
receptors. However, even at this less advanced stage of
disease, the substantial early loss of donor cells following

transplantation may account for the limited occurrence
of successful integration events.

Three days after subretinal injection, transplanted
hESC-PRPCs exhibit similar cell cluster profiles as cultured
cells

To investigate the factors contributing to the promi-
nent early death of PRPCs after transplantation into
the canine subretinal space, we conducted single-cell
RNA sequencing (scRNAseq) on transplanted PRPCs.
Approximately 10 million cells from stage 2 ROs (day
110-126) developed from hESC-derived WA09 CRX*
tTomato Jine [21] were triturated into fragments and
injected subretinally into systemically immunosup-
pressed healthy wild-type canine retinas. To evaluate
whether mechanical dissociation itself compromised
donor cell viability, we performed a LIVE/DEAD assay
comparing RO cells before and after trituration. The
results demonstrated no significant increase in cell
death following dissociation (Supplementary Fig. 2),
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Fig. 2 Differentiation, migration, and synapse formation after transplantation of donor human PRPCs in the xlpra2/RPGR host retina at late-stage
disease. Immunohistochemical analysis of a site of integration of human PRPCs 20 weeks post transplantation in a 43-week-old mutant xlpra2/RPGR
dog (ID: Z720). A,_4 tdTomato-positive human PRPCs primarily differentiated into cone-arrestin (hARR3)-positive photoreceptors located

into the host outer nuclear layer (ONL) and inner nuclear layer (INL). B All tdtomato-positive cells express human nuclear antigen (Ku80) confirming
they are transplanted cells of human origin. Apparent tdTomato*/Ku80~ signals reflect cytoplasmic extensions from donor cells overlying

host nuclei, as confirmed by inspection of individual confocal z-sections. C;_, Reconstitution of a continuous ZO1-positive external limiting
membrane (ELM) after migration of human cone arrestin (hARR3)-positive PRPCs into the canine (host) ONL. D Transplanted PRPCs express human
synaptophysin at their terminals and establish contacts with the host rod bipolar cells. (PKCa-positive). Scale bar=20 pms

indicating that the observed cell stress and death in
transplanted PRPCs cannot be attributed to prepara-
tive artifacts alone. Transplanted cell aggregates were
visualized using optical coherence tomography (OCT)
imaging 2 days PI (Fig. 3a), and harvested the follow-
ing day (3 days PI) for scRNAseq analysis. This early
time point was selected to maximize recovery of viable
transplanted cells and enable identification of early
markers associated with impending cell stress or death.
For comparison, cells from the same batch of ROs were
processed through dissociation but maintained in vitro
for 3 days, allowing us to control for the effects of
mechanical dissociation. To mitigate variability across
batches, three independent transplantation experi-
ments were performed.

(See figure on next page.)

To confirm that the analyzed cells originated exclu-
sively from the transplanted human PRPCs and were
not contaminated with host canine tissue, we aligned
the same sequencing data to a combined human-canine
reference genome and examined species-specific tran-
script expression. In one representative experiment,
11,022 cells were identified using the combined refer-
ence, of which 7,886 (71.5%) were classified as human, 6
(0.05%) as canine, and 3,121 (28.3%) as mixed, based on
transcript content. Comparison with the human-only
alignment revealed 7,336 total cells, with 6,426 barcodes
(87.6%) overlapping between the two alignments. Simi-
lar distributions of species classification were observed
in the two additional biological replicates. The pres-
ence of a small "mixed" population, including in samples

Fig. 3 Single cell RNA sequencing (scRNAseq) analysis of donor PRPCs: a Near-Infrared cSLO image and single OCT b-scan showing the localization
of subretinally-injected PRPCs (white asterisk) within the host retina two days post-transplantation. Green arrow indicates the location of OCT
b-scan. b Schematic representation of the experimental workflow for isolating donor PRPCs and host retinal tissue for scRNAseq analysis. Created

in BioRender. ¢ UMAP plot illustrating major cell types identified in cultured and transplanted donor PRPCs. d Dot plot displaying key marker genes
used for annotating cell clusters. e Proportions of each cell type identified in cultured versus transplanted PRPCs, derived from three independent

experiments [mean (SD)]
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cultured exclusively in vitro, suggests technical artifacts
such as alignment to homologous sequences rather than
true cross-species contamination. Importantly, all down-
stream analyses in this study were performed exclusively
on cells aligned to the human genome alone, ensuring
that only human donor cells were analyzed.

Additionally, we analyzed cells from the host canine
retinas, comparing regions directly overlying the trans-
planted cells with regions where no PRPCs were pre-
sent. The full study design is summarized in Fig. 3b. A
total of 17,715 transplanted and 34,034 cultured cells
were analyzed, leading to the identification and annota-
tion of several retinal cell clusters, including rods, cones,
horizontal cells and interneurons (HCls), retinal ganglion
cells (RGCs), retinal pigment epithelium cells (RPEs),
Miiller glia (MG), mitotic cells (MC), two distinct clus-
ters of retinal progenitor cells (RPCs), and two clusters of
neural progenitor cells (NPCs) (Fig. 3c). The cell clusters
were assigned based on expression of groups of specific
marker genes in the clusters (Fig. 3d). The percentage
distribution of cells across these clusters showed no sig-
nificant differences between the cultured organoids and
transplanted cell microaggregates, however variability
in cell numbers was noted across the three experiments
(Fig. 3e). Notably, the percentage of RPE cells appeared
elevated in the transplanted samples (14 vs. 3.6%). While
this difference was not statistically significant, it may
reflect subtle differences in RPE survival, enrichment,
or early integration behavior in vivo and warrants fur-
ther investigation. Overall, these findings align with our
expectations, as no substantial differences in cell differ-
entiation between cultured and transplanted cells were
anticipated within the initial 3 days post-transplantation
and batch-to-batch variability between retinal organoids
has been noted earlier [19].

RNA velocity analysis reveals dynamic transcriptional
trajectories in rods and cones during culture

and following transplantation

While the proportional distribution of cell types
remained consistent between cultured and transplanted
conditions at this early time point, we sought to investi-
gate dynamic transcriptional changes within specific cell
types during culture and transplantation. To this end,

(See figure on next page.)
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RNA velocity [29] analysis was performed to reconstruct
transcriptional trajectories and assess maturation states
in rod and cone photoreceptors. The analysis revealed
dynamic transcriptional changes in rod and cone photo-
receptors during differentiation in culture and following
transplantation. ForceAtlas2-based [31] embedding of
cone and rod populations (Fig. 4a—b, respectively) dem-
onstrated a single trajectory of maturation under both
cultured and transplanted conditions. However, RNA
velocity vectors uncovered distinct dynamic differences
between conditions and between the two photoreceptor
types (Fig. 4c—d). In cones, RNA velocity vectors in the
cultured condition pointed toward immature states, indi-
cating a reduced commitment to maturation. Conversely,
in the transplanted condition, vectors pointed toward
maturation, with longer vectors observed in mature
cells. This suggests enhanced transcriptional activity
and a potential adaptive response to transplantation,
allowing for greater functional integration in the host
retina (Fig. 4c). In rods, transcriptional activity consist-
ently pointed toward maturation under both conditions.
Shorter RNA velocity vectors in mature cells in the cul-
tured condition reflected reduced transcriptional activity,
indicative of stabilization at terminal differentiation. In
the transplanted condition, mature rods exhibited longer
RNA velocity vectors, suggesting elevated transcriptional
activity possibly due to adaptive responses to transplan-
tation, efforts to integrate into the host retina, or activa-
tion of repair pathways (Fig. 4d).

Heatmaps (Fig. 4e—h) further illustrated gene expres-
sion dynamics during photoreceptor maturation via
unsupervised clustering of variable genes along tran-
scriptional trajectories. In cultured cones, gene expres-
sion profiles showed a progression from genes associated
with neuronal plasticity, transcriptional regulation, and
stress responses (e.g., GAP43, CDKN1A, MEF2D, NFIA,
USP48) to those involved in terminal differentiation,
metabolism, and membrane dynamics (e.g., GUCAI1B,
GAD2, STMN2, GNAT?2, DCX), indicative of increas-
ing functional and synaptic maturity. Similarly, in rods,
the gene expression profiles (e.g., RCVRN, GNGT1, RP1,
IMPG1, PTPRZ1) demonstrated a transcriptional com-
mitment to functional and synaptic maturation. In the
transplanted condition, both rods and cones exhibited

Fig. 4 Continuous transcriptomic changes in human stem-cell derived cone and rod photoreceptors before and after transplantation: a-b
ForceAtlas diagrams showing the integration of cultured and transplanted cone (a) and rod (b) photoreceptor subsets, illustrating full overlap

of transcriptional states across conditions. ¢—d RNA velocity inferred trajectories for respectively cultured and transplanted cones (c) and rods (d),
with arrows indicating the direction and velocity of transcriptional changes for each individual cell. e=h RNA velocity-based heatmaps highlighting
variable genes along the transcriptional trajectories for cultured cones (e), transplanted cones (f), cultured rods (g) and transplanted rods (h),
illustrating the progression of gene expression dynamics across maturation process
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stress-related genes (GADDA45A, CCL2, [FITM3, TXNIP
etc.) alongside markers of cellular and synaptic matura-
tion. This suggests that while transcriptional signatures of
maturation persist post-transplantation, they are accom-
panied by robust stress responses likely reflecting adap-
tation to the transplantation process or the host retinal
environment. Overall, these findings underscore the pro-
gression of photoreceptor maturation post-transplanta-
tion into the host retina.

Pathway analysis highlights oxidative and metabolic stress
in PRPCs transplanted into normal canine retinas

To identify pathways contributing to increased cell death
of transplanted PRPCs, we compared gene expression
profiles between transplanted and in vitro cultured cells
of each identified cell type. Differentially expressed genes
were analyzed using Ingenuity Pathway Analysis (IPA) to
identify enriched pathways specific to the transplanted
cells. The top 30 enriched pathways identified through
IPA, with Benjamini—Hochberg adjusted p-values<0.05,
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are presented in Fig. 5a. Several pathways were consist-
ently enriched across the different cell types.

Most notably, 20 of these pathways (Fig. 5b) indicate
that the majority of transplanted cells experience sig-
nificant oxidative and metabolic stress. The top differen-
tially regulated pathways, including Parkinson’s Signaling
Pathway, Mitochondrial Dysfunction, and Sirtuin Signal-
ing Pathway, are upregulated in all but one cell cluster.
This widespread activation of stress-related pathways
suggests that transplanted cells are mounting an adap-
tive metabolic response to the subretinal environment,
engaging mechanisms linked to oxidative stress, mito-
chondrial maintenance, and cellular repair. In contrast,
pathways essential for mitochondrial energy production,
such as Formation of ATP by Chemiosmotic Coupling,
Cristae Formation, Complex IV Assembly, Complex I
Biogenesis, and Oxidative Phosphorylation, are mark-
edly downregulated. Similarly, TP53 Regulation of Meta-
bolic Genes and Respiratory Electron Transport pathways
exhibit significant suppression, indicating compromised
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Fig. 5 Pathway analysis reveals key biological processes impacted in cultured vs. transplanted PRPCs. a Ingenuity Pathway Analysis (IPA) identifies
the top 30 significantly differentially regulated pathways in transplanted PRPCs, with Benjamini—-Hochberg (B-H) adjusted p-values<0.05. b
Heatmap of activation z-scores for 20 of the top 30 pathways highlights substantial metabolic dysregulation and oxidative stress in transplanted
PRPCs. Gray boxes represent pathways or functions where IPA could not reliably predict the activation state. ¢ IPA disease and functions analysis
indicates an upregulation of cell death-related pathways in transplanted PRPCs, visualized as a heatmap of differentially regulated functions.
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metabolic activity and diminished mitochondrial func-
tion. The observed downregulation of these pathways
reflects a reduction in cellular energy production and
metabolic efficiency, likely driven by the transition from a
nutrient-rich culture environment to that of the subreti-
nal space. Furthermore, the downregulation of Processing
of Capped Intron-Containing Pre-mRNA suggests disrup-
tions in nuclear processing critical for cellular function.

Although oxidative and metabolic stress pathways
were enriched across all donor cell types, Miiller glia and
RPE cells exhibited the most significant transcriptional
shifts, both in terms of pathway enrichment p-values and
magnitude of activation/inhibition z-scores. This likely
reflects their specialized roles in sensing and responding
to metabolic stress and may signal the early initiation of a
support response to stabilize the transplant environment.

Disease and function analysis in IPA (Fig. 5¢) further
supports these findings, showing increased activation
of apoptotic and necrotic cell death pathways along-
side decreased cell viability and survival. These trends
are consistent across all cell types except the NPC2
cluster, where upregulation of energy production path-
ways (Fig. 5b) and greater resilience to the subretinal
environment were observed, likely reflecting different
energy demands and enhanced adaptability of this cell
population.

Overall, these results suggest that the significant early
loss of transplanted PRPCs is driven by metabolic repro-
gramming in response to a change in nutrient availability
in the subretinal environment. This shift, coupled with
oxidative stress and impaired mitochondrial function,
likely contributes to the high rates of cell death observed
shortly after transplantation.

Host retinal responses to PRPC transplantation are
associated with metabolic reprogramming, immune
activation, and translational adaptation

To characterize the host retinal response to transplanted
cells, we analyzed retinal cells from normal canine
hosts by comparing differential gene expression in cells
directly overlying the transplanted PRPCs with cells col-
lected from regions devoid of transplanted cells. Using
expression of established cell-type markers, we identi-
fied all major retinal cell types, including rods, cones,
rod bipolar cells, ON cone bipolar cells, OFF cone bipo-
lar cells, amacrine cells, horizontal cells, retinal ganglion
cells, Miiller glia, astrocytes, and microglia (Fig. 6a-b).
Pathway analysis revealed distinct changes in cellular
processes among many host cell clusters, which were
categorized into five functional groups (Fig. 6c): mito-
chondrial function and energy metabolism, protein
translation and processing, amino acid regulation and
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metabolism, immune response and inflammation, and
RNA processing.

Within mitochondrial function and energy metabo-
lism, Oxidative Phosphorylation, Respiratory Electron
Transport, and Complex I Biogenesis were upregulated in
host cells overlaying the transplanted PRPCs, suggesting
an enhanced capacity for mitochondrial energy produc-
tion. This is likely to reflect increased energy demands
or compensatory mechanisms to counteract local stress.
Paradoxically, Mitochondrial Dysfunction and Sirtuin
Signaling Pathways were concurrently downregulated,
which may indicate reduced activation of stress response
and repair mechanisms essential for mitochondrial main-
tenance. This suggests that, despite an enhanced capacity
for energy production, the ability to sustain mitochon-
drial health under stress may be compromised. Path-
ways related to protein translation and processing were
broadly upregulated, including Nonsense-Mediated
Decay (NMD), Eukaryotic Translation Initiation and
Elongation, and Ribosomal Quality Control Signaling.
These findings point to increased demands for protein
synthesis and quality control, likely reflecting cellular
efforts to adapt to stress conditions. Similarly, pathways
involved in metabolic adaptation, such as Response of
EIF2AK4 to Amino Acid Deficiency, EIF2 Signaling, and
Selenoamino Acid Metabolism, were upregulated, high-
lighting nutrient stress and the need for tight regulation
of amino acid availability. Inmune response and inflam-
matory pathways were prominently activated, as evi-
denced by the upregulation of Neutrophil Degranulation
and Neutrophil Extracellular Trap Signaling. These find-
ings underscore a robust local inflammatory response at
the transplant-host interface, likely driven by the pres-
ence of transplanted cells and not adequately suppressed
by immunosuppression treatment. Additionally, RNA
processing pathways, including Major Pathway of rRNA
Processing and Processing of Capped Intron-Containing
Pre-mRNA, were upregulated, suggesting enhanced tran-
scriptional and translational activity to maintain cellular
homeostasis under stress. Finally, the downregulation of
Visual Phototransduction suggests localized dysfunction
or reduced phototransduction activity in photoreceptors
adjacent to the transplanted cells.

Interestingly, no significant pathway changes were
detected in horizontal cells or retinal ganglion cells, sug-
gesting that these cell types are not actively involved in
responding to the transplanted PRPCs. Collectively,
these findings reveal a complex interplay of metabolic
reprogramming, immune activation, and translational
adaptation in host retinal cells directly in contact with
the PRPCs. The simultaneous upregulation of mitochon-
drial energy production pathways and downregulation of
mitochondrial maintenance pathways underscores the
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metabolic strain at the transplant-host interface, while
heightened inflammation and translational reprogram-
ming reflect the cellular challenges of adapting to the
altered microenvironment.

Immunohistochemical evidence confirms oxidative

and cell stress responses in transplanted PRPCs and host
photoreceptors

To validate the transcriptomic findings from both trans-
planted PRPCs and the adjacent host retinal cells, we
examined oxidative stress, mitochondrial integrity, and
cell death markers using immunohistochemistry. This
analysis enabled direct visualization of stress-related
phenotypes and allowed us to determine whether the
transcriptional changes observed in scRNAseq data
were reflected at the protein level in situ. We stained for
4-hydroxynonenal (4-HNE, a marker of oxidative lipid
peroxidation), ATP5A (ATP synthase F1 subunit alpha;

a mitochondrial marker), cleaved caspase-3 (apoptosis
marker), and HMGB1 (High Mobility Group Box 1, a
nuclear protein that translocates to the cytoplasm during
necrotic or inflammatory stress). For comparison, disso-
ciated PRPCs from retinal organoids (ROs) were cultured
in vitro for 3 days and processed similarly.
4-Hydroxynonenal staining was prominent in the host
outer nuclear layer (ONL), particularly in photoreceptor
inner segments and cell bodies, indicating oxidative stress
in host photoreceptors overlying the transplanted PRPCs
(Fig. 7A1). Transplanted PRPCs in the subretinal space
also exhibited 4-HNE staining, though the signal was less
intense and more variable (Fig. 7A2). In contrast, cul-
tured PRPCs showed minimal 4-HNE signal (Fig. 7A3),
suggesting that oxidative stress observed in vivo is driven
by the host environment. Staining for ATP5A revealed
strong and uniform mitochondrial expression in the host
ONL (Fig. 7B1), consistent with intact mitochondrial
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Fig. 7 Immunohistochemical evidence of oxidative stress, mitochondrial dysfunction, and cell death in transplanted PRPCs. A;-A;
4-Hydroxynonenal (4-HNE) staining with (A;-A,) showing transplanted cells at 3 days post-injection and A3 showing cultured dissociated PRPCs.
B,-B; ATP5A staining in transplanted PRPCs (B;-B,) compared to cultured controls (B). C;-C; Cleaved caspase-3 staining apoptotic PRPCs in vivo
C,-C, versus absence of signal in cultured PRPCs (C3). D;-D5 Cytoplasmic HMGB1 staining in transplanted cells (D;-D,), consistent with necrotic
or stressed states, while remaining nuclear in cultured PRPCs (Ds). Scale bar=20 pms

structure and sustained energy production capacity in compromise. Cultured PRPCs displayed robust and uni-
host photoreceptors. In contrast, ATP5A staining in the  form ATP5A staining (Fig. 7B3), similar to the host ONL,
adjacent transplanted PRPCs (Fig. 7B2) appeared weaker  reflecting healthy mitochondrial function under in vitro
and more heterogeneous, indicating early mitochondrial  conditions.
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Cleaved caspase-3 staining (Fig. 7C1-2) revealed
apoptosis in a subset of transplanted PRPCs, consist-
ent with the IPA-predicted activation of apoptotic
pathways. In contrast, neither host photoreceptors nor
cultured PRPCs showed appreciable cleaved caspase-3
signal (Fig. 7C3), indicating that cell death at this early
time point is largely restricted to donor cells. Similarly,
HMGBL1 exhibited cytoplasmic localization in trans-
planted PRPCs (Figs. 7D1-2), indicative of necrotic or
inflammatory stress. Cultured PRPCs retained nuclear
HMGBI1 localization (Fig. 7D3), further confirming the
in vivo specificity of the stress response.

Together, these findings confirm that the subretinal
environment induces early oxidative damage, mitochon-
drial dysfunction, and activation of both apoptotic and
necrotic stress pathways in transplanted PRPCs. In con-
trast, host photoreceptors also exhibit oxidative stress
but appear to avoid widespread cell death, suggesting that
they may be better equipped to manage the metabolic
and environmental stress induced by transplantation.
These protein-level observations validate and reinforce
the transcriptomic findings from both donor and host
cell populations, underscoring the biological significance
of early stress responses at the transplant interface.

Microglial infiltration and activation following PRPC
transplantation into normal retina are primarily directed
towards clearing apoptotic PRPCs

Microglia, the primary resident immune cells of the ret-
ina, demonstrated active infiltration into the outer retina
and migration towards the PRPCs (Fig. 8A1-2). In con-
trast, microglia remained confined to the inner retinal
space in regions devoid of PRPCs (Fig. 8B). Figure 8C1-3
show high magnification images of Ibal-positive micro-
glia closely associated with tdTomato-positive PRPCs in
the subretinal space. Several of these donor cells exhibit
pyknotic nuclei (yellow arrows) indicative of apoptosis or
necrosis. The spatial proximity and morphology suggest
that microglia are actively engaging and engulfing dying
PRPCs.

To further investigate the role of microglia and other
glial cells, such as astrocytes and Miiller glia, in the host
response, we analyzed pathways specifically upregulated
in these cell populations. These pathways spanned five

(See figure on next page.)
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functional categories: immune response and inflamma-
tion, autophagy and cellular regulation, cell morphology
and cytoskeletal dynamics, DNA synthesis and replica-
tion, and cell cycle and proliferation (Fig. 8d).

Immune response pathways, including Neutrophil
Degranulation, Class I MHC-Mediated Antigen Pro-
cessing and Presentation, and C-Type Lectin Receptors
(CLRs), were significantly upregulated, indicating an
active immune response likely driven by the recognition
of transplanted cells as foreign or stressed. Additionally,
the upregulation of the TNFR2 Non-Canonical NF-xB
Pathway, NIK->Noncanonical NF-xB Signaling, and T
and B Cell Receptor Signaling pathways further suggests
the engagement of both innate and adaptive immune
mechanisms. These findings point to a coordinated
immune activation within the retinal microenvironment,
likely involving both resident immune cells and cellu-
lar signaling pathways typically associated with adap-
tive immunity, even in the absence of direct T and B cell
infiltration.

Pathways related to cellular regulation and stress
adaptation, such as Microautophagy Signaling and
PTEN Regulation, were also upregulated, suggesting
that glial cells were mobilizing regulatory mechanisms
to maintain homeostasis in response to the transplan-
tation-associated stress. Concurrently, upregulation of
cytoskeletal and adhesion pathways, including Actin
Cytoskeleton Signaling, RHOA Signaling, Integrin Sign-
aling, and Signaling by Rho Family GTPases, indicated
extensive cellular remodeling. These changes likely facili-
tate interactions with transplanted cells and contrib-
ute to reshaping the host microenvironment. Notably,
upregulation of pathways involved in proliferation and
DNA synthesis, such as Synthesis of DNA, DNA Replica-
tion Pre-Initiation, and mitotic phase-related pathways
(Mitotic G2-G2/M Phases and Regulation of Mitotic
Cell Cycle), suggests a robust gliotic response character-
ized by increased glial proliferation, potentially aimed at
repairing or remodeling retinal architecture in the trans-
plant region.

Together, these findings underscore a multifaceted host
response to the transplanted PRPCs. The response is
characterized by microglial activation, immune signaling,
cytoskeletal remodeling, and glial proliferation, reflecting

Fig. 8 Microglial response to donor human PRPCs in normal canine retinas 3 days post-xenotransplantation. Immunohistochemical analysis
of microglial activation and migration in normal dogs (n=2). Image shown is from dog LG5. A, _, Host Iba1-positive microglia migrated

into the host subretinal space and infiltrated the Td-tomato-positive donor PRPC mass. B In retinal regions distant from the transplantation site,
microglia remain restricted to their native locations within the inner retina. C;_3 Higher magnification images showing Iba1-positive microglia
apposed to tdTomato-positive donor cells with pyknotic nuclei (yellow arrows). D Ingenuity Pathway Analysis (IPA) of top enriched pathways
in microglial, Muller glial, and astrocytic populations isolated from host retinas 3 days post-transplantation. Scale bar=20 ums
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a coordinated effort to manage transplantation-induced
stress and integrate the transplanted cells into the host
retina. However, these processes also highlight potential
challenges to graft survival and successful integration due
to the complexity of the immune and cellular dynamics at
the host-transplant interface.

Discussion

The findings from this study offer crucial insights into
the challenges associated with PRPC xenotransplantation
into the subretinal space. Despite the potential of PRPCs
to restore vision in animal models with retinal degen-
erative diseases [4—6], significant early cell loss observed
after transplantation remains a barrier to long-term graft
survival and functional recovery. Consistent with previ-
ous reports [2, 13, 14], our study demonstrated substan-
tial loss of transplanted cells within the first week after
subretinal injection. This was observed despite immuno-
suppression across different retinal conditions, spanning
from healthy normal retinas to mutant retinas with end
stage degeneration. While retinal degeneration intro-
duces additional challenges to cell survival, the early loss
of PRPCs appears to be a distinct phenomenon, driven
by mechanisms that are independent of the degenerative
status of the retina.

Early cell loss in transplanted PRPCs is due to metabolic
stress

The substantial early loss of grafted cells is not unique to
PRPC transplantation. Similar observations have been
reported in studies of neuronal progenitor cell transplan-
tation into the central nervous system, where significant
cell death occurs within the first seven days post-trans-
plantation [32-35]. This suggests that early cell loss may
be a general phenomenon associated with cell transplan-
tation, irrespective of the target tissue.

Our observations suggest that the early loss of PRPCs
is primarily due to metabolic stress as the cells transition
from a nutrient-rich culture environment to the relatively
nutrient-poor subretinal space. In native retina, pho-
toreceptors thrive within a specialized metabolic rela-
tionship with the retinal pigment epithelium (RPE) and
Miiller glia, which support their high energy demands
[36, 37]. Transplanted PRPCs, however, are not imme-
diately integrated into this metabolic network, leaving
them vulnerable to stress-induced cell death. Transcrip-
tomic analysis revealed that upon transplantation into
subretinal space, PRPCs undergo substantial metabolic
reprogramming; critical mitochondrial pathways, includ-
ing oxidative phosphorylation and ATP production, are
downregulated with concurrent upregulation of stress
responsive pathways such as mitochondrial dysfunc-
tion and sirtuin signaling pathways. These findings were
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further supported by protein-level evidence of oxida-
tive stress, mitochondrial compromise, and activation
of apoptotic and necrotic pathways, underscoring the
multifaceted cellular stress encountered by transplanted
cells in vivo. Although we cannot rule out the possibil-
ity that systemic immunosuppressive drugs contribute
to the observed stress responses in transplanted donor
cells, these effects cannot be disentangled in the current
model, and future studies comparing alternative immu-
nosuppression protocols will be necessary to address this
limitation. Additionally, to minimize confounding effects
from host retinal degeneration - such as gliosis, structural
disorganization, and inflammation - we performed sin-
gle-cell RNA sequencing in wild-type animals. While this
allowed us to isolate donor cell-intrinsic responses to the
subretinal environment, it does not capture the influence
of a degenerating host retina on donor cell fate. Future
studies will be needed to assess how degeneration-asso-
ciated changes in the host microenvironment alter stress
responses, survival, and integration outcomes.

While metabolic stress likely drives early cell death, but
RNA velocity analysis provides additional insights into
the fate and maturation of the surviving PRPCs in the
host environment. This analysis highlights the dynamic
transcriptional trajectories of transplanted cells, reveal-
ing that the subretinal space can support further pho-
toreceptor maturation. For cones, RNA velocity vectors
indicate progression toward transcriptional states associ-
ated with mature cones, suggesting that the host retinal
environment provides cues to promote their differentia-
tion. In contrast, cone cells maintained in culture con-
ditions retained transcriptional profiles consistent with
immaturity, highlighting the importance of the in vivo
environment for maturation. It is important to note that
RNA velocity reflects inferred transcriptional dynamics
and not definitive evidence of morphological or func-
tional maturation. These results suggest that the subreti-
nal environment is permissive of ongoing photoreceptor
development. Similarly, rods exhibited continued matu-
ration under both conditions, but the host retina better
supported the advanced maturation of the most devel-
oped rods. These findings suggest that although the sub-
retinal space presents metabolic challenges leading to
substantial cell loss, it also provides essential signals that
facilitate the progression of surviving cells toward mature
photoreceptor states. This observation aligns with previ-
ous long-term studies in murine models [38], which simi-
larly demonstrated enhanced photoreceptor maturation
in the subretinal space, and with our own findings from
long-term studies in immunosuppressed normal dogs
[2]. Together, these results suggest that the subretinal
environment provides evolutionarily conserved cues that
support photoreceptor development across species and
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disease context. This consistency across models under-
scores the robustness of subretinal cues in promoting
photoreceptor lineage progression. Notably, our mor-
phological observations (Fig. 3) and RNA velocity analy-
ses raise the possibility that subretinal environment may
preferentially support cone photoreceptor maturation or
survival. However, future studies using matched long-
term in vitro and in vivo samples from the same donor
RO batches will be critical to distinguish between dif-
ferential maturation, survival, and lineage commitment
outcomes.

This interplay between early metabolic challenges and
the host environment’s supportive cues underscores the
need for strategies that mitigate stress while enhanc-
ing cell survival and integration. Targeting metabolic
pathways or preconditioning PRPCs to endure nutrient
deprivation and oxidative stress prior to transplanta-
tion represents a promising avenue [39, 40]. Strategies
such as transplanting PRPCs in either hydrogels [41, 42]
or biodegradable scaffolds [43, 44] that would also allow
the slow release of nutrients, or alternatively, gradu-
ally adapting cells to a low nutrient environment before
transplantation, could potentially mitigate early cell loss
and improve graft survival.

Finally, while our analysis emphasizes metabolic stress
as a primary early challenge for transplanted PRPCs,
we also identified significant enrichment of other cel-
lular stress pathways. Notably, our IPA results revealed
activation of ER stress-related signaling (e.g., EIF2 Sign-
aling), apoptosis-related pathways (e.g., TP53-Regu-
lated Metabolic Genes, Granzyme A Signaling), and
immune-associated signaling (e.g., NIK — Noncanonical
NF-kB Signaling). These findings suggest that, in addi-
tion to mitochondrial dysfunction and oxidative stress,
transplanted cells experience a broader range of stress
responses during early adaptation. Many of these non-
metabolic pathways may represent downstream con-
sequences of the initial metabolic insult, reflecting the
interconnected nature of stress response networks. Nev-
ertheless, we acknowledge that analyzing only a single
early time point limits our ability to capture the full tra-
jectory of cell fate decisions. Future studies incorporating
later post-transplantation time points will be critical to
better understand how these early stress responses evolve
and contribute to longer-term survival or degeneration.

Retinal environment in end stage degeneration

is not conducive to long-term PRPC survival

While early cell death after transplantation is primar-
ily driven by metabolic stress and potentially also by cell
damage resulting from the surgical procedure, the contin-
ued loss of PRPCs in end-stage degenerative retinas point
to additional challenges distinct from those in the early

Page 19 of 23

phase. The extent of retinal degeneration, particularly
the structural integrity of the host ONL, appears to play
a critical role in determining graft survival and integra-
tion outcomes. A recent study in the cpfll mouse model
of cone degeneration, where the ONL remains near nor-
mal due to the preservation of rods, showed improved
PRPC integration, polarization and differentiation com-
pared to transplantation in mice with end stage retinal
degeneration [4]. Similarly, in this study, the survival
and integration of PRPCs differed significantly between
mutant canine models with varying degrees of ONL pres-
ervation. Disruption of the external limiting membrane
(ELM), commonly observed in degenerated retinas, may
facilitate donor cell entry into the ONL. In such regions,
donor cells likely integrate through lateral displacement
of remaining host photoreceptors rather than active
replacement. In retinas with three or more rows of pho-
toreceptor nuclei (late-stage degeneration), PRPCs were
more likely to establish connections with host cells, bene-
fiting from the residual retinal architecture that supports
integration and radial polarization. Structural support
from neighboring host photoreceptors and Miiller cells,
along with molecular cues, likely contributed to the dif-
ferentiation of the PRPCs into elongated cells that adopt
a photoreceptor-like morphology with the formation
of an inner segment, a short outer segment, an axon,
and a pedicle-like synaptic terminal. While these struc-
tural features suggest potential for synaptic maturation,
future studies will need to evaluate synaptic integration
more comprehensively using additional synaptic markers
(e.g., ribeye, PSD95), ultrastructural tools such as Ultras-
tructure Expansion Microscopy (UExM), and functional
assays including multielectrode array recordings or corti-
cal fMRI to determine whether donor-host connections
are functionally active.

In contrast, retinas with a single row of nuclei (end-
stage degeneration) presented a harsher microenviron-
ment characterized by disrupted extracellular matrix
signals and reduced structural and trophic support.
These factors likely impede PRPC differentiation into
more normal photoreceptors, increase their susceptibil-
ity to stress and apoptosis, and contribute to continued
loss of transplanted cells. The use of biocompatible bio-
degradable 3D scaffolds to locally deliver a high density
of PRPCs and promoting their polarization [43—45] may
address these challenges and expand the therapeutic win-
dow of PRPC transplantation to end-stage disease.

The role of the host immune response in exacerbating
transplanted cell loss remains complex. As demonstrated
in our previous study using the rcd1/PDE6B model at late
stages of degeneration, host innate immune cells (Ibal-
and CD18-positive) infiltrated the transplanted cell mass
[2]. However, with the continued immunosuppressive
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treatment, the transplanted cells survived long term in
the host ONL and INL. Similarly, in the current study
with the xlpra2/RPGR model at a comparable late stage
of degeneration, immunosuppression proved effective in
promoting PRPC survival. These findings suggest that
while immune cell infiltration occurs, immunosuppres-
sion can mitigate its impact on transplanted cell survival,
provided that the host retina retains some structural
integrity (ONL thickness > 3 rows of nuclei) and adequate
trophic support is available.

We acknowledge that some of the key findings in this
study, particularly those related to long-term donor cell
survival and integration in late-stage degeneration, are
based on a single xlpra2/RPGR dog followed for 22 weeks.
While this represents a limitation, we believe the detailed
characterization of this case provides important proof-
of-concept data. These observations are supported by
similar trends in our rcdl/PDE6B model (late-stage
degeneration with ~2 ONL rows) [2], and are contrasted
by the poor donor cell survival seen in the four RHOT®/*
dogs and the 88-week-old xlpra2/RPGR dog, both rep-
resenting end-stage degeneration. Together, these find-
ings strengthen the hypothesis that ONL preservation is
a critical determinant of graft success. We recognize the
need for larger cohorts to validate and expand upon these
results, but we present this case to help inform the design
of future studies by highlighting key variables, such as
disease stage, ONL architecture, and early graft survival,
that may influence transplant outcomes.

The host retina undergoes metabolic stress and activates

a microglial response to transplanted cells

Host retinal cells overlying the transplanted PRPCs
exhibited a complex interplay of metabolic, inflam-
matory, and translational changes. The upregulation
of mitochondrial energy production pathways in host
cells likely reflects a compensatory mechanism to meet
increased energy demands or to support local stress
responses. However, simultaneous downregulation of
mitochondrial maintenance pathways indicates that this
adaptation may come at the cost of long-term cellular
health. The robust activation of immune and inflam-
matory pathways, including neutrophil degranulation
and neutrophil extracellular trap signaling, highlights
the host’s response to transplanted cells as a signifi-
cant contributor to the transplant’s microenvironment.
Microglial infiltration and activation further underscore
the immune system’s involvement in shaping the trans-
plant’s fate. In our earlier study [2], we observed that
PRPCs transplanted into the subretinal space of normal,
immunosuppressed dogs did not elicit microglial migra-
tion when examined at a late time point - 12 weeks post-
transplantation. The grafts remained confined to the
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subretinal region, with no microglial infiltration into the
graft cell mass or the ONL. In contrast, in the current
study focused on the early post-transplant period, we
observed microglial infiltration into the graft site as
early as 3 days after transplantation. Given the cell death
observed in transplanted PRPCs, it is likely that micro-
glial activation initially serves a phagocytic role, clear-
ing apoptotic and necrotic cells rather than mounting an
immune response against the graft itself. Nonetheless,
we cannot exclude the possibility that activated micro-
glia may also contribute to further cell loss through the
release of pro-inflammatory cytokines or neurotoxic
factors. Pharmacologic modulation of microglial activa-
tion - such as with minocycline, which has been shown
to suppress microglial-driven inflammation in retinal
and CNS injury models [46, 47] - may help distinguish
whether early microglial responses are protective, phago-
cytic, or harmful. Such interventions could clarify the
functional role of microglia in this context and guide
future strategies to enhance transplant success. While
our immunosuppression regimen appears effective in
limiting adaptive immune responses [2], these find-
ings indicate that innate immune activation still occurs
in the early post-transplant period. Even in the absence
of classical immune rejection, this innate response may
significantly influence the early graft microenvironment.
These observations highlight the need for future strate-
gies aimed at modulating local innate immune responses
in combination with approaches that enhance donor cell
survival, reduce metabolic stress, and promote adaptive
cellular reprogramming.

Conclusions
The results of this study provide valuable insights into the
multifaceted challenges associated with PRPC transplan-
tation in the context of retinal degenerative diseases. Cell
loss, driven by metabolic stress-induced apoptosis and
loss of structural and trophic support underscores the
critical need for strategies that enhance the resilience of
PRPCs in the subretinal space. Metabolic precondition-
ing, gradual adaptation to low-nutrient conditions prior
to transplantation, and optimization of biomaterial car-
riers such as hydrogels or scaffolds, could serve as prom-
ising approaches to address these limitations. This study
also points to the necessity of implementing photorecep-
tor replacement strategies that are tailored to the degree
of retinal degeneration. Addressing both graft-intrinsic
and host-environmental factors is essential to maximize
the therapeutic potential of PRPC transplantation in
treating retinal degenerative diseases.

While this study offers important insights, we acknowl-
edge the limitation of using a xenotransplantation model.
Immune responses in this context may not fully mirror
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those seen in allograft settings relevant to clinical appli-
cation. Moreover, our transcriptomic analyses were con-
ducted in structurally intact, non-degenerating retinas,
which differ significantly from the advanced degenera-
tive states present in most patients. In advanced retinal
degeneration, structural disorganization, gliosis, and
impaired metabolic support may fundamentally alter
the graft-host interface. Despite these differences, our
findings suggest that a key determinant of graft success
is the preservation of outer nuclear layer (ONL) struc-
ture. Based on this, we propose that the optimal clinical
intervention window may lie in advanced - but not end-
stage - disease, when there is still significant ONL reten-
tion to support donor cell integration. In this context,
the metabolic stress observed in transplanted PRPCs
is likely to remain a critical challenge, though its sever-
ity and downstream effects may vary with disease stage.
Additionally, although this study used ESC-derived
PRPCs, future therapeutic applications will rely on donor
iPSC-derived cells. Donor heterogeneity may influence
transplant outcomes and remains an important area for
future investigation. Collectively, these results empha-
size the importance of pairing cell-intrinsic strategies
that improve donor cell resilience with host-targeted
approaches that preserve retinal architecture and miti-
gate environmental stress. Future studies in models that
more accurately reflect the clinical disease state will be
essential for refining timing, optimizing delivery, and
ultimately translating photoreceptor replacement into
durable therapeutic benefit. With continued progress,
PRPC transplantation holds strong promise as a broadly
applicable therapeutic approach for patients with inher-
ited retinal degenerations.
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