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Abstract 
Stem cell therapy for retinal degenerative diseases has been extensively tested in preclinical and clinical studies. However, preclinical studies 
performed in animal models at the early stage of disease do not optimally translate to patients that present to the clinic at a later stage of dis-
ease. As the retina degenerates, inflammation and oxidative stress increase and trophic factor support declines. Testing stem cell therapies in 
animal models at a clinically relevant stage is critical for translation to the clinic. Human neural progenitor cells (hNPC) and hNPC engineered 
to stably express GDNF (hNPCGDNF) were subretinally injected into the Royal College of Surgeon (RCS) rats, a well-established model for retinal 
degeneration, at early and later stages of the disease. hNPCGDNF treatment at the early stage of retinal degeneration provided enhanced visual 
function compared to hNPC alone. Treatment with both cell types resulted in preserved retinal morphology compared to controls. hNPCGDNF 
treatment led to significantly broader photoreceptor protection than hNPC treatment at both early and later times of intervention. The phagocytic 
role of hNPC appears to support RPE cell functions and the secreted GDNF offers neuroprotection and enables the extended survival of photore-
ceptor cells in transplanted animal eyes. Donor cells in the RCS rat retina survived with only limited proliferation, and hNPCGDNF produced GDNF 
in vivo. Cell treatment led to significant changes in various pathways related to cell survival, antioxidative stress, phagocytosis, and autophagy. 
A combined stem cell and trophic factor therapy holds great promise for treating retinal degenerative diseases including retinitis pigmentosa 
and age-related macular degeneration.
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Introduction
Vision loss has a tremendous and life-changing impact on 
people worldwide.1,2 Retinitis pigmentosa (RP) is the most 
common inherited retinal disease of the various retinal 
defects that lead to progressive degeneration of light-sensitive 
rod and cone photoreceptors, ultimately with irreversible vi-
sion loss.3-5 According to RetNet (https://sph.uth.edu/retnet/), 
at least 71 genes have been associated with syndromic and 
non-syndromic RP. Currently, it is estimated that RP affects 
around 1 in 4000 people in the world. Degeneration in RP, 
which leads to tunnel vision and finally blindness,6 can be di-
vided into 4 progressive stages: peripheral rod photoreceptors 
start to degenerate toward the center of the retina (stage I); 
loss of rods causes degeneration of cone outer segments from 
the periphery toward the center of the retina (stage II); and 
cone photoreceptors lose outer segments (stage III). In the 
final stage of degeneration (stage IV), cone cell bodies may 
completely degenerate.7 Most patients present to the clinic at 
stage II, at which point slowing down retinal degeneration 
should be the key focus for research and treatment.

Treatment options for RP remain limited. Gene therapy 
for a single mutation has shown effectiveness in treating 
recessive RP.5,8 In 2017, the US FDA approved Luxturna, a 
novel RPE65 gene replacement therapy to treat patients with  
autosomal recessive RP caused by RPE65 mutation.9 But, 
to date, long-term efficacy from clinical reports has been  
controversial.5,10-12 In addition, the RPE65 mutation only ac-
counts for a small percentage of RP cases. Due to this fact, 
along with the genetic diversity of RP, mutation-independent 
treatments are needed.

Advances in stem cell biology have offered promise for 
treating retinal degeneration as a preservation strategy, which 
would be an option irrespective of the mutation. Currently, 
there are clinical trials using stem cell therapy for retinal  
degeneration.13-15 However, positive results from preclinical 
studies were not reflected in clinical outcomes. This may 
largely be because most preclinical studies were performed 
at a very early stage of degeneration when the retinal envi-
ronment is still relatively healthy. During progressive retinal 
degeneration there is increased inflammation and oxidative 
stress as well as trophic factor deprivation. This hostile retinal 
environment may require more than only stem cell delivery.

Various neurotrophic and other growth factors have pro-
vided promising rescue of photoreceptors and vision protec-
tion in animal models and clinical trials for several retinal 
neurodegenerative diseases.16-20 In particular, glial cell line-
derived neurotrophic factor (GDNF) can slow down photo-
receptor degeneration in numerous animal models of retinal 
degeneration including RP.21-23 GDNF can provide direct 
protection of photoreceptors, which express specific GDNF 
receptors24 and can indirectly protect photoreceptors via acti-
vation of retinal Müller glia, which then increase production 
of basic fibroblast growth factor, brain-derived neurotrophic 
factors and GDNF.25 It has been reported that multiple growth 
factors together offer enhanced retinal protection compared 
to a single factor.18

The Royal College of Surgeon (RCS) rat is a well- 
established model of RP in which a mutation in the MERTK 
gene leads to the inability of RPE to phagocytose shed pho-
toreceptor outer segments (POS). Accumulation of POS  
debris between the outer nuclear layer (ONL) and RPE 
prevents the supply of essential nutrients from the choroid 
vessels to photoreceptors, leading to their degeneration and 

eventual death.26-28As with human RP, progressive retinal 
degeneration in RCS rats can be classified into 4 stages,29–32 
although retinal degeneration rate is much faster in the an-
imal model. At stage I, postnatal day (P) 21-23, rats have a 
vision similar to wild-type, but rod function is compromised. 
At stage II (P40-43), rod photoreceptors and function have 
degenerated substantially, cone photoreceptors are still pre-
served with inner and outer segments, and cone function is 
normal. At stage III (P60-63), both rod and cone morphology 
and function have been compromised, but cone function is still 
less affected, and intervention at this stage is to protect cone 
function. Stages II-III of degeneration in the animal model are 
similar to the clinical stage II of RP in human patients and 
hence are most relevant for testing a cell therapy that would 
ideally delay photoreceptor degeneration and preserve cone 
function. Stage IV (>P100) has severely compromised rod and 
cone morphology and function, and with a single layer of cone 
remaining, preservation therapy would likely be ineffective.

Based on our previous studies and further investigational 
new drug (IND)-enabling studies, clinical-grade hNPC 
(termed CNS10-NPC) are being delivered to the subretinal 
space of patients with RP in a current phase I/2a clinical trial 
to assess safety (NCT04284293). We have further shown that 
hNPC-secreting GDNF (hNPCGDNF) can augment the preser-
vation of visual function; however, an intervention was at an 
early stage of the disease.33 To be clinically relevant, it is nec-
essary to assess the ability of hNPC and hNPCGDNF to preserve 
vision at a later stage of degeneration.

In this study, RCS rats received subretinal injections of hNPC 
and hNPCGDNF at early and later stages of retinal degenera-
tion. We demonstrated that, compared to hNPC, hNPCGDNF 
offers significantly more preservation of photoreceptors and 
vision, indicating that a combined stem cell and gene therapy 
approach may provide a better outcome in treating RP. The 
protective effect involves several mechanisms, which include 
activating survival pathways, reducing oxidative stress, and 
mediating autophagy and phagocytosis. This is the first dem-
onstration that a neural progenitor cell and growth factor-
based treatment is effective in the clinically relevant stage of 
disease. The next step is additional IND-enabling studies to 
bring hNPCGDNF to the clinic for treating retinal degenerative 
diseases.

Methods and Materials
Animals
Experimental groups included group 1 (n = 29) that re-
ceived a subretinal injection of either hNPCGDNF (n = 15) or 
hNPC (n = 14) in one eye at P21-23 (stage I of RP) and in-
cluded group 2 (n = 21) that received subretinal injection of 
hNPCGDNF (n = 8) and hNPC (n = 13) at P60 (stage II/III of 
RP; Fig. 1A). Contralateral eyes served as controls that ei-
ther received balanced salt solution (BSS) or were untreated. 
We have previously shown that BSS and untreated controls 
are functionally and morphologically comparable.34,35 
Cyclosporine A was used in this xenograft animal model to re-
duce the immune response following the injection of human-
derived cells. Animals were administered cyclosporine A in 
the drinking water (210 mg/L) from 1 day prior to transplan-
tation until sacrifice. All rats were sacrificed at P90 following 
the Cedars-Sinai Medical Center’s Institutional Animal Care 
and Use Committee (IACUC 7611) and the ARVO Statement 
for the Use of Animals in Ophthalmic and Vision Research.

https://sph.uth.edu/retnet/
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Figure 1. hNPC and hNPCGDNF preserve vision. (A) Timeline shows injection of cells or BSS at early (P21) and later (P60) time points, followed by 
testing efficacy at P60 and P90 and retinal histology at P90. (B) Optokinetic response shows significantly increased visual acuity after hNPC and 
hNPCGDNF injection at P21 or P60 compared to untreated and BSS controls. (C) ERG shows significantly higher b-wave amplitude with both hNPC and 
hNPCGDNF injections at P21 compared to untreated and BSS controls. Note, hNPCGDNF-treated eyes scored a significantly higher b-wave amplitude than 
hNPC-treated eyes at the P90 time point. No significant change in the b-wave amplitude was observed among groups after P60-injection. Data are 
represented as mean ± SEM (n = 8-15). One-way ANOVA with Tukey’s test was used for multiple comparisons. (D-G) Montage of cresyl violet-stained 
retina shows that P21 cell injection led to 6-8 layers of photoreceptor nuclei with hNPC (D) and hNPCGDNF (E) in the graft-protected area compared to 
the area away from the graft (graft-free area) showing a single layer of photoreceptor nuclei. For P60-injection, the treated areas showed 3-5 layers 
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Cell Source, Preparation, and Transplantation
The generation and expansion of human neural progenitors 
have been previously described.36,37 hNPC (termed G010 cell 
line) were derived from an 8-week-old fetal cortex and ex-
panded in culture with recombinant human epidermal growth 
factor (rhEGF, 100 ng/mL) and leukemia inhibitory factor 
(rhLIF, 100 ng/mL) as free-floating neurospheres, which were 
passaged using a chopping method. hNPCGDNF was created 
using lentivirus transduction according to our published pro-
tocol.38 Research-grade hNPC and hNPCGDNF were used in 
this study, under the Stem Cell Research Oversight Committee 
(Pro00025772) at Cedars-Sinai Medical Center.

Cells were prepared according to our published pro-
tocol.35 Briefly, after removal from liquid nitrogen, hNPC and 
hNPCGDNF vials were thawed quickly in a water bath at 37 
°C and resuspended in prewarmed Stemline media (Sigma, 
St. Louis, Missouri) supplemented with rhEGF (100 ng/mL; 
Millipore, Billerica, MA) and rhLIF (100 ng/mL; Millipore). 
The cell suspension was centrifuged at 200g for 5min, 
resuspended in BSS (Alcon) followed by centrifugation and 
resuspension at 30 000 cells/µL in BSS. Cells were kept on ice 
until transplantation.

Cell injection was performed with our previous protocol.35 
Briefly, 2 µL suspension of hNPC or hNPCGDNF (6 × 104 
cells/eye) was delivered into the subretinal space through a 
small scleral incision with a fine glass pipette (internal di-
ameter, 75-150 μm) attached by tubing to a 25-μL syringe 
(Hamilton). The cornea was punctured to reduce intraocular 
pressure and to limit the efflux of cells. Contralateral eyes 
serving as controls received 2 µL of BSS or were untreated. 
Immediately after injection, the fundus was examined for 
retinal damage or signs of vascular distress. Any animals 
showing such problems were excluded from further study.

Efficacy Evaluation
Optokinetic Response (OKR)
OKR offers non-invasive screening to detect spatial visual 
acuity measured in cycle/degree (c/d). Visual acuity was 
tested at P60 and P90 by OKR based on our published pro-
tocol.33,35 The OKR was observed and recorded by 2 blinded 
investigators.

Electroretinography (ERG)
ERG measures the average of whole retinal activities to light 
simulation. ERG was conducted at P60 and P90 based on 
our previous protocol.35,39 The eye was stimulated with full-
field light flashes by a computer-controlled system using the 
Espion system (Diagnosys LLC). A total of 20-30 sweeps for 
each animal were recorded, and the average responses were 
used as the response amplitude.

Tissue sampling
All eyes were collected and processed at P90. In Group 1, 
RCS rats (n = 29) received hNPC (n = 14) or hNPCGDNF 

(n = 15) in one eye at postnatal day 21-23. For histology and 
immunohistochemistry, 5 eyes were processed for the hNPC 
group and 6 eyes were processed for the hNPCGDNF group. 
From each cell treatment group, 4 eyes were used for RNA 
isolation and 4 eyes were used for protein extraction. One 
remaining eye from each treatment group was processed for 
protein extraction and stored if needed. In Group 2, RCS 
rats (n = 21) received hNPC (n = 13) or hNPCGDNF (n = 8) in 
one eye at postnatal day 60. From this group, all eyes were 
processed for histology and immunohistochemistry.

For RNA isolation and western blotting, half of the retina 
containing the injection site (dorsal-temporal part) was dis-
sected. For BSS and untreated retinas, the dorsal-temporal 
part of the retina at the same orientation as the cell-treated 
eye was dissected. Retinas were stored at −80 °C for western 
blotting and the rest was immediately processed for RNA iso-
lation and cDNA synthesis.

Histology
Eyes were enucleated, fixed in 4% paraformaldehyde, and 
embedded in OCT for cryostat sections. Retinal cryostat 
sections were placed on a series of 5 slides, with 4 sections 
per slide. The first slide of each series was used for cresyl 
violet staining to visualize retinal lamination and donor 
cell location and for photoreceptor quantification. The re-
maining slides were used for antibody staining following pre-
viously described protocols.39 Images were taken with Leica 
microscopy.

Quantification of Photoreceptor Preservation
Retinal montage images were taken on cresyl violet stained 
retinal sections from both hNPC- and hNPCGDNF-treated 
rats at early and later time points and processed to quan-
tify rescue coverage (%) to determine photoreceptor preser-
vation. Briefly, the length of ONL with more than 2 layers 
of photoreceptors and the whole retinal length on retinal 
sections were measured in 6-8 sections/eye, 5-6 eyes/cell 
treatment/time points using “freehand lines” tool of Java-
based image processing software (ImageJ). The percentage 
of ONL preservation against the whole retinal length was 
calculated by dividing the protected length of ONL (with 
more than 2 layers of photoreceptors) by the total retinal 
length to quantify rescue coverage (%). Since both BSS-
treated and untreated eyes at this time have a single layer of 
photoreceptors, only cell-treated eyes were used for quanti-
fication analysis.

ABC Staining
Slides were washed in phosphate-buffered saline (PBS) before 
permeabilization and blocked in a solution containing 0.2% 
Triton-X 100 and 2% horse serum in PBS for 1 h at room 
temperature. Sections were incubated overnight in GDNF 
antibody (1:1000, Thermo Fisher Scientific) in a blocking 
solution. Slides were then washed with PBS and incubated 

of photoreceptor nuclei with hNPC (F) and hNPCGDNF (G). Graft-protected and graft-free areas are demarcated by bi-headed dotted arrows. dʹ-g″ are 
high-power images of the corresponding outlines; arrows point to potential donor cells in eʹ, e″, and fʹ; triangles point to ONL. (H&I) Quantification of 
percent rescue coverage of photoreceptor length shows photoreceptor preservation in hNPC- and hNPCGDNF-treated retina. Note, significantly increased 
percent rescued coverage of photoreceptor length in retinas treated at P21 and P60 time points with hNPCGDNF compared to hNPC. Scale bar = 800 
μm for the retinal montage images and 100 μm for high power images. Unt, untreated; BSS, balanced salt solution; INL, inner nuclear layer; ONL, outer 
nuclear layer; RGC, retinal ganglionic cell. Data are represented as mean ± SEM (n = 5-6). Student’s 2-tailed t-test. **P ≤ .01, ***P ≤ .001, ****P ≤ .0001, 
ns: nonsignificant.
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with the secondary antibody for an hour. A vector avidin/bi-
otin complex (ABC; Vector Laboratories) solution was pre-
pared per manufacturer instruction and applied for 1 h before 
washing with PBS. Slides were then incubated with nickel-
intensified diaminobenzidine for 3-5 min, and washed in PBS. 
Finally, slides were mounted using a DPX mounting solution.

Immunofluorescent Staining
Retinal sections were stained with the primary antibodies 
(Supplementary Table S1) with our published protocols.35,39 
Anti-mouse or rabbit secondary antibodies conjugated to 
Alexa Fluor-488 or Alexa Fluor-568 (Life Technologies) 
were used and counterstained with 49,69-diamidino-2- 
phenylindole (DAPI) before mounting slides using Fluorescent 
Mount media (Sigma-Aldrich).

RNA Extraction and qPCR
Total RNA was extracted from retinas using a QIAGEN 
RNeasy Mini kit (Qiagen Hilden, Germany). cDNA was 
synthesized in a 20 μL reaction using 500 ng total RNA and 
ProtoScript II First Strand cDNA Synthesis Kit (New England 
Biolabs Inc.). Primers were synthesized by Integrated DNA 
Technologies (Supplementary Table S2). Quantitative real-
time PCR was performed with PowerUp SYBR Green Master 
Mix (Applied Biosystems). The transcript levels of target 
genes were assessed using Bio-Rad CFX384 Real-Time PCR 
Detection System (Bio-Rad, 1 855 485). Cycling parameters 
were: 95 °C for 2 minutes, 95 °C for 15 s, 60 °C for 15 s, and 
72 °C for 30 s, with 40 cycles of amplification. The mRNA 
levels were normalized to the corresponding GADPH values. 
Differential expression was determined using the deltaCt 
method.

Western Blot
Retinas were lysed with RIPA buffer and protein was 
quantified using a BCA protein assay (Pierce). Protein 
of 50 μg from each group was resolved on 4%-20% pre-
cast polyacrylamide gels (catalog 4561094, Bio-Rad) and 
transferred to nitrocellulose blots. Blots were incubated in 
2.5% BSA blocking solution for 1 h followed by primary 
antibodies (Supplementary Table S1) incubation overnight. 
Signals were detected using fluorescent secondary antibodies 
and the Odyssey imager from LI-COR. Densitometric anal-
ysis was performed using Image Studio Acquisition Software 
and relative expression was determined by normalizing with 
GAPDH.

Data Analysis
Statistical analyses were performed by using GraphPad Prism 
software (version 9.3). Data are presented as mean ± SEM. 
Results were analyzed by unpaired 2-tailed Student’s t-test 
for 2-group comparisons and 1-way ANOVA coupled with a 
Tukey’s multiple comparisons test for more than 2-group. P 
value < .05 was considered significant.

Results
hNPC and hNPCGDNF Treatment Preserve Visual 
Function
Wild-type rats have a visual acuity around 0.55c/d40 and the 
RCS rat’s visual acuity deteriorates with time. Visual acuity 

was measured at P60 and P90 for animals with injection at 
P21 and P90 for later time injection (Fig. 1A). Visual acuity 
was significantly higher with treatment at the early (P21) 
and later (P60) stages with hNPC and hNPCGDNF compared 
to BSS-treated and untreated controls (Fig. 1B). There is no 
significant difference between hNPC and hNPCGDNF-treated 
eyes at both P60 and P90 time points. As expected, visual 
acuity deteriorates from P60 to P90 in control-treated eyes. 
However, of note, visual acuity remained stable over time re-
gardless of whether cell injection was at P21or P60 (P > .05). 
Following cell treatment at P21, ERG b-wave was signifi-
cantly higher compared to controls at both P60 and P90 time 
points (Fig. 1C; Supplementary Fig. S1). Notably, treatment 
with hNPCGDNF provided significantly higher ERG b-wave 
compared with hNPC at P90. There was no difference among 
groups at the later time of intervention.

hNPC and hNPCGDNF Treatment Preserves Retinal 
Cells
Following vision tests at P90, animals were euthanized and 
processed for histology (Fig. 1A). Cresyl violet-stained retinal 
sections from P90 showed photoreceptor preservation with 
cells at both P21 and P60 injection, with perseveration re-
gions associated with donor cell distribution (Fig 1D–G). In 
contrast, regions distal to the donor cells had only a single 
layer of photoreceptors remaining, which was also the case 
for controls. hNPCGDNF provided significantly more rescue 
coverage compared to hNPC at both early (Fig. 1H, 33.92% 
vs. 22.68%) and later (Fig. 1I, 33.02% vs. 19.26%) treatment 
time points. Notably, the percentage of photoreceptor preser-
vation in hNPCGDNF-treated eyes was approximately 33% at 
both early and later time treatments.

To examine whether hNPC and hNPCGDNF can preserve 
photoreceptors (rods and cones) and retinal connections, 
double immunostaining was performed on retinal sections 
for recoverin (green) and the human-specific nuclear marker 
(HuNu, red; Fig. 2A–C; Supplementary Fig. S2A–S2C), 
along with cone arrestin (red) and synaptophysin (green; Fig. 
2D–2I). Recoverin immunostaining showed morphologically 
preserved photoreceptors with improved POS length (Fig. 
2A–2C; Supplementary Fig. S2A–S2C) in the grafted area 
of both the hNPC- and hNPCGDNF-treated retina compared 
to the region distal from the graft and the untreated retina, 
which showed a single layer of degenerating photoreceptors 
with diminished POS. Further, cone preservation with organ-
ized inner and outer segments and pedicles was observed in 
the area associated with donor cell distribution. In contrast, 
the area distal to the cell injection site and the untreated retina 
had cones that were distributed as a discontinuous layer, with 
no segments and pedicles. Correlated with photoreceptor 
preservation, both inner and outer plexiform layers (OPL) 
revealed by synaptophysin, were preserved in cell-treated ret-
inas; while in controls, the OPL (connection between ONL 
and INL) was hardly visible, indicating loss of photoreceptors 
(Fig. 2F, 2I).

GFAP immunostaining was performed to assess Müller 
glia activation in response to retinal injury and degeneration. 
GFAP-positive staining was mainly located in the retinal sur-
face (inner limiting membrane) and in donor cells delivered 
at early and later time points (Fig. 2J, 2K, 2M, 2N). In con-
trast, untreated or BSS-treated retinas showed more pro-
nounced Müller glial activation with GFAP-positive inner 
and outer limiting membranes (Fig. 2L, 2O). More reactive 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
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Müller glial cells were also present in the retina after interven-
tion at the later time point (Fig. 2M, 2N) compared with the 
early time point (Fig. 2J, 2K). In addition to activated Müller 
glia, grafted hNPC and hNPCGDNF also express GFAP in the 
subretinal space (Fig. 2J, 2K, 2M, 2N), which is in concord-
ance with our published reports.35,41–43

hNPC and hNPCGDNF Survive and Migrate in the 
Subretinal Space with Limited Proliferation
Immunofluorescence using human-specific antibodies for 
nuclear marker (HuNu) and neural progenitor marker 
(Nestin) confirmed hNPC and hNPCGDNF survival and ex-
pression of Nestin following subretinal delivery at P21 or 
P60 (Fig. 3A–3D). Following injection at P21 or P60, hNPC 
and hNPCGDNF showed similar distribution patterns either 

as a continuous line within the subretinal space between 
the RPE and photoreceptors or clumps of cells. Graft dis-
tribution correlated with extensive photoreceptor preserva-
tion up to 6-8 cell-thickness when intervention was at P21. 
Photoreceptor thickness of 3-4 layers remained unchanged 
with intervention at P60. Further, staining with the cell pro-
liferation marker Ki67 and HuNu showed that hNPC or 
hNPCGDNF grafts, especially in regions of clumps of cells, had 
very few double-positive cells (Fig. 3E, 3F). This finding is in 
concordance with our previous studies reporting that hNPC 
express low levels of telomerase in vitro and show diminishing 
cell proliferation in vivo.42,44 Staining for Ki67 alone likely 
indicates proliferating host microglia, as microglia activation 
is well-established in the RCS rat model.45

Pathological infiltration and activation of microglia 
have been well-established in the RCS rat model45 due to 

Figure 2. hNPC and hNPCGDNF preserve photoreceptors and retinal synapses as well as suppress Müller cell gliosis. (A-C) Double immunostaining 
of recoverin and human-specific nuclear marker revealed organized photoreceptor outer segments (OS) and ONL preservation in both hNPC- and 
hNPCGDNF-treated retina. In contrast, untreated retina showed a single layer of degenerating photoreceptors. (D-I) Double immunostaining of cone 
arrestin and synaptophysin showed cones with organized cell bodies (arrows), inner and outer segments, and pedicles (chevron) along with preserved 
synapses in IPL and OPL in retinal regions treated with cells at P21 (D&E) or P60 (G&H). In comparison, the untreated retina (F) and area away from 
graft (I) showed a discontinuous layer (arrows) of degenerated cones without segments, and pedicles as well as reduced synaptic density in IPL and 
OPL for both P21- and P60-injection. (J-O) Immunostaining of GFAP showed reduced Müller cell activation/gliosis in retinas treated at P21 with cells 
(J&K) compared to untreated (L, arrows). More active Müller glia were observed after P60 cell injection (M&N) compared to retinas treated at P21, 
with similar levels to the BSS control retina (O). Both hNPC and hNPCGDNF showed GFAP staining in the subretinal space of the retina for both early and 
later intervention (triangles). DAPI counterstain in blue. Scale bar = 100 μm. OS, outer segment; ONL, outer nuclear layer; INL, inner nuclear layer; IPL, 
inner plexiform layer; OPL, outer plexiform layer.
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Figure 3. hNPC and hNPCGDNF survive, migrate, and suppress microglial activation in the degenerative retinal environment. (A-D) Double 
immunostaining of human-specific markers (nuclear marker, HuNu, triangles and neural progenitor marker, Nestin) show survival and migration of hNPC 
and hNPCGDNF after injection at P21 (A&B) or P60 (C&D). aʹ-d″ are high-power images of the corresponding outlines. Graft-protected and graft-free areas 
are demarcated by bi-headed dotted arrows. (E-F) Double immunostaining of human-specific nuclear marker (HuNu) with cell proliferation marker (Ki6) 
revealed very limited proliferation of transplanted hNPCs and hNPCGDNF (arrow in F) in the subretinal space and there was no evidence of outgrowth 
or tumor formation. (G-I) Immunostaining of microglia marker Iba1 ( with HuNu revealed reduced number of Iba1+ microglia in grafted areas of hNPC- 
and hNPCGDNF-treated retinas compared to untreated retina which showed a higher number of Iba1+ microglia. Scale bar = 750 μm for retinal montage 
images and 100 μm for high-power images. Abbreviations: INL, inner nuclear layer; ONL, outer nuclear layer; IPL, inner plexiform layer.
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the accumulation of POS debris in the subretinal space. 
We sought to examine the status of microglial infiltration 
and activation in the grafted site of hNPC- and hNPCGDNF-
treated retina by performing immunostaining of ionized 
calcium-binding adaptor molecule-1 (Iba1), in the lump of 
grafted human cells (HuNu) and untreated retina. Double 
immunostaining shows reduced numbers of Iba1+ microglia 
in the grafted area of the hNPC- and hNPCGDNF-treated ret-
inas compared to the untreated retina that showed higher 
numbers of Iba1+ microglia in close vicinity to the degenera-
tive photoreceptor layer (Fig. 3G–3I).

hNPCGDNF Produces GDNF In Vivo
As expected, positive GDNF immunostaining was detected 
from host cells in the inner plexiform layer (IPL), outer plex-
iform layer (OPL), and Müller cells (Fig. 4A, 4B). Critically, 
grafted hNPCGDNF also show GDNF staining (lump of cells in 
Fig. 4b″) as well as in migrating cells (Fig. 4bʹ, high magnifi-
cation, arrowheads), up to 70 days post-delivery.

Western blot analysis demonstrated significantly decreased 
GDNF expression in RCS retinas compared to wild-type ret-
inas (Fig. 4C). hNPC treatment led to significantly increased 
GDNF levels compared to controls, presumably due to 
the protection of host GDNF-positive cells. As expected, 
hNPCGDNF-treated retinas showed significantly increased 
GDNF levels compared to controls, as well as increased 
GDNF levels compared to hNPC treatment. While hNPC 
and hNPCGDNF treatment led to significantly increased GDNF 
levels compared to RCS rats, the level remained significantly 
lower than in the wild-type retina.

hNPC and hNPCGDNF Activate Various Cell Survival 
Pathways
We have previously shown that hNPC endogenously secrete 
neurotrophic factors such as FGF-2 and IGF-1 and further 
demonstrated that hNPCGDNF enhances retinal protection 
compared to hNPC alone.33 Growth factors interact with 
their receptors, activate different cell survival pathways, and 
induce nuclear factor erythroid 2-related factor 2 (Nrf2)-
dependent antioxidant responses to exert neuroprotective 
effects.46–50 In particular, GDNF is reported to act through 
RET/GFRα1 or 2 to activate various cell survival pathways, 
which may phosphorylate Nrf2 and activate downstream 
signaling cascades.51–55 Immunoblot analysis revealed sig-
nificantly increased expression of GFRα1 and GFRα2 in 
hNPCGDNF-treated retinas compared to other groups (P < .01, 
Fig. 5A). Compared to hNPC alone, significantly increased 
expression of GFRα1 and GFRα2 only in hNPCGDNF-treated 
retinas strongly support that the enhanced protective role of 
hNPCGDNF is mediated by GDNF-dependent mechanism(s). 
Hence, we evaluated the expression levels of phosphorylated 
forms of the most common cell-survival signaling mediators 
downstream to GDNF, specifically Src, AKT, ERK, and 
GSK-3β in the retinas of all the groups. Immunoblot anal-
ysis demonstrated that levels of pSrc (Fig. 5B), pAKT  
(Fig. 5C), pERK (Fig. 5D), and pGSK-3β (Fig. 5E) were sig-
nificantly increased in both hNPC- and hNPCGDNF-treated 
retinas compared to control retinas. Additionally, hNPCGDNF-
treated compared to hNPC-treated retinas showed a signifi-
cant difference in the levels of pERK. Taken together, these 
data suggest that increased phosphorylation of Src, AKT, 
GSK-3β, and ERK promote photoreceptor survival, maybe 

through activating cell survival signaling cascades and/or 
Nrf2-dependent antioxidant responses.

hNPC and hNPCGDNF Reduce Oxidative Stress
Oxidative stress plays a key role in retinal degeneration.56–58 
Nrf2 is a redox-sensitive transcription factor that governs cel-
lular defense mechanisms against oxidative stress. Upon acti-
vation, Nrf2 is released from its cytoplasmic-binding partner 
Keap1 and translocated to the nucleus where it activates an-
tioxidant enzymes such as heme oxygenase-1 (HO-1) and 
NAD(P) H:quinone oxidoreductase 1 (NQO1), thereby de-
laying the progression of RP.59–62 We next sought to investi-
gate whether hNPC and hNPCGDNF treatment alter oxidative 
stress regulatory transcription factors (Nrf2) and hypoxia-
inducible factor 1-alpha (Hif1α) and the expression of anti-
oxidant enzymes (HO-1, NQO1, and superoxide dismutases: 
SOD1, SOD2, SOD3) to reduce oxidative stress. Intense 
immunoreactivity of Nrf2 was documented in the OPL, 
IPL, and RGC layer of both hNPC- and hNPCGDNF-treated 
retina compared to untreated retina (Fig. 6A–6C), suggesting 
the activation of Nrf2 and its downstream signaling against 
oxidative stress. Nuclear localization of Nrf2 (Fig. 6A, 6B, 
inset: white arrows) was observed in the ONL of grafted 
areas of both hNPC- and hNPCGDNF-treated retina. On the 
other hand, no nuclear Nrf2 was observed in untreated 
retina. Immunoblot and corresponding densitometric anal-
ysis confirm significantly increased Nrf2 levels in hNPC- and 
hNPCGDNF-treated retina compared to BSS and untreated 
retina (Fig. 6D). Evaluation of the mRNA transcripts showed 
significantly increased expression of Nrf2 and Hif1α in hNPC- 
and hNPCGDNF-treated retinas compared to control retinas, 
while Keap1 levels were similar between groups (Fig. 6E–6G). 
Expression of all assessed antioxidant enzymes, except for 
SOD2, was upregulated in both cell-treated retinas compared 
to control retinas (Fig. 6H–6M). Moreover, upregulation of 
Nrf2, Hif1α, HO-1, and SOD1 was significantly more pro-
nounced in hNPCGDNF-treated than in hNPC-treated retinas.

hNPC and hNPCGDNF Upregulate Markers of 
Phagocytosis and Autophagy
Homeostasis of shedding POS and their phagocytic degrada-
tion by RPE maintains normal vision.27,63,64 In RPE, the phag-
ocytic degradation of POS is mediated by a noncanonical 
form of autophagy mechanism known as LC3-associated 
phagocytosis (LAP).65,66 Disruption of RPE phagocytosis 
leads to degeneration of photoreceptors and other retinal cells 
over time. Our previous studies demonstrated that NPC pro-
vide photoreceptor protection by eliminating POS through 
phagocytosis39; however, the underlying mechanism(s) are 
yet to be elucidated. In general, phagocytic cells are shown 
to maintain tissue homeostasis by forming phagolysosomes 
and eliminating senescent cells, cell fragments, and apoptotic 
bodies.67–70 Phagolysosome formation requires lysosomal-
associated membrane protein 1 (LAMP1) which mediates 
the fusion of lysosomes with phagosomes.67,71 A hallmark of 
degradative lysosomes is the presence of activated lysosomal 
proteolytic enzymes including cathepsins that mediate POS 
degradation in the phagolysosome. Cathepsin D (CTSD) is 
one of the major active lysosomal aspartyl proteases present 
in the degradative lysosomes.72 Furthermore, the interactions 
and co-partnering of LAMP1 with CTSD promote the forma-
tion of degradative lysosomes to mediate POS degradation.73
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Western blot analysis showed that LAMP1 and CTSD (ma-
ture form: ~33 kDa) levels were significantly increased in 
both hNPC and hNPCGDNF-treated retinas compared to un-
treated and BSS retina (Fig. 7A, 7B). Critically, LAMP1 and 

CTSD levels were significantly increased following hNPCGDNF 
treatment compared to hNPC. No change was observed in 
the immature (~52 kDa) and intermediate (~46 kDa) forms 
of CTSD in hNPC and hNPCGDNF-treated retinas compared 

Figure 4. hNPCGDNF produces GDNF in RCS rat retina. (A-B) Immunostaining of GDNF shows endogenous GDNF in OPL and IPL in both hNPC (A) and 
hNPCGDNF-treated (B) retina. Stronger GDNF staining was seen in the grafted area compared with area distant from the graft (aʹ vs. a″). aʹ& a″ and bʹ & 
b″ are high-power images from the corresponding outlines. Note, positive immunostaining of GDNF within the clump (b″) and individual (triangles in 
bʹ) of transplanted hNPCGDNF. Scale bar = 750 μm for montage images and 100 μm for high-power images. INL, inner nuclear layer; ONL, outer nuclear 
layer; IPL, inner plexiform layer. Graft-protected and graft-free areas are demarcated by bi-headed dotted arrows (C) Representative immunoblot and 
densitometric analysis shows significantly decreased GDNF production in all groups of RCS rats compared to the wild-type rat retina. GDNF production 
was significantly increased in the cell-treated retina compared to untreated and BSS retina, and GDNF production was significantly increased in the 
retina treated with hNPCGDNF compared to hNPC. WT, wild-type, Unt, untreated; BSS, balanced salt solution. Data are represented as mean ± SEM. 
One-way ANOVA with Tukey’s test was used for multiple comparisons. *P ≤ .05, **P ≤ .01, ****P ≤ .0001, ns: nonsignificant.
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Figure 5. hNPC and hNPCGDNF activate cell survival mediators in the RCS rat retina. (A) Representative immunoblots and densitometric analysis 
show significantly increased GFRα1 and GFRα2 expression in hNPCGDNF-treated retina compared to hNPC-treated, untreated, and BSS retina. (B-E) 
Representative immunoblots and densitometric analysis show significantly increased levels of the pSrc (B), pAKT (C), pERK (D), and pGSK-3β (E) 
in retinas treated with hNPC- and hNPCGDNF compared to the untreated and BSS retina. pERK was significantly increased in the hNPCGDNF-treated 
compared to hNPC. BSS, balanced salt solution; Unt, untreated. Data represented as mean ± SEM (n = 4). One-way ANOVA with Tukey’s test was used 
for multiple comparisons. *P ≤ .05, **P ≤ .01, ***P ≤ .001, ****P ≤ .0001; ns: non-significant.
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Figure 6. hNPC and hNPCGDNF reduce oxidative stress in RCS rat retina. (A-C) Immunostaining of Nrf2 showed intense immunoreactivity in OPL, IPL, 
and RGCs of both hNPC- (A) and hNPCGDNF-treated (B) retina compared to untreated retina (C). Higher Nrf2 puncta and its significantly increased 
nuclear localization (inset: white arrows) were observed in hNPCGDNF-treated compared to hNPC-treated retina. Scale bar = 100 μm. INL, inner nuclear 
layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer. (D) Representative immunoblot and 
densitometric analysis showed significantly increased Nrf2 levels in both hNPC- and hNPCGDNF-treated retina compared to untreated and BSS retina. (E-
L) qRT-PCR demonstrated that Nrf2, Hif1-α, HO-1, NQO1, SOD1, and SOD3 mRNA transcripts were significantly increased in the hNPC- and hNPCGDNF-
treated retina compared to the untreated and BSS retina. Nrf2, Hif1-α, HO-1, SOD1 mRNA transcripts were significantly increased in retinas treated 
with hNPCGDNF compared to hNPC. No change in Keap1 and SOD2 expression was observed across groups. Unt, untreated; BSS, balanced salt solution. 
Data are represented as mean ± SEM (n = 4). One-way ANOVA with Tukey’s test was used for multiple comparisons. *P ≤ .05, **P ≤ .01, ***P ≤ .001, 
****P ≤ .0001, ns: nonsignificant.
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Figure 7. hNPC and hNPCGDNF mediate phagolysosomal degradation of POS and restore autophagy in RCS rat retina. (A-C) Representative immunoblots 
and densitometric analysis showed significantly increased Cathepsin D (A) and LAMP1 (B) levels in both hNPC- and hNPCGDNF-treated retina, compared 
to controls. LAMP1 levels were significantly increased in retinas treated with hNPCGDNF compared to hNPC. Decreased levels of LC3B-II (lipidated 
form of LC3B) occurred in untreated, BSS-, hNPC-, and hNPCGDNF-treated RCS compared to the wild-type retina (C). LC3B-II levels were significantly 
increased in the hNPC- and hNPCGDNF-treated retinas compared to the untreated and BSS retinas, but not to wild-type levels. (D-G) qPCR shows that 
Becn1 (D), Atg5 (E), Atg7 (F), and Pde8a (G) mRNA transcripts were significantly increased in hNPC- and hNPCGDNF-treated retinas compared to the 
untreated and BSS retina. Atg5, Atg7, and Pde8a mRNA transcripts were significantly increased in retinas treated with hNPCGDNF compared to hNPC. 
BSS, balanced salt solution; Unt, untreated; WT, wild-type. Data represented as mean ± SEM (n = 4). One-way ANOVA with Tukey’s test was used for 
multiple comparisons. *P ≤ .05, **P ≤ .01, ***P ≤ .001; ****P ≤ .0001; ns: non-significant.
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to controls. In addition, triple immunostaining using RPE 
cell marker (RPE65), Nestin and CTSD demonstrated pres-
ervation of the RPE with normal morphology in the grafted 
area of hNPC and hNPCGDNF-treated retinas, similar to wild-
type  control. Further, intense immunoreactivity and higher 
puncta of CTSD in the RPE layer of hNPC and hNPCGDNF-
treated retinas, similar to WT control (Supplementary Fig. 
S4A) may suggest the restoration of phagocytic activity of 
RPE in the hNPC and hNPCGDNF-treated retinas. Furthermore, 
double immunostaining of CTSD (green) with HuNu (red) 
showed intense peri- and intra-nuclear immunoreactivity of 
CTSD and its colocalization with HuNu in the transplanted 
hNPC and hNPCGDNF(Supplementary Fig. S4B) may also sug-
gest the phagocytic activity of hNPC and hNPCGDNF. In un-
treated retinas, CTSD puncta were observed in both the RPE 
and ONL around the nuclei of degenerating photoreceptors; 
yet no immunoreactivity was detected in the ONL of hNPC 
and hNPCGDNF-treated retinas.

Autophagy plays a critical role in POS phagocytosis 
and maintaining photoreceptor health.65,66,74,75 Studies 
have reported lysosomal membrane permeabilization and 
autophagy blockade as key contributors to photoreceptor 
death.74,76–78 In conventional autophagy, the lipidated form 
of LC3B (LC3B-II) is associated with the double-membrane 
autophagosomes. The LC3B-II/ LC3B-I ratio serves as a 
key marker of autophagic flux79 and, importantly, this ratio 
plays a key role in maintaining autophagy homeostasis.80 
Investigating markers of autophagy following cell treatment 
showed that the LC3B-II and the LC3B-II/LC3B-I ratio were 
significantly decreased in the untreated and BSS RCS ret-
inas compared to wild-type and that both were significantly 
increased in hNPC- and hNPCGDNF-treated retinas compared 
to the untreated and BSS retinas (Fig. 7C). Furthermore, ex-
pression of key autophagic genes, Becn1, Atg5, and Atg7, 
was also increased in hNPC- and hNPCGDNF-treated retinas 
compared to controls (Fig. 7D–7F). Notably, both Atg5 and 
Atg7 expression was significantly higher with hNPCGDNF 
treatment compared to hNPC. Collectively, increased phag-
ocytosis and autophagy could play a role in preserved vision 
with hNPC- and hNPCGDNF and these may be augmented with 
hNPCGDNF treatment. Based likely on multiple modes of ac-
tion, retinas treated with hNPC or hNPCGDNF compared to 
controls had significantly increased expression of Pde8a, one 
of the key photoreceptor phototransduction genes, and this 
was further augmented with hNPCGDNF treatment compared 
to hNPC alone (Fig. 7G).

Discussion
Positive results from preclinical studies using stem cells to treat 
retinal degenerative diseases have often not been reflected in 
subsequent clinical trials. This may largely reflect that most 
preclinical studies were conducted with animal models at an 
early stage of disease. This includes our studies at an early 
stage of disease intervention, showing that hNPC can offer 
vision protection and that this is enhanced with hNPCGDNF.33 
Given that RP patients selected for clinical trials and presented 
to the clinic have more advanced retinal degeneration, testing 
stem cell therapy in later-stage animal models is clinically 
relevant. This study showed that both hNPC and hNPCGDNF 
offer dramatic vision and retinal preservation. Protection was 
provided by treatment even at later stages of retinal degener-
ation. hNPCGDNF compared with hNPC treatment provided 

significantly enhanced visual function when intervention was 
at the early stage of disease and offered significantly broader 
photoreceptor protection at both early and late intervention 
times.

GFAP immunoreactivity was observed in the grafted hNPC 
and hNPCGDNF in the subretinal space and is in concordance 
with our previous studies in animals35,41,42 and most recently 
in the human spinal cord.43 The neural progenitors are not 
terminally differentiated before transplantation, and GFAP 
expression in grafted hNPC and hNPCGDNF indicates their 
potential to differentiate into astrocytes in vivo. Very few 
grafted cells were labeled with the proliferation marker Ki67, 
which is in concordance with our previous demonstrations 
that hNPC express low levels of telomerase in vitro and 
show diminishing cell proliferation over time in vivo.42,44 
This finding indicates that hNPC or hNPCGDNF are likely non-
tumorigenic, which we have reported in a long-term study in 
the rodent subretinal space and recently showed in the human 
spinal cord up to 42 months post-transplantation.43,81

Visual acuity tested by OKR revealed that hNPC and 
hNPCGDNF delivered at early and late time points provided 
similar protection. This is likely because OKR already 
reached nearly normal levels with hNPC alone, and therefore 
no further protection was detected by hNPCGDNF. Cell treat-
ment maintained visual acuity over time in contrast to control 
groups with clear deterioration from P60 to P90. OKR only 
needs local photoreceptors at the dorsal-temporal part of the 
retina to record a response and, hence, local versus extensive 
photoreceptor preservation is not distinguished. In contrast, 
ERG measures the average of whole retinal activities to light 
stimulation and requires a larger photoreceptor area to have 
a recordable response. Delivering both hNPC and hNPCGDNF 
at the early stage of degeneration led to significantly higher 
b-wave amplitude compared with controls. Critically, 
hNPCGDNF treatment provided significantly higher b-wave 
amplitude, as well as photoreceptor coverage, compared to 
hNPC. In contrast, neither cell type preserved b-wave ampli-
tude at the later treatment time point, which may be due to 
several following factors.

An elegant study revealed that long-term vision protection 
with RPE65 gene therapy may only occur in retinal regions 
with larger than 63% retained photoreceptors at the time of 
intervention.82 While donor cells migrate extensively in the 
subretinal space, even with the later delivery time point, a 
single subretinal injection affects only approximately 1/3 of 
the retinal area. Therefore, the majority of the retina distal 
to grafted cells still undergoes progressive degeneration, 
which we demonstrated with luminance thresholds that re-
main unchanged within the central graft but were elevated 
at the periphery.81 With P60 intervention, it is likely that 
local preserved photoreceptors can produce an OKR, but 
not a recordable ERG requiring a broader area of functional 
photoreceptors. In addition, inflammation, oxidative stress, 
and trophic factor deprivation increase with progressive 
retinal degeneration.83–86 This hostile environment may re-
duce the effectiveness of donor cells at the periphery of the 
graft site. Future studies can investigate top-regulated genes/
proteins that change over time in donor cells and the host 
retina to optimize long-term vision protection.

Though broad visual function based on ERG was not re-
corded with later treatment, photoreceptor coverage and ex-
pression of a key photoreceptor phototransduction gene were 
significantly greater with hNPCGDNF treatment compared to 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szad054#supplementary-data
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hNPC, suggesting that photoreceptor protection benefits 
from more than stem cells alone. We have previously 
demonstrated that hNPC can regulate immune response by 
inhibiting microglia activation, promote an antioxidant ef-
fect by upregulating Nrf2, clear POS by phagocytosis39,87 and 
provide neuroprotective effects by releasing trophic factors 
FGF-2 and IGF-1.33 Several of these mechanisms appear 
to be enhanced with hNPCGDNF compared to hNPC alone, 
which may underlie the increased protective effects. First, 
sustained GDNF release can directly protect photoreceptors 
via their receptors and indirectly protect photoreceptors via 
activation of retinal Müller glia, which then increase the 
production of various growth factors. While there was a re-
active Müller glial response in the degenerative retina, this 
endogenous GDNF was not sufficient to rescue the photo-
receptor from degeneration. This is the first study to show 
exogenous GDNF in the retina from hNPCGDNF both within 
the graft core and migrating out. Extensive GDNF release 
is likely central to the protective effects of hNPCGDNF in the 
RCS rat. GDNF binds to the GDNF-family receptor complex 
(GFRα1/α2-RET), leading to phosphorylation and activation 
of Src-, AKT-, GSK3β-, and ERK-dependent signaling to pro-
tect neurons from degeneration and support their survival.88,89 
Retinas treated with hNPCGDNF, compared to hNPC alone, 
showed higher levels of GFRα1/α2-RET.

Retinas treated with hNPCGDNF also had higher levels of 
pERK, compared to hNPC alone. While the exact mechanism 
for enhanced vision protection with hNPCGDNF compared to 
hNPC is not entirely clear, it is likely to involve activation of 
ERK as a key survival pathway. In addition, increased phos-
phorylation of AKT, GSK3β, and ERK has been shown to 
regulate the phagocytic activity of RPE POS debris.73,90 Here, 
genes and proteins related to phagocytosis and degradation 
of POS were significantly upregulated in hNPCGDNF-treated 
retinas compared to other groups, indicating that removal of 
POS contributes to enhanced vision protection.

We have previously demonstrated that transplanted human 
neural stem cells and iPSC-derived NPC can phagocytose the 
POS in the RCS retina.39,91 In addition to their own phag-
ocytic activity, hNPC or hNPCGDNF-treatment, through their 
secretory growth factor milieu, may also partially restore the 
phagocytic activity of host RPE cells. Moreover, stable release 
of GDNF from hNPCGDNF may further supplement and re-
store some RPE function, compared to hNPC. This is sim-
ilar to a report that human umbilical tissue-derived stem cells 
rescue RPE phagocytic function by secreting various growth 
factors including GDNF.92 Photoreceptor protection in the 
hNPC- or hNPCGDNF-treated RCS retina via elimination of 
accumulated POS, may result from phagocytic action of both 
grafted cells and partially restored host RPE. The phagocytic 
role of NPC appears to support RPE cell functions and the 
secreted GDNF offers neuroprotection and enables the ex-
tended survival of photoreceptor cells in transplanted animal 
eyes. However, further studies are required to delineate the 
role of partial functional restoration of RPE following hNPC- 
or hNPCGDNF treatment.

Based on the activation of several key genes, such as Nrf2, 
it appears that grafted hNPCGDNF may exert a protective ef-
fect through a reduction in oxidative stress. Under physiolog-
ical conditions, the retina is characterized by a high oxygen 
consumption rate and intense exposure to light. Therefore, 
the retina is very susceptible to oxidative stress, with studies 
showing that oxidative stress plays a prominent role in the 

pathogenesis of degenerative retinal diseases such as age-
related macular degeneration (AMD), glaucoma, diabetic 
retinopathy, and RP.84,86,93–95 In fact, therapeutic interventions 
that reduce oxidative stress can delay retinal degeneration.96,97 
Therefore, an ability of hNPCGDNF to reduce oxidative stress 
may contribute to the enhanced effect over hNPC alone.

This initial study used only the one late time point of 
P60 delivery, yet multiple time points should be tested to 
optimize the delivery window for stem cell and growth 
factor treatment. Additionally, while GDNF is clearly 
protective, GDNF has been reported to cause aberrant 
sprouting and negative feedback effects on neurotrans-
mitter homeostasis88,98,99 and high doses of GDNF plasmid 
led to a significant reduction of scotopic b-wave amplitude 
and photoreceptor thickness.100 A long-term tumor/ toxi-
cology study is next required to determine long-term cell 
function and toxicity. However, numerous previous studies 
delivering hNPCGDNF both in the central nervous system 
(CNS) and eyes are encouraging, as neuroprotection was 
provided without observed side effects. Finally, this and 
prior studies confirm limited donor cell proliferation, which 
is critical for translation to a human trial. Based on the 
effectiveness of hNPCGDNF for retinal protection following 
delivery at a clinically relevant stage of disease, these cells 
should next be assessed in IND-enabling studies for trans-
lation to the clinic.

Potential Clinical Application
Our extensive preclinical studies have shown that hNPC 
provides a promising treatment for RP, and this led to an 
ongoing phase I/2a clinical trial delivering the clinical 
product, CNS10-NPC, to patients with RP (NCT04284293). 
Under GMP, we have genetically engineered CNS10-NPC 
to stably secrete GDNF, and expanded and banked this cell 
line (termed, CNS10-NPC-GDNF) as a clinical product.36 
CNS10-NPC-GDNF has recently been delivered to the 
lumbar spinal cord of 18 patients with amyotrophic lateral 
sclerosis (ALS) in a phase I/2a clinical trial (NCT02943850), 
which met the primary endpoint of safety.43 We now show 
that combining hNPC with GDNF may be even more ef-
fective than hNPC alone to treat RP. In addition, a recent 
study showed that RPE phagocytosis significantly declined in 
AMD) compared with only a moderate decline in controls. 
Remarkably, GDNF increases AMD RPE phagocytosis,101 
indicating hNPCGDNF has the potential to treat retinal de-
generation including both RP and AMD. Unlike the RPE 
cells which need Brunch’s membrane for survival and func-
tion, hNPCGDNF survive and migrate long distances in the 
subretinal space, release multiple growth factors for photo-
receptor protection, enhance RPE phagocytosis and mediate 
various survival pathways. Given the encouraging preclinical 
outcomes with hNPCGDNF shown here, as well as long-term 
safety of CNS10-NPC-GDNF in the ALS spinal cord, this cell 
product holds great promise as a therapeutic option for RP 
and other retinal diseases.
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