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Abstract

Retinal degenerative diseases are some of the leading causes of blindness with few treatments.
Various cell-based therapies have aimed to slow the progression of vision loss by preserving light-
sensing photoreceptor cells. A subretinal injection of human neural progenitor cells (hNPCs) into
the Royal College of Surgeons (RCS) rat model of retinal degeneration has aided in photoreceptor
survival, though the mechanisms are mainly unknown. Identifying the retinal proteomic changes
that occur following hNPC treatment will lead to better understanding of neuroprotection. To
mimic the retinal environment following hNPC injection, a co-culture system of retinas and
hNPCs was developed. Less cell death occurred in RCS retinal tissue co-cultured with hNPCs than
in retinas cultured alone, suggesting that hNPCs provide retinal protection 7 vitro. Comparison of
ex vivoand in vivo retinas identified NRF2-mediated oxidative response signaling as an hNPC-
induced pathway. This is the first study to compare proteomic changes following treatment with
hNPCs in both an ex vivo and in vivo environment, further allowing the use of ex vivo modeling
for mechanisms of retinal preservation. Elucidation of the protein changes in the retina following
hNPC treatment may lead to the discovery of mechanisms of photoreceptor survival and its
therapeutic for clinical applications.
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Introduction:

Retinal degenerative diseases (RDDs), such as age-related macular degeneration (AMD) and
retinitis pigmentosa (RP), are characterized by progressive loss of vision and are leading
causes of blindness in developed countries [1-3]. RDDs can be due to hereditary and/or
lifestyle risk factors, but the overlying result is loss of the light sensitive photoreceptor cells
within the retina, with no therapies to date to reverse the degeneration. Currently, stem cell-
based therapies are being tested for clinical use and offer the potential to treat a number of
RDDs [4-91. One particular type of stem cell, human neural progenitor cells (nNPCs), is
currently being tested for neuroprotective effects in other neurodegenerative disorders [10-13]
and has similarly been shown to aid in visual function and photoreceptor preservation in
animal models of retinal degeneration [6: 14-17] |n animal models of retinal degeneration,
hNPCs are able to phagocytize photoreceptor outer segment 7 vivo [18. 191 exert a greater
beneficial effect with expression of neurotrophic factors [24], and cause immunomodulatory
effects on the host tissue [6]. However, many of the molecular changes that they elicit within
the retinal tissue are unknown.

Whereas /n vivo assays are the ideal model for studying retinal structure and degeneration, it
can be technically challenging to identify key mechanistic aspects of the progression of
disease and therapeutic interventions. The retina houses multiple types of cells that each
play a role in visual function and determining the contributions of each cell type at specific
time points /7 vivo can be analytically complicated. To this end, /n vitro studies using retinal
tissue explants have been developed for examining potential mechanisms that may mimic
the /n vivo environment. Such organotypic ex vivo systems also allow for more advanced
manipulations and analyses, which can be difficult to interpret /n vivo. Retinal explant
techniques have been optimized for mouse, rat, rabbit, pig, and human studies [20-23],
Supplementation of media with serum or neurotrophic factors, has promoted survival of
retinal explants [23-25], suggesting that exogenous components may alter the natural
progression of development and cell death. Co-culture studies of wild-type retinal explant
tissue and hNPCs have shown better retinal structure [26] and reduced microglial activation
[27]. Artifacts of wild-type retinal degeneration /77 vitro may not represent disease modeling,
and the use of inherent degenerative animal models could provide a more accurate picture of
the progression of human retinal degeneration. One example is the Royal College of
Surgeons (RCS) rat, which is a well-established model of retinitis pigmentosa [28: 291, A
mutation in the Mertk gene causes retinal pigment epithelial (RPE) cells to lose the ability to
phagocytize shed outer segments from the adjacent photoreceptor cells, thus leading to an
accumulation of undigested outer segments (called debris) in the subretinal space,
photoreceptor degeneration, and vision loss. Adapting ex vivo techniques for the RCS rat
and other retinal degenerate animal models could reveal neurodegenerative-specific
mechanisms that are otherwise uncovered in wild-type experiments. Ultimately, this strategy
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could be useful in testing therapeutics for prolonging photoreceptor survival and thus be
applied to /n vivo studies of retinal degenerative diseases.

The proteomes of a number of human ocular tissues have been characterized, including the
retina [30. 311, Over 3,000 proteins were identified in the human retina with a number of
those involved in the visual cycle and retinoid metabolism [32]. These protein signatures also
allow for comparative analyses following retinal degeneration. Changes in the proteome
have been detected in AMD patients [33-3%], though this has typically been from blood
samples that are more easily accessible than retina. Proteomic variations have been detected
in rodent models of retinitis pigmentosa [36], AMD [37] and diabetic retinopathy [38: 391,
Moreover, protein changes have also been detected following gene therapy for Leber
Congenital Amaurosis (LCA) specifically in proteins involved in neuroprotection and
apoptosis [40] suggesting that proteomic analysis may elucidate some of the molecular
mechanisms involved in treating retinal degeneration.

The therapeutic benefit of hNPCs for retinal degeneration can be detected morphologically
and through visual function tests, but little is known about the molecular changes that occur.
The main goal of this study was to establish an ex vivo co-culture model mimicking the /n
vivo environment following subretinal transplantation of hNPCs into retinal degenerate RCS
rats. Exvivo experiments suggested hNPCs aided in retinal survival, similar to the effects of
subretinal injection of hNPCs in the RCS rat. Bioinformatic analysis identified proteomic
changes in the presence of hNPCs, and specifically, one pathway, the NRF2-mediated
oxidative stress response, was predicted to be highly activated in both ex vivoand /n vivo
RCS retinal tissue treated with hNPCs. These results suggest that similar hNPC-induced
mechanisms occur both in culture and in the animal. Insight into the molecular changes
following therapeutic intervention will elucidate mechanisms for retinal survival and may
allow for more efficacious treatments using stem cells.

Materials and methods:

Derivation and maintenance of human neural progenitor cells (hNPCs)

hNPCs were provided by Dr. Clive Svendsen and their use has been previously described
[6.15, 171 hNPCs were cultured as neurospheres in Stemline Neural Stem Cell Expansion
Medium (Sigma-Aldrich, St. Louis, MO, USA) supplemented with 20 ng/ml epidermal
growth factor (EGF; Sigma-Aldrich) and 10 ng/ml leukemia inhibitory factor (LIF;
Millipore, Billerica, MA, USA) as previously described [111. All experiments utilized hNPCs
at passage 25, and were given fresh media every 3 to 4 days.

Co-culture conditions

hNPC neurospheres at passage 25 were dissociated into a single cell suspension by
incubation at 37°C for 10 minutes with Accutase (Sigma-Aldrich) followed by two brief
washes with media. Cells were counted using a hemocytometer, and 5 x 10* hNPCs were
plated into each well of a 24-well plate (Greiner Bio-One, Monroe, NC, USA) and allowed
to acclimate overnight in a 5% CO,/37°C incubator. Eyes were enucleated from RCS rats at
postnatal day 30 (P30) or day 60 (P60). Eyes were transported on ice from the vivarium to
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the laboratory in sterile 1X Dulbecco’s phosphate buffered saline (ThermoFisher Scientific,
Grand Island, NY, USA). The cornea and lens were dissected out and the eyecup was cut in
half. Each half retina was placed on a nitrocellulose membrane, and the choroid was peeled
from the neural retina. In ex vivo systems of wild-type animals, the RPE cell layer is
typically attached to the neural retina upon dissection; however, the RPE cell layer becomes
detached from the neural retinal layer in the degenerated RCS rat and very few pigmented
cells remain attached to the neural retina. The nitrocellulose membrane and retina were
trimmed to fit into a Thincert 0.4 um pore translucent transwell chamber (Greiner Bio-One),
and the pore size was chosen for ability of sharing media between the retina and hNPCs but
would prohibit direct contact. placed into a 24-well plate with pre-warmed Stemline
+EGF/LIF media and allowed to acclimate in an incubator at 5% CQO,/37°C for one hour.
Following acclimation, half of the transwell inserts were cultured alone and the rest were co-
cultured with hNPCs plated from the previous day. This study adhered to the Association for
Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in
Ophthalmic and Vision research and was conducted with the approval of the Institutional
Animal Care and Use Committee at Cedars-Sinai Medical Center.

In vitro sample preparation

hNPC, retina, and conditioned media samples were collected at the time of retinal dissection
(day 0) and at 3 and 7 days in culture. For samples that were saved until 7 days, half of the
media was removed at 3 days and the cultures received half fresh media. All samples were
frozen at —80°C until processing. Media were collected from retinas cultured alone, hNPCs
cultured alone, or hNPC and retinal co-cultures. For each type of sample, media were
combined from 4 to 6 wells. To concentrate the proteins, each sample was added to a 10k
Amicon Ultra-0.5 Centrifugal Filter Ultracel — 3K Device in a microcentrifuge tube
(Millipore, Tullagreen, Co. Cork, Ireland). The filter columns were centrifuged per
manufacturer’s instructions for a final concentration factor of approximately 25- to 30-fold.
hNPCs cultured alone or in co-culture with retinas were pooled for analysis from 4 to 6
replicate wells. Samples of retinas cultured alone or in co-culture with hNPCs were similarly
pooled from 4 to 6 wells (Table 1).

Subretinal injection of hNPCs

hNPC neurospheres were dissociated into a single cell suspension by incubation at 37°C for
10 minutes with Accutase (Sigma-Aldrich) followed by incubation with trypsin inhibitor
(Sigma-Aldrich) for 5 minutes and DNase (Sigma —Aldrich) for 10 minutes with gentle
trituration in phosphate buffered saline (PBS, Thermo-Fisher Scientific, Grand Island, NY,
USA). Cells were counted using a hemocytometer, and a dilution of 2 x 10 hNPCs/pL of
balanced salt solution (BSS, Alcon, Fort Worth, TX) was prepared for each eye. RCS rats
(n=3) at postnatal day 21 (P21) received a subretinal injection of hNPCs (RCSNNPCS) at a
dose of 4 x 104 per eye (2 uL total volume) through a glass micropipette as previously
described [15]. The contralateral eye was left untreated, and untreated wild-type Long Evans
(LE; n=3) rats were also used for comparison. Eyes were enucleated at age P60 and the
neural retina was dissected away from the rest of the ocular tissue. For the hNPC injected
eyes, retinas were cut in half and the area closest to the injection site was used for
processing. The LE and untreated RCS samples were oriented in the same temporal to nasal
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direction as the previous samples and cut in half along the same hemisphere. All samples
were stored at —80°C until further processing (Table 1).

Retinal sample preparation

Samples were lysed using 300 pL of lysis buffer (10 mM 4-(2-hydroxyethyl-1-
piperazineethanesulfonic acid) (HEPES), 42 mM potassium chloride, 0.1 mM
ethylenediaminetetraacetic acid (EDTA), 0.1 mM ethylene glycol-bis(B-aminoethy! ether)-
N,N,N’,N’-tetraacetic acid (EGTA), 1 mM dithiothreitol (DTT), 1x phosphatase inhibitor,
and 1x protease inhibitor (Sigma-Aldrich)), homogenized, and sonicated. Further, 60 uL of
10% SDS was added to each sample and incubated for 10 minutes followed by
centrifugation at 14,000 g for 45 minutes. The supernatant was collected, proteins were
quantified using a NanoDrop One Analyzer (Thermo-Fisher), and samples were stored at
-80°C.

Protein digestion

One aliquot of 50 pg of each sample type received 2 pLs of p-galactosidase (2mg/mL) as an
internal control. Proteins were digested using the FASP Protein Digestion Kit (Expedeon,
San Diego, CA, USA) per manufacturer’s instructions. Desalting of the samples was then
performed using an Oasis HLB 96-well plate 30 pm/5mg (Waters Corporation, Milford,
MA, USA) attached to a vacuum. The plate was equilibrated with 700 uL of methanol and
washed 3 times with 1 mL of 0.1% formic acid in water. Samples were prepared by adding
175 pL of 4% phosphoric acid to the plate, and vacuum filtered with 1 mL of 0.1% formic
acid. Elution of the samples was performed with 600 pL of 80% hydrogen cyanide/0.1%
formic acid in water. Peptide samples were extracted from the elution plate, put into new
collection tubes and spun open in a Thermo Savant SPD2010 ° Concentrator (Thermo-
Fisher) at 5.1 pressure and 45°C for approximately 6 hours.

Liquid chromatography (LC) mass spectrometry (MS)/MS

Trypsin digested retinal samples were analyzed by LC MS/MS using a Dionex Ultimate
3000 NanoL.C connected to an Orbitrap Elite with an EasySpray ion source (Thermo
Fisher). Peptides were loaded into the analytical column (PepMap RSLC C18 2um, 100A,
50um i.d. x 15cm) with a flow rate of 300 nL/minute using a linear AB gradient (2 to 25% A
for 185 minutes and 25-90% B for 5 minutes) followed by isocratic hold at 90% for 5
minutes and re-equilibrating at 2% A for 10 minutes. The temperature for both columns was
40°C, and the Nano-source capillary temperature was set to 275°C with a spray voltage at 2
kilovolts (kV). The Orbitrap Elite captured MS1 scans with a resolution of 60,000 full width
at half maximum (FWHM) with an automatic gain control (AGC) target of 1 x 10° ions with
a maximum of 500 milliseconds. MS2 spectra were then collected for the top 15 ions from
each MS1 scan with a target of 1 x 10% ions, accumulation time of 100 milliseconds, and an
isolation width of 2 Dalton (Da). The normalized collision energy was set at 35%, and one
microscan was obtained for each spectrum.
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Bioinformatic analyses

All of the processed proteomics samples were Raw MS files were first converted to mzXML
files using MSConvert [41]. Data files from each sample were searched against the human
(media) or rat (retinas) protein database by Trans Proteomic Pipeline Software [42 431, The
interaction files prepared from Trans Proteomic Pipeline were then input into Skyline daily
software [44], Protein identification was based on 2 or more peptide matches with a false
discovery rate < 5%. Relative abundance values for proteins were calculated from peak areas
using the Skyline daily MPPReport plugin. Relative abundance values were logy
transformed, normalization was performed by median polish, and the ratios between the
averaged log, relative abundance values were calculated and presented as fold change values
between the samples. Hierarchical cluster analysis was performed using BioVinci Software
(Bioturing, San Diego, CA, USA). Pathway analysis of the protein datasets from all of the
samples (media and retinas) were input into the Ingenuity Pathway Analysis (IPA) Fall 2016
Release Software (QIAGEN, Redwood City, CA, USA; www.giagen.com/ingenuity).
Significantly affected canonical pathways and biofunctional properties were identified by —
log Benjamini-Hochberg Multiple Testing Correction p-value statistics (significant at >1.3)
and an activation z-score = 2 or < -2.

Retinal cryosections

For the in vitro experiments, 7-day old cultured retinas were fixed with 4%
paraformaldehyde (PFA) overnight at 4°C followed by 10%, 20%, and 30% sucrose
solutions in 1X PBS for 1 hour each at room temperature, embedded in optimum cutting
temperature compound (OCT; Sakura Finetek, Torrance, CA, USA), and stored at —80°C.
Horizontal sections at were cut at 10 um on a Leica CM1850 cryostat microtome (Leica
Biosystems, Nussloch, Germany). Four sections at 50 um distance were collected in five
series and stored at —20°C. For the /n vivo experiments, eyes were prepared as above with
the exception of fixation for 1 hour at room temperature with 4% PFA. Retinal sections from
the /in vivo experiments were stained with cresyl violet dye for histological analysis and
imaged with a Leica DM6000B microscope (Leica Microsystems, Wetzlar, Germany).

Imaging and quantification of dead, retinal cells

To identify dead retinal cells, terminal deoxynucleotidy! transferase dUTP Nick-End
labeling (TUNEL) assay was performed using the TUNEL Apoptosis Detection Kit
(Millipore, Darmstadt, Germany) per manufacturer’s instructions. Sections were washed
with 10X phosphate buffered saline (PBS) for 30 minutes at 37°C followed by incubation
for 15 minutes at 37°C with proteinase K solution and four more washes with 10x PBS for 2
minutes each. For a positive control, one slide was incubated with DNase | (1 ug/mL) for 60
minutes at 37°C followed by a 15-minute wash with 10X PBS. All sections were then
equilibrated with terminal deoxynucleotidyl transferase (TdT) buffer for 5 minutes, and
incubated with TdT end-labeling cocktail (TdT buffer, Biotin-2’-deoxyuridine 5’-
triphosphate (dUTP), and TdT at a ratio of 90:5:5, respectively) for 60 minutes at 37°C. To
stop the reaction, sections were immersed in 1X TB buffer for 5 minutes at room
temperature and washed with PBS 4 times for 2 minutes each. Blocking buffer was added to
each section and incubated at room temperature for 20 minutes, followed by incubation for
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30 minutes at 37°C in the dark with Avidin-fluorescein isothiocyanate [45] solution. All
sections were washed with PBS 2 times for 15 minutes in the dark at room temperature,
counterstained with 4’,6-diamidino-2-phenylindole, dihydrochloride (DAPI) for 20 minutes
in the dark, and mounted with a coverslip. Sections were imaged in a fluorescent microscope
Leica microscope DM6000B. For the ex vivo experiments, one slide contained 4 sections at
50 pm distance between the sections from each RCS sample with or without hNPC co-
culture. TUNEL™ cells were counted using the cell counting plugin from ImageJ. The
percentage of TUNEL* cells were calculated from averages of each TUNEL™ section
divided by the average of total number of DAPI* cells and multiplied by 100. For in vivo
retinal photoreceptor cell death, TUNEL assay and counterstain with DAPI were imaged. In
the hNPC-grafted retinas, 3 images were taken at an area close to the injection site with 5-8
layers of preserved photoreceptors. In the BSS-treated retinas, 3 images were taken close to
the injection sites. Numbers of TUNEL-positive cells in the outer nuclear layer (ONL) were
counted in 3 images/sections, 9 sections/eye in 3 eyes from each of the groups. Student’s t
test was used to statistically compare the results.

hNPCs promote retinal survival in vitro

To determine if hNPCs can provide the same benefit /n vitro, a co-culture assay was
performed. Retinal tissue from RCS rats was dissected from two stages of degeneration. At
P30, retinal degeneration is classified as an early stage, whereas P60 retina is considered
middle stage degeneration. Retinal tissue was cultured for up to 7 days, and then subjected
to proteomic analysis. A total of 585 proteins were identified (Supplemental Table 1). The
analysis of protein profiles indicated differences in activation of cell survival and cell death
(Figure 1A). P60 retinas at both 3 and 7 days in culture showed activation of cell death and
inhibition of cell survival pathways, whereas P30 retina had significance only at 7 days in
culture. To determine if hANPCs induce retinal survival /n vitro, P30 and P60 retinas were co-
cultured with hNPCs and proteomic analysis was conducted. A total of 578 proteins were
identified in common in the co-cultured retinas (Supplemental Table 2), and functional
analysis was performed (Figure 1B). Age P30 retina co-cultured with hNPCs for 7 days had
activation of cell survival and inhibition of cell death pathways, suggesting that hNPCs
impact retinal cell survival and death pathways at the early stages of degeneration. No
significant difference was detected at 7 days with late stage degenerative retinas (P60) co-
cultured with hNPCs. To validate the proteomic differences in cell survival in early stage
degeneration, an apoptosis assay was performed on cultured retinal tissue (Figure 1C). At 7
days in culture, the P30 retina had a high percentage of apoptotic cells; however, P30 retinas
co-cultured with hNPCs for the same number of days had a significant decrease in the
percent of TUNEL-positive dead cells (o < 0.01). These findings indicate that hNPCs aid in
retinal survival when co-cultured with early stage degenerating retinas.

Pathway analysis of co-cultured retinas

Since age P30 retina at 7 days in co-culture with hNPCs had significant differences in cell
survival, the bioinformatic analyses were focused on this age and time point. To identify
pathways that are differentially regulated in co-cultured retinas, the protein profiles were
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input into Ingenuity Pathway Analysis (IPA) software. A total of 8 canonical pathways were
significantly predicted to be activated in co-cultured P30 day 7 retinas as compared to P30
day 7 retinas cultured alone (Figure 1D). These pathways included NRF2-mediated
oxidative stress response (-log Benjamini-Hochberg p-value 4.7), p70S6K signaling (-log
Benjamini-Hochberg p-value 4.2), aldosterone signaling in epithelial cells (-log Benjamini-
Hochberg p-value 3.6), CREB signaling in neurons (-log Benjamini-Hochberg p-value 1.9),
nitric oxide signaling (-log Benjamini-Hochberg p-value 1.8), thrombin signaling (-log
Benjamini-Hochberg p-value 1.6), synaptic long term potentiation (-log Benjamini-
Hochberg p-valuel.6), and IL-1 signaling (-log Benjamini-Hochberg p-value 1.4). To
identify molecules that could potentially regulate these pathways, significantly predicted
upstream regulators were also identified (Figure 1E). Upstream regulator analysis is based
on the expression of detected proteins within the dataset, which then predicts genes/proteins
upstream of these proteins that may regulate their expression. The regulator with the most
significant activation was NFE2L 2, which is also known as NRF2, and was also identified in
the canonical pathway analysis (Figure 1D), suggesting that NRF2-mediated oxidative stress
response is one of the highly activated pathways in retinas co-cultured with hNPCs.

In vitro hNPC secreted factors

To identify proteins in co-cultured media, proteomic analysis was also performed. Media
were collected from hNPCs cultured alone and from co-cultures of age P30 retinas with
hNPCs. Proteomic analysis detected a total of 551 proteins in all media (Supplemental Table
3). In silico functional analysis of proteins identified significant differences in cell survival
and cell death in co-cultured media from the RCS age P30 retinas at 7 days in culture
(Figure 2A, Supplemental Table 4). Statistical significance was detected for cell death
(activation z-score —6.3) and cell survival (activation z-score 5.5), suggesting that proteins in
the co-cultured media are inhibiting cell death and promoting cell survival at 7 days in
culture more than at 3 days in culture with P30 retina. Since the co-culture media showed
more activation of pro-survival and inhibition of cell death, the next step was to identify the
pathways that may be involved in aiding in these processes. Canonical pathways were
identified in co-cultured media from hNPCs and P30 retinas at 7 days in culture (Figure 2B).
Of the 14 significantly changed pathways, 13 were predicted to be upregulated (actin
cytoskeleton signaling, RhoA signaling, EIF2 signaling, signaling by Rho family GTPases,
NRF2-mediated oxidative stress response, integrin signaling, 14-3-3-mediated signaling,
regulation of actin-based motility by Rho, leukocyte extravasation signaling, PI3K/AKT
signaling, remodeling of epithelial adherens junctions, protein kinase A signaling, ILK
signaling, and VEGF signaling) with 1 pathway (HIPPO signaling) inhibited. To further
distinguish pathways that may be involved, upstream regulators were determined by IPA
(Qiagen) software. A total of 143 regulators were identified (Supplemental Table 5) and the
top 10 most highly activated and inhibited are shown (Figure 2C). The most significantly
predicted activated upstream regulator was NFE2L2/NRF2. The NRF2-mediated oxidative
stress response was also identified as one of the most highly activated canonical pathways
(Figure 2B), suggesting that it may be regulated by secreted factors from the hNPCs. NRF2-
mediated oxidative stress response was also detected as the most significantly activated in ex
vivoretinal tissue (Figure 1) further implicating this pathway as an important regulator
hNPC-dependent in co-cultured retinal tissue.
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Proteomic comparison of retinal samples

At the histological level, P60 LE rats have approximately 10 layers of photoreceptor cells in
the outer nuclear layer (ONL; Figure 3A). Age-matched RCS rats have undergone
photoreceptor degeneration and have 2 to 3 layers of photoreceptors (Figure 3B).
Conversely, RCSMNPCs have approximately 5 to 6 layers of photoreceptor cells (Figure 3C),
and the photoreceptor survival directly correlates with the presence of hNPCs. Furthermore,
TUNEL assay was performed on RCS and RCSPNPCS retinas and showed a significant
decrease in the number of apoptotic cells with the presence of hNPCs (Figure 3D). To
determine if these morphological differences in photoreceptor survival can be detected at the
protein level, proteomic analysis was performed. A total of 434 proteins were identified in
common between the retinal samples (Supplemental Table 6). To identify if differences in
cell survival can be detected at the protein level, /n sifico functional analysis was performed.
Cell survival was shown to be inhibited in RCS samples as compared to wild-type LE
(Figure 3D, left), suggesting that there is less photoreceptor survival detected in both of the
RCS samples regardless of treatment. However, RCS'NPCS as compared to untreated RCS
showed an activation in cell survival (Figure 3D, left), suggesting that cells survive better in
RCS retinas treated with hNPCs. Similarly, cell death was activated in RCS samples as
compared to LE; however, RCS"NPCS showed inhibition of cell death as compared to
untreated RCS (Figure 3D, right). These results suggest that RCS"™NPCS have more cell
survival relative to RCS, which is similar to what is detected at the morphological level.

Putative mechanisms of photoreceptor survival in vivo

To identify mechanisms that may be aiding in photoreceptor survival, further pathway
analysis was performed on the data obtained from the /n vivo retinal samples. Nine pathways
were found to be significant in the comparisons between the samples (Figure 5). Many of the
pathways were changed in the RCS samples as compared to LE, but it was reversed when
RCSNNPCs were compared to untreated RCS. These pathways included 14-3-3 mediated
signaling, ERKS5 signaling, LXR/RXR activation, NRF2-mediated oxidative response,
PI3K/AKT signaling, and protein kinase A signaling (Figure 4A, C, E, F, H, and I).
Similarly, HIPPO pathway was predicted to be activated in RCS samples yet inhibited when
RCSNNPCs was compared with RCS (Figure 4D). Collectively, these pathways indicate that
there are proteomic and signaling changes that occur following injection of hNPCs. Two
pathways, the acute phase response and p70S6K signaling, were found to be inhibited in the
RCS samples as compared to the LE samples (Figure 4B and G) and were not significantly
different between the two RCS samples, suggesting that there is no effect with hNPCs on
certain pathways. Overall, multiple pathways may play roles in hNPC-induced
photoreceptor survival.

Though a number of signaling pathways were uniquely identified in each of the experiments,
only one canonical pathway was found in common between the co-cultured /n vitroand in
vivo proteomic analysis, suggesting that similar mechanisms of photoreceptor survival may
be occurring in both situations. To determine if common proteins are expressed within the
retina in the /n vitroand in vivo experiments, downstream proteins of the NRF2-mediated
oxidative stress response from both experiments was compared. P30 retinas cultured alone
for 7 days and untreated RCS retinas expressed downregulation of proteins downstream of
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the NRF2-mediated oxidative stress response (Figure 5). P30 retinas co-cultured with
hNPCs for 7 days and RCS"NPCs showed upregulation of many of these same proteins, and
more closely aligned with the expression profiles of wild-type LE retina (Figure 5). This
suggests that there is an increase in NRF2-mediated oxidative stress response signaling with
hNPC treatment, indicating that similar mechanisms operate in both the /n vitroand in vivo
retinas in the presence of hNPCs.

Discussion:

Our lab and others have shown that hNPCs aid in photoreceptor survival in vivo, and the
results of this study indicate that there are significant protein changes occurring upon
treatment of RCS rat retinas with hNPCs that delay retinal degeneration. The canonical
pathways identified by proteomic analysis may be further investigated to determine their
involvement in hNPC-induced photoreceptor survival. Specifically, the NRF2-mediated
oxidative stress response was not only activated in RCS"NPCS retinas but was also one of the
main activated pathways possibly contributing to ex vivo retinal survival. These data suggest
that similar hANPC-induced survival mechanisms occur both ex vivoand /n vivo, and this
knowledge could be used to screen therapeutic agents /n vitro for future translational
applications.

Putative pro-survival mechanisms

As shown with both ex vivoand in vivo analyses, numerous protein expression changes
occur upon treatment with hNPCs. Bioinformatic analysis of proteins expressed in retinal
tissue identified hNPC-induced signaling pathways and upstream regulators that may play
roles in photoreceptor survival. One pathway, p70S6k signaling, was activated in co-cultured
retinas yet deactivated in the /n7 vivo untreated and hNPC-treated RCS samples as compared
to LE (Figures 2A and4G). This pathway is part of the PI3K/AKT signaling mechanism for
apoptosis, cell survival, cell growth, protein translation, and autophagy [46: 471 Inhibition of
p70S6K has been shown to prevent retinal neuronal cell survival, whereas overexpression
enhances insulin-dependent survival [48. In our study, inhibition of p70S6K in the /n vivo
RCS samples suggests that retinal cell death is occurring, even with hNPC treatment. The
hNPCs are slowing down the degeneration process [6: 14-171: however, a higher dose or
combined treatment such as improving host degenerative retinal environment may be needed
to protect the retina more efficiently. Conversely, PI3K/AKT signaling was activated in
RCSNNPCS a5 compared to untreated RCS, suggesting that the other pro-survival
mechanisms may be triggered in tandem. In addition, the ex vivo co-cultured retinas
activated p70S6K signaling, indicating overlap of identified pathways and potential similar
mechanisms of survival.

Four additional pathways were found to be deactivated in both RCS samples compared to
LE but were activated in RCS"NPCs compared to RCS (Figure 4A, C, E, F, and 1). The first
pathway, 14-3-3 mediated signaling, controls a range of signal transduction pathways and
anti-apoptotic activity [49]. 14-3-3 proteins are involved in the pathogenesis of
neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, and
amyotrophic lateral sclerosis (ALS), and may play a role in neuroprotection 39, The second
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pathway, ERKS5 signaling, is stimulated in response to cell stress, mediates neuronal survival
[51] and is activated in the retina upon neurotrophic stimulation 321, Third, the LXR/RXR
activation pathway was also predicted to be activated in RCS retina treated with hNPCs.
LXRs (liver X receptors) are transcription factors that regulate genes involved in lipid
homeostasis, immunity and neurological functions 33541 and LXR agonists have been
shown to reduce the severity of wet AMD by decreasing macrophage activation [3°],
Additionally, RXRs (retinoid X receptors) regulate expression of apoptotic proteins, and
specifically activate antioxidant mechanisms for photoreceptor survival 58] and protective
effects for RPE cells 371, The fourth pathway, protein kinase A signaling, participates in
retinal circuitry and activity as part of a calcium-dependent second messenger cascade [581.
Similarly, one pathway, HIPPO signaling, was activated in both of the RCS samples as
compared to LE but was inhibited in RCS"NPCS compared to RCS (Figure 4D). HIPPO
signaling regulates cell survival, retinogenesis, and photoreceptor cell differentiation [59 601,
Feasibly, numerous hNPC-induced signaling mechanisms may be interacting and working in
concert with each other to aid in photoreceptor survival and neuroprotection.

NRF2-mediated oxidative stress response in retinal degeneration

The NRF2-mediated oxidative stress response pathway was also inhibited in both RCS
samples (in vitro and in vivo) as compared to LE but was activated in RCS"NPCS, The NRF2-
mediated oxidative response regulates tolerance to oxidative stress [331. In an unstressed
state, the proteins Nrf2 and Keapl are bound and localized within the cytoplasm. Following
endoplasmic reticulum (ER) stress, Nrf2 becomes phosphorylated, dissociates from Keap1,
and translocates to the nucleus. This results in an increase in Nrf2-dependent transcription of
antioxidant response genes, thus promoting cell survival and redox homeostasis (6. NRF2
regulates the antioxidant defense against oxidative damage and acts as a neuroprotectant in
neurodegenerative diseases [62], Elements of the NRF2 signaling pathway have been used as
therapeutic targets for neurodegenerative diseases, such as Alzheimer’s (631, Parkinson’s [64],
and Huntington’s disease [65], and similar effects are observed in the retina. Oxidative stress
is considered one of the main pathological factors in AMD [66]. Decreasing the amount of
oxidative stress in retinal pigment epithelial cells resulted in RPE cell survival (671,
suggesting that oxidative stress could be targeted as a potential treatment for AMD and other
retinal degenerative diseases. Additionally, delivery of NRF2 protects photoreceptors from
oxidative stress [68]. Impaired NRF2 signaling has been implicated in RPE damage [69],
suggesting that NRF2 may be necessary for retinal neuroprotection and could be used as a
retinal target for therapeutics. Interestingly, the Nrf2 protein itself was not detected in either
the /n vitroor in vivo proteomic datasets. This could be due to either low abundance of the
protein or technical constraints. The basal level of NRF2 is relatively low within cells, as it
is consistently targeted for degradation and has a half-life of 10 to 20 minutes [7%: 711, Mass
spectrometry would detect the most abundant proteins within a sample, whereas lower
abundance proteins are typically not identified unless an enrichment protocol or deletion of
higher abundance proteins is performed [72: 731, Further proteomic analysis, such as Western
blot, immunostaining, or data-dependent acquisition mass spectrometry, may be able to
detect NRF2 and/or where within the retina it is located. The findings from this study further
suggest that cellular stress plays a role in retinal degeneration and that the hNPCs react by
upregulating pathways involved in the stress response. Furthermore, the NRF2-mediated
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oxidative response could be a potential communicative element between the hNPCs and
ailing retina and should be further investigated in the /7 vivo setting for validation of its
involvement.

Limitations of retinal proteomic analysis

Some difficulties may potentially arise with the use of proteomics for detecting retinal
proteins. The first is based on technical sensitivity, as low abundance proteins are difficult to
detect and not all of the proteins have been identified. It is estimated that approximately 80%
of the proteins in humans have been detected with high-confidence, but the remaining 20%
of proteins have not been identifiable with current experimental methods [74 751,
Additionally, protein and transcript levels do not always overlap so transcriptomic and
proteomic analyses may not be directly comparable. Retinal tissue used for both microarray
and proteomic experiments had <10% overlap of significantly identified genes and proteins
[40] Further, numerous cell types reside within the retina and a global view of all retinal
proteins may not accurately identify cell-specific mechanisms. This study is the first step in
elucidating and comparing some of the mechanisms in both an /n vitroand in vivo
environment; however, further proteomic analysis could be performed with particular cell
types, such as photoreceptors and retinal supporting Miller glia.

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [78] partner repository with the dataset identifier PXD011491.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ARVO Association for Research in Vision and Ophthalmology
BSS balanced salt solution

EGF epidermal growth factor

hNPCs human neural progenitor cell
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LIF leukemia inhibitory factor
LCA Leber Congenital Amaurosis
LCMS Liquid chromatography mass spectrometry
LXR Liver X receptor
LE Long Evans
NRF2 Nuclear factor erythroid-derived 2
ONL outer nuclear layer
RDDs retinal degenerative diseases
RP retinitis pigmentosa
RCS Royal College of Surgeons
RCShNPCs Royal College of Surgeons rats injected with human neural
progenitor cells
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Significance

Although the complexities of co-culture systems and the difficulty of preserving ex vivo
retinal tissue in culture environments complicate identifying mechanisms of action, the
significance of this study lies in the use of a clinically relevant cell therapeutic and
animal model of retinal degeneration. From this retinal explant and hNPC co-culture
assay, a number of conclusions can be drawn. First, hNPCs secrete pro survival proteins,
as detected by mass spectrometry and bioinformatic analyses. Second, retinal explants
have better cell survival when co-cultured with hNPCs than when cultured alone, as
shown by proteomic analysis and TUNEL assay. Lastly, pathway analysis identified
NRF2-mediated oxidative response signaling in both the ex vivoand /n vivo settings,
indicating that this may be an important mechanism that enables hNPC-induced survival.
NRF2 could be potentially used as an adjuvant therapy to stem cell treatment for retinal
degeneration.
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Figure 1: Proteomic analysis of in vitro retinas.
Cellular function analysis of RCS retinas cultured alone for 3 and 7 days was performed (A).

Cell survival was significantly inhibited (blue bars) in P30 retina at day 7 and in P60 retinas
at both days 3 and 7, whereas cell death was activated (orange bars) in the retinas at these
time points. No significant activation z-score was detected in P30 retinas at 3 days in culture
for either cell survival or cell death (grey bars), suggesting that there is no difference in these
processes at this age and time point. P30 and P60 retinas were co-cultured with hNPCs
(P30NNPCs and P6ONNPCs  respectively) for 3 or 7 days, and functional analysis was
performed (B). Only P30NNPCs at Day 7 had activation of cell survival and inhibition of cell
death, suggesting that hNPCs aid in retinal survival in P30 retinas by 7 days in culture.
TUNEL apoptotic analysis was performed on RCS age P30 retina (C). P30 retina cultured
alone had a high percentage of TUNEL™ cells; however, P30 retina co-cultured with hNPCs
(P30PNPCs) had a significant decrease in the percentage of apoptotic cells (Two-tailed #test,
** p<0.05). These results suggest that hNPCs are able to aid in retinal survival in P30 retina
at 7 days in culture. At 7 days, proteins from the P30 retinas co-cultured with hNPCs were
compared to P30 retinas cultured alone, and the protein profiles and fold changes were input
into Ingenuity Pathway Analysis (IPA) software (Qiagen). Canonical pathway analysis
detected 8 pathways (D). These pathways had significant activation z-score =2 or <-2 (bars)
and a -log (Benjamini-Hochberg) p=1.3 (line). In addition, upstream analysis identified 16
predicted activated (orange) and 7 predicted inhibited (blue) upstream regulators (E).
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Figure 2: Proteomic analysis of hNPC-secreted factors.
Media from hNPCs co-cultured with P30 retinas were prepared for mass spectrometry, and

the protein profiles were input into Ingenuity Pathway Analysis (IPA) software (Qiagen Fall
2016 Release). Cell survival was predicted to be activated (p-value 1.19E-14, activation z-
score 3.087) and cell death was predicted to be significantly inhibited (p-value 1.23E-40,
activation z-score —2.744) in co-cultured media from day 7. Proteins involved in the cell
survival, cell death, or both signaling mechanisms have differential expression in day 7 co-
cultured media (A; Supplemental Table 4). Canonical pathway analysis identified 15
signaling pathways that were affected in the co-cultured media (B). A majority of the
pathways were shown to be activated (orange bars) with one inhibited (blue bar).
Significance taken at —log (Benjamini-Hochberg) p= 1.3 (line graph) and activation z-score
=2 or < -2 (bar graph). Upstream analysis identified 143 regulators (Supplemental Table 5)
with the top 10 activated (orange bars) and 10 inhibited (blue bars) regulators shown (C).
Significance taken at p< 0.05 and activation z-score = 2 or < -2 (bar graph).
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Figure 3: Retinal cell survival following hNPC injection.
By histological staining, postnatal day 60 (P60) wild-type Long Evans (LE) rats have

approximately 10 layers of photoreceptor cells in the retinal outer nuclear layer (ONL; A).
In age-matched untreated retinal degenerate RCS, loss of photoreceptor cells leads to only 2
to 3 layers of photoreceptors (B). RCS treated with hNPCS (RCSMNPCS) have 5 to 6 layers of
photoreceptor cells in areas adjacent to hNPCs (arrows; C), indicating that there is hNPC-
induced photoreceptor survival. Retinal ganglion cell, RGC; inner nuclear layer, INL; outer
nuclear layer, ONL; retinal pigment epithelium, RPE. Scale bar = 50 ym. TUNEL assay was
performed on retina sections (D). RCS retina had a significantly higher number of TUNEL*
cells than RCS retina treated with hNPCs (***, p<0.01), further suggesting that hNPCs play
arole in photoreceptor survival. Protein profiles of LE, RCS, and RCS"NPCS were compared
and input into Ingenuity Pathway Analysis (IPA) software (Qiagen), and functional analysis
was performed (E). Cell survival is inhibited in the RCS samples vs. LE, whereas cell
survival is activated in RCSNPCS as compared to RCS (E, left). Conversely, cell death is
activated in the RCS samples vs. LE, but is inhibited in RCSMNPCs as compared to RCS (E,
right). These results indicate that RCS"™NPCS have an increase in cell survival and decrease in
cell death signaling. Bars shown have a —log Benjamini-Hochberg p= 1.3 and an activation
z-score = 2 or < -2, orange bars indicate activation and blue bars indicate inhibition.
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Figure 4: Canonical pathways identified in comparisons of in vivo retinal tissue.
LE, RCS, and RCSNPCs protein profiles were compared and 9 pathways were found to be

significantly different between the samples (-log Benjamini-Hochberg p=1.3 and activation
z-score =2 or <-2). Six pathways were inhibited in RCS samples as compared to wild-type
Long Evans (LE), but were significantly activated in RCS"™NPCS/RCS (A, C, E, F, H, and I).
Similarly, one pathway was activated in RCs samples as compared to LE and was
significantly inhibited in RCS"NPCS/RCS (D), suggesting protein and signaling changes
occur with hNPC treatment. Two pathways were inhibited in RCS compared to LE but had
no significant activation z-score in RCS"NPCS/RCS (B and G). Blue bars denote inhibition
with significant z-score < -2, orange bars indicate activation with significant z-score > 2,
grey bars symbolize non-significant z-score for either inhibition or activation.
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Figure5: In vitro and in vivo hierarchical cluster analysis of NRF2-mediated oxidative stress
response signaling.

The NRF2-mediated oxidative stress response was a significantly upregulated pathway in
both the /n vitroand invivo protein comparisons. Downstream proteins regulated by NRF2
were identified and compared between the /n vitroand /n vivo data sets. P30 retinas cultured
alone and untreated RCS retinas display similar downregulation of key NRF2 proteins. P30
retinas co-cultured with hNPCs and RCSPNPCS ypregulate NRF2-mediated oxidative stress
response signaling proteins, suggesting hNPCs induce protein expression changes more
similar to wild-type LE retinas. Value is the distance from the mean of the log, expression
level.
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Table 1:
Samples processed for proteomic analysis.

Ex vivo retinas were cultured from P30 and P60 RCS rats with hNPCs (P30"NPCs/peohNPCs) or alone for 3 or
7 days. Retinas and media were collected from these ex vivo experiments for preparation for mass
spectrometry. Additionally, retinas from wild-type LE, retinal degenerate RCS, and RCS treated with hNPCs

(RCSNNPCS) rats collected and prepared for proteomic analysis (n=3 for each sample type).

Sample Name Sample Type | Ageof Retina | Experiment Type | Daysin Culture | hNPCs?
P30 Day 3 Retina Retina P30 Ex vivo 3| N
P30 Day 7 Retina Retina P30 Ex vivo N
P60 Day 3 Retina Retina P60 Ex vivo 3| N
P60 Day 7 Retina Retina P60 Ex vivo 71N
P30"NPCs Day 3 Retina Retina P30 Ex vivo 3|Y
P30"NPCs Day 7 Retina Retina P30 EX vivo 71Y
P60"NPCs Day 3 Retina Retina P60 Ex vivo 3|Y
P60"NPCs Day 7 Retina Retina P60 Ex vivo 71Y
P30 Day 3 Retina Media P30 Ex vivo 3|N
P30 Day 7 Retina Media P30 Ex vivo 7| N
P30MNPCs Day 3 Co-culture | Media P30 Ex vivo 3|Y
P30MNPCs Day 7 Co-culture | Media P30 Ex vivo 71y
LE-1 Retina P60 In vivo nfa | N
LE-2 Retina P60 In vivo nfa | N
LE-3 Retina P60 In vivo nfa | N
RCS-1 Retina P60 In vivo nfa | N
RCS -2 Retina P60 In vivo nfa | N
RCS-3 Retina P60 In vivo nfa | N
RCSMNPCs - 1 Retina P60 In vivo na | N
RCSNPCs - 2 Retina P60 In vivo nfa | N
RCSNPCs _ 3 Retina P60 In vivo nfa | N
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