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Abstract

Loss of photoreceptors and other retinal cells is a common endpoint in retinal degenerate (RD)
diseases that cause blindness. Retinal transplantation is a potential therapy to replace damaged
retinal cells and improve vision. In this study, we examined the development of human fetal retinal
sheets with or without their retinal pigment epithelium (RPE) transplanted to immunodeficient
retinal degenerate rho S334fer-3rats. Sheets were dissected from fetal human eyes (11-15.7 weeks
gestation) and then transplanted to the subretinal space of 24-31 d old RD nude rats. Every month
post surgery, eyes were imaged by high-resolution spectral-domain optical coherence tomography
(SD-OCT). SD-OCT showed that transplants were placed into the subretinal space and developed
laminated areas or rosettes, with clear development of plexiform layers first seen in OCT at 3
months post surgery. Several months later, as could be expected by the much slower development
of human cells compared to rat cells, transplant photoreceptors developed inner and later outer
segments. Retinal sections were analyzed by immunohistochemistry for human and retinal
markers and confirmed the formation of several retinal subtypes within the retinal layers.
Transplant cells extended processes and a lot of the cells could also be seen migrating into the host
retina. At 5.8 — 8.6 months post surgery, selected rats were exposed to light flashes and recorded
for visual responses in superior colliculus, (visual center in midbrain). Four of seven rats with
transplants showed responses to flashes of light in a limited area of superior colliculus. No
response with the same dim light intensity was found in age-matched RD controls (non-surgery or
sham surgery). In summary, our data showed that human fetal retinal sheets transplanted to the
severely disturbed subretinal space of RD nude rats develop mature photoreceptors and other
retinal cells, integrate with the host and induce vision improvement.
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1. Introduction

Age-related macular degeneration (de Jong, 2006; Hanus et al., 2016), Stargardt’s disease
(Walia and Fishman, 2009), and retinitis pigmentosa (Hartong et al., 2006) are common RD
diseases, which often result in irreversible blindness. Many treatments currently in use and
in development, such as gene therapy (Bennett et al., 1996; Liu et al., 2011), and trophic
factors (Lavail, 2005) show effect only in early disease stages when the host photoreceptors
are damaged but still alive and can be rescued. Rescue treatments are unsuccessful when
photoreceptors are irreversibly degenerated. Since retinal ganglion cells can survive after
severe photoreceptor loss (Medeiros and Curcio, 2001), the most effective treatment
presently would likely be to replace the photoreceptors and other retinal cells.

Extensive studies have shown that up to now, fetal donor tissue has been a very effective
choice for transplantation in the central nervous system (Brundin et al., 1988; Lindvall and
Bjorklund, 2011). Further studies indicated that this also applies to retinal transplantation for
replacing cells of a degenerating retina (Seiler and Aramant, 1998; Ghosh et al., 1999). Fetal
retina can be transplanted as dissociated cells (Huang et al., 2014), aggregates (Juliusson et
al., 1993; lvert et al., 1998; Gouras and Tanabe, 2003) and sheets (Silverman et al., 1992;
Seiler and Aramant, 1998; Radtke et al., 2008; Li et al., 2009).

Later studies to transplant dissociated photoreceptor precursor cells did not report any
convincing result of vision improvement (MacLaren et al., 2006; West et al., 2008; Pearson
etal., 2010; West et al., 2010). Suspecting this may be due to the low numbers of
photoreceptor precursors that integrated into the retina (0.2% of the injected cells; less than
1000 cells), Pearson et al optimized the procedure to increase the number of integrated cells
to an average of 4.25% (17,000) of 400,000 injected cells. They reported that transplanted
NRL-GFP mouse rod precursors formed synaptic connections with the host retina and
improved visual function. At 4-6 weeks post transplantation (relatively short time), visual
function was measured by whole-cell recording, electroretinograms, optical imaging,
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optomotor response and watermaze with improvements in some transplanted mice (Pearson
etal., 2012).

Transplantation of dissociated cells has an advantage as the surgery is simpler than
transplantation of aggregates and sheets. However, dissociated cells cannot form a laminated
organization and have a limited survival long term (Juliusson et al., 1993; Mansergh et al.,
2010). Transplants of cell aggregates can form rosettes but not parallel laminated layers
(Juliusson et al., 1993; Ivert et al., 1998; Gouras and Tanabe, 2003). Previous work had
shown that a degenerated retinal area replaced by a fetal sheet with or without its RPE,
formed laminated transplants in rodents (Seiler and Aramant, 1998; Aramant et al., 1999;
Aramant and Seiler, 2002b). In several rat RD models, rat fetal-derived retinal sheet
transplants restored visual responses in an area of the superior colliculus corresponding to
the transplant location in the retina (Woch et al., 2001; Sagdullaev et al., 2003; Thomas et
al., 2004; Seiler et al., 2010; Yang et al., 2010; Seiler et al., 2017).

Pre-clinically, it was important to know if sheets of human fetal retina together with its RPE
could be transplanted to the subretinal space. A study that used nude immunodeficient rats
with normal vision showed that retinal sheet transplants with RPE could develop laminated
structures after long survival times (Aramant and Seiler, 2002b), which led to the first
clinical co-transplant trials (Radtke et al., 2002). In the following phase I clinical trial it was
demonstrated that sheet transplants of human fetal retina with its RPE improved visual
acuity in 7 of 10 patients after one year (Radtke et al., 2008). However, visual function
improvement following retinal sheet transplantation had not been tested in a model of retinal
degeneration. As the ultimate goal is to transplant in human patients suffering from retinal
degeneration, the capability of human retinal sheet transplants to integrate into the remaining
host architecture and the extent to which visual function is restored, needs to be tested in an
animal model. Human tissue develops and matures at a slower rate compared to rat tissue, so
the required time for experimental analysis needs to be extended. The current study aims to
address these questions.

Immunosuppression is commonly applied when transplanting a xenograft such as human
tissue to rats. However, immunosuppression gives unreliable results (Anderson et al., 2011),
is labor-intensive and may cause pain and damage to the animals. For example, the
immunosuppressant cyclosporine A can have nephrotoxic effects (Thliveris et al., 1991;
Cibulskyte et al., 2005), and reduces visual responses in RCS rats (Cooper et al., 2016).
Therefore, we developed a double mutant rat with a Foxn1~'~ and r#0 S334ter'~ line-3
rhodopsin mutation (Seiler et al., 2014) which is both immunodeficient and retinal
degenerate. This rat model eliminates the need for immunosuppression when transplanting
xenografts and also eliminates a slow chronic immune rejection of allografts (Seiler et al.,
2017).

The present study evaluated the visual function of this RD nude rat model after
transplantation of human fetal retinal sheets, using extracellular recordings in the superior
colliculus (SC). Transplant development and interaction between donor and host were
studied using OCT and immunohistochemistry. Our data showed that transplantation of
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human fetal retinal sheets could improve visual function in this rat model of advanced stage
of retinal degeneration.

2. Material and Methods

2.1. Animals

For all experimental procedures, animals were treated in accordance with NIH guidelines for
the care and use of laboratory animals, the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, under a protocol approved by the Institutional Animal
Care and Use Committee of UC Irvine. Animals were group housed in cage racks with
individually filtered air. All rats were maintained on a 12 hour light/dark cycle (lights on
6:30am — 6:30pm) at an ambient temperature of 21.5 + 0.8 °C and a relative humidity of
50%. NIH nude rats (NTac:NIH-Foxnl1rnu) were bred in-house from founder breeders
purchased from Taconic (Taconic Bioscience, Inc., Hudson, NY). SD-Foxnl
Tg(S334ter)3Lav (RD nude rat) transplant recipients were generated by crossing SD-
Tg(S334ter)3Lav rat and NTac:NIH-Whn rats (Seiler et al., 2014).

2.2. Donor Tissue Isolation and Transplantation Procedures

Human fetal eyes (11-15.7 weeks post-conception) were obtained from hSCRO approved
sources after overnight shipping in hibernate E medium with B27 supplements (Life
Technologies, now Thermo Fisher Scientific, Waltham, MA, USA). Donor human fetal
retina was isolated in hibernate E medium and treated as previously described (Aramant and
Seiler, 2002b). Briefly, donor eyes were incubated in 10% dispase for 30-40 min at 37°C to
enable the RPE and retina to be dissected free from surrounding tissues. The donor tissue
was taken from different areas of the fetal retina excluding the macula since the RPE is
easily detached in this area. Prior to transplantation, a small piece of donor tissue (on
average 0.7 mm x 1.2 mm) was prepared and inserted into a custom-made transplantation
instrument (Aramant and Seiler, 2002b). Some transplanted pieces included the attached
RPE while others were retina alone. Information on the donor tissue and the transplanted
rats is summarized in Table 1. Retinal sheet transplantation was performed as previously
described (Aramant and Seiler, 2002a; Yang et al., 2010). Recipient rats (P26-31, either sex)
were anesthetized with Ketamine (40-55 mg/kg)/Xylazine (6.0 — 7.5 mg/kg). A ~1 mm
incision was made posterior to the pars plana and followed by local mechanical retinal
detachment. To prevent eyelid swelling, rats received a subcutaneous injection of Ketoprofen
(4mg/kg) (Zoetis Inc., Kalamazoo, MI) prior to anesthesia. The eyes were also frequently
treated with dexamethasone eye drops (Bausch & Lomb Inc., Tampa) tetracaine (Bausch &
Lomb Inc., Tampa FL) and Atropine eye drops (Akorn Pharmaceuticals, Lake Forest, IL).
Donor retinal transplant tissue was delivered to the subretinal space of the left eye using a
custom implantation instrument. The incision was closed with 10-0 sutures. Sham surgery
consisted in injection of media only. For recovery, rats were given a subcutaneous injection
of Ringer saline solution and were then placed in a Thermocare incubator to recover. The
surgery eye was treated with Betadyne and triple antibiotic ointment (neomycin/bacitracin/
polymyxin). For pain management, the animals also received analgesic Buprenex (0.03
mg/kg) (Reckitt Benckiser Pharmaceuticals Inc., Richmond VA).
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2.3. SD-OCT Imaging

As described previously (Seiler et al., 2017), rats were anesthetized with ketamine/xylazine,
the eyes were dilated with atropine, and SD-OCT images of the retina were obtained using a
Bioptigen Envisu R2200 Spectral Domain Ophthalmic Imaging System (Bioptigen,
Research Triangle Park, NC). Transplanted rats were imaged every 1-2 months from 2
weeks after surgery and with the last scan as close to the terminal experiment (SC recording)
time as possible.

2.4, Histology and Immunofluorescence

Most rats were perfusion-fixed with cold 4% paraformaldehyde in 0.1 M Na-phosphate
buffer. The eye cups were processed and embedded in Tissue-Tek® O.C.T. compound and
frozen using isopentane on dry ice. Serial 10um cryostat sections were cut and stored at
-20°C. Every fifth slide was stained using hematoxylin and eosin (H&E). For antigen
retrieval during immunofluorescence experiments, cryostat sections were incubated for 30
minutes at 70 °C in HistoVT One (Nacalai Inc., San Diego, CA) Sections were blocked for
at least 30 min in 10% donkey serum. Primaries were left on sections overnight at 4 °C and
on the next day, sections were incubated for at least 30 min at room temperature in
secondary antibodies (Jackson Immunoresearch). A list of primary and secondary antibodies
is presented in Table 2. Sections were coverslipped using Vectashield mounting media
(\Vector Labs) with 5 ug/mL DAPI. Fluorescent images were captured either on an Olympus
BXH10 microscope, a Nikon FXA microscope or a Zeiss LSM700 confocal microscope.
After taking confocal stacks of 5-8 micron thickness at 20x, 40x and 63x (selected images),
Zen 2012 software was used to extract 3D confocal images in separate color channels that
were later combined in Adobe Photoshop CS6 software. Volocity (x64) software (Perkin-
Elmer, www.cellularimaging.com) was used to obtain higher magnification 3D opacity
rendered images.

2.5. Superior colliculus (SC) electrophysiology

Visual responses from the SC were recorded as previously described (Seiler et al., 2017). In
brief, responses from selected transplanted RD nude rats were recorded between 6.6 — 9.5
months of age (5.8 — 8.6 months post surgery) and compared with responses from age-
matched non-transplanted RD nude and sham rats. Multi-unit electrophysiological recording
was performed from 50-60 locations on the SC surface approximately 200-400um apart
using a tungsten microelectrode (0.5 MQ impedance; MicroProbe, Inc, Carlsbad, CA). At
each location, light stimuli (20 ms duration) were delivered approximately 10-times at 10-
seconds intervals at an intensity of 0.58 to —6.13 log cd/m?2. To detect the response threshold,
when responses were found, the intensity of the light stimuli was reduced until there was no
response. Electrophysiological responses to the strongest light stimuli (stimulus level 0.58
log cd/m?, corresponding to 3.8 lux) were quantified and formed into a map over the area of
the SC using a custom MATLAB program (Mathworks, Natick, MA). All spikes occurring
30 ms to 210 ms after the onset of the photic stimulus were counted.
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2.8. Statistical Analysis

For all statistical analyses, the significance level was calculated in Graphpad Prism software
(Graphpad Software LLC, La Jolla, CA) using t-tests (paired and unpaired), Level of
significance was set at 0.05.

2.9. Data availability statement

The datasets generated and/or analyzed during the current study are available from the
corresponding author on reasonable request.

3. Results

3.1. Development and characterization of human fetal retinas

Donor tissue was isolated from five human fetuses at 11-15.7 weeks (wks) gestational age.
As shown in figure 1, cells in the tissues were retinal progenitors, which were still
developing. In a tissue at 12 weeks gestational age, strong Chx10 (Visual System Homeobox
2 protein, VSX2) staining showed retinal progenitors in the whole neuroblastic layer (NBL;
figure 1a). Developing ganglion cells were visible by strong MAP2 (Microtubule-associated
protein 2) staining (cytoplasm of developing ganglion cells, figure 1b) and NeuN (Neuronal
Nuclei) staining (figure 1c) in the ganglion cell layer. A layer of differentiating cone
photoreceptors (based on their location close to the outer limiting membrane and the larger
cell size), was strongly stained by retinal RAX (retinal Homeobox protein) (figure 1b) and
OTX2 (Orthodenticle Homeobox 2) antibodies (figure 1c) in the outer neuroblastic layer
(NBL). At this stage (12 weeks) there is no rhodopsin staining (data not shown) (Seiler and
Aramant, 1994; O’Brien et al., 2003; Hoshino et al., 2017). RPE were also immunoreactive
for OTX2 (figure 1c). At 11 wks, only 1 layer of developing photoreceptors was stained by
recoverin in the outer NBL (figure 1d) but at 15.7 weeks, several layers of recoverin-positive
photoreceptors were visible. Co-expression of OTX2 and Chx10 were seen in the inner NBL
of a retina at 15.7 wks. Other retinal cells, such as horizontal cells (Calbindin, figure 1g),
RPE and Muller cells (CRALBP, cellular retinaldehyde binding protein, in figure 1h and
Vimentin in figure 1i) were labeled in the human fetal retinal tissue.

3.2. OCT results

Thirteen of 22 rats were successfully transplanted. The transplants could be detected by
OCT. As shown by OCT in figure 2, transplants of human fetal retinal sheets were immature
at 1 month post-surgery (figure 2al and a2) with only IPL and outer neuroblastic layers
recognizable. Around 3 months post-surgery, transplants developed into visible laminated
retinal layers (figure 2b1 and b2). Transplants maintained the same structure until the end of
experiment and with outer segments detectable in some cases (figure 2c1 and c2). Six of the
transplants developed laminated layers (n= 6, figure 2al—c1), and seven rosettes only (n=7,
figure 2d1, d2, f1 and f2). Sometimes a mixture of both lamination and rosettes was seen
(figure 2e1 and e2). Supplementary figure 1 shows OCT scans of rat #1 at 33, 83, and 200
dps.
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3.3 Histology

Hematoxylin-Eosin (H-E) staining confirmed the OCT results (figure 3). Transplants
formed laminated layers (figure 3d—f and j—I), rosettes (figure 3a—c) and both (figure 3g-i).

3.3.1. Photoreceptors—After transplantation into the subretinal space, the fetal retinal
sheets developed and matured into laminated structures recognizable as IPL, INL, OPL and
ONL layers. As shown in figure 4, matured photoreceptors with outer segments could be
found in the transplants at 6 months post-surgery. Recoverin staining showed clear laminated
photoreceptor layers in some transplants (n=6/13, figure 4a and b). Although most
transplants formed rosette structures (spherical arrangement of retinal layers, with
photoreceptors in the center, n=7/13), lamination within rosettes was still apparent (figure 4c
and d). Rhodopsin (specific for rods, figures 4e—h) and cone transducin (specific for cones,
figure 4i-1) staining confirmed the finding and showed that the rod and cone outer segments
faced correctly to the RPE in laminated transplants and faced the rosette center in rosetted
transplants. There was no rhodopsin or cone transducin staining in the host (data not shown;
see Figs. 1, 2, 8 of (Seiler et al., 2017) indicating a complete loss of photoreceptor in the
host at the time tested (5.8 — 8.6 months post surgery).

3.3.2. Bipolar cells—To study the rod and cone bipolar cells, PKCa and secretagogin
antibodies were used, respectively. As shown in figure 5, strong PKCa-positive rod bipolar
cells were found in the host retina. Co-localization of PKCa and SC121 (human
cytoplasmic marker) in transplants demonstrated that some donor progenitor cells developed
into mature rod bipolar cells after the transplantation. In some areas, host rod bipolar cells
extended processes into transplants (figure 5d). Even in some transplants that only formed
rosettes, the rosettes were very close to host rod bipolar cells and integrated with the host
(figure 5f,g).

Similarly, after the transplantation, some cells in the transplant developed into secretagogin-
positive cone bipolar cells (figure 6). Compared with rod bipolar cells, there were much less
cone bipolar cells in the transplant than in the host (figure 6c and d). The transplant
processes in the host IPL intermingled well with host cone bipolar cell processes (figure
6e,f). Synaptophysin, marker for membrane protein of synaptic vesicles, also showed strong
staining in both host and donor, indicating the good integration of host and donor tissues
(figures 6, 7).

3.3.3. Human donor markers—Donor cellular processes and cells immunoreactive for
SC121 (marker for cytoplasm of human cells) were found in the host retina (figures 4 and 5).
To clarify whether donor cells migrate into the host retina, Ku80 (human nuclei marker) was
used (figures 7a—c, 8c,d). As shown in figures 7a, and 8c, human retinal sheet transplants
could form laminated structures, and some Ku80-positive (human nuclei marker) cells did
migrate into host retina. H-E staining showed RPE in contact with transplant photoreceptors
(figures 3d, e and f). The cells were identified as RPE based on their location in the RPE
layer and their pigmentation. In the same location on other sections nearby, these cells were
Ku80-positive (figures 7a, b) indicating they originated from human RPE of the donor. This
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was confirmed by CRALBP and Ku80 staining of adjacent sections (supplementary figure
2).

3.3.4. Transplant-host connectivity and synaptic markers—To examine synaptic
connectivity between donor and host cells, a combination of SC121 and a-synuclein
(marker for rodent amacrine cells and IPL) showed colocalization of both labels in the host
IPL (figure 7d,e). The addition of goat anti-synaptophysin (with a higher affinity for human)
showed the SC121 (human), a-Synuclein (rat) and Synaptophysin stained processes were
seen in close contact to each other, suggesting that donor cells made synaptic connections
with the host (figure 7f,g). The synaptophysin marker showed clear IPL and OPL in the
donor tissue but only IPL in the host retina (figure 6 and 7a—c, f).

3.3.5. Glia and microglia—Several glial markers (GFAP, CRALBP) and microglia
markers (Ibal and CD68) were used to study glial and inflammatory responses to donor
tissues in the host. In NIH nude rats with normal retina, GFAP + astrocytes were found on
the retinal surface (optic fiber layer) and along blood vessels only (figure 8a). More GFAP +
glia were found in in Maller cells of RD rats without surgery (data not shown) and sham RD
rats (figure 8b) and in the host retina of transplanted RD rats (figure 8c and d) likely due to
retinal degeneration and injury caused by surgery. However, there was less GFAP-reactive
glia in the donor tissue than in the host retina (figure 8c and d). The CRALBP antibody
labeled Muller cells and RPE. The intensity of CRALBP staining in NIH nude rats with
normal retina (figure 8e), sham RD rats (figure 8f) and transplanted RD rats (figure 8g, h;
supplementary figure 2) was similar. Muller cells were oriented radially in rosettes. Only
few Ibal stained microglia cells were found in IPL and OPL in the normal retina of NIH
nude rats, which have no T cells. Ibal staining appeared to be similar in sham RD rats
(figure 8j) and transplanted RD rats (figure 8Kk,l), indicating that there was no increase in
microglia. CD68 + activated macrophages were found in sham RD rats (figure 8j) and
transplanted rats (figure 8k and I) but mostly restricted to choroid. These data suggested that
the donor tissue did not induce an inflammatory response after transplantation to this
immunodeficient rat model.

3.4. Visual function improvement evaluated by superior colliculus (SC)
electrophysiological recording

To access the visual improvement after transplantation, selected rats were analyzed by
electrophysiological recording in the SC at 5.8 — 8.6 months after transplantation. Four of
seven transplanted rats selected for SC electrophysiological recording showed responses to
flashes of light (0.58 log cd/m?2) in a limited area of SC after transplantation. In some rats,
dimmer light (0.1 log cd/m2) could still evoke responses (figure 9, Table 3). In contrast,
there was no response to flashes of light (0.58 log cd/m?) in age-matched sham surgery rats
(n=9, 3.3 - 8.9 MPS, age 4.2 — 9.9 months) or age matched control non-surgery rats (n=12,
age 4.5 — 9 months, table 3).
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4. Discussion

This is the first study evaluating the development of human fetal retinal sheets and their
effect on visual function after transplantation to the RD nude rat model (10 S334ter-3rat),
using OCT, immunohistochemistry and extracellular recordings in the superior colliculus.
After transplantation, human retinal sheets survive long-term in an environment of advanced
retinal degeneration, mature and develop into different retinal cells, integrate with the host
retina, and improve visual function. Previous work suggested that pre-differentiation of
retinal stem cells to photoreceptors might be needed before they could integrate with the
host retina (Canola et al., 2007). In the present study, human fetal retinas at 11-15.7 weeks
gestation were used for transplantation. The cells were not mature although preliminary
lamination had started to develop (figure 1). Thus, they had the plasticity to integrate with
the host retina after transplantation, and were primed to differentiate into various retinal cell
types, including photoreceptors.

The idea that fetal retinal sheets are the optimal transplants for cell replacement in advanced
stage of retinal degenerate patients has been studied for many years. These sheets already
contain a primordial circuitry and cells that are committed to differentiate into various retinal
cells (Seiler and Aramant, 2012). Our first published study of transplanted fetal retinal
sheets was to a rat light damage model (Seiler and Aramant, 1998). Using a custom-made
instrument and procedure, the sheets were gently placed into the subretinal space and later
developed laminated layers of different cell types. Later, the same procedure was used to
transplant rat fetal retina together with its RPE to RCS rats (Aramant et al., 1999) and
human fetal retina with its RPE to athymic nude rats (Aramant and Seiler, 2002b). Another
group transplanted matrix-embedded human fetal neuroretina and RPE in a non-
immunosuppressed minipig model of light-induced retinal degeneration (Li et al., 2009).
The authors claimed that the transplants survived for up to 12 months, but rhodopsin-
positive photoreceptor staining was not observed within the grafted tissue, which appeared
degenerated. mfERG revealed some retinal functional improvement in regions both inside
and outside of the grafted area. In contrast, our unique transplantation method generated
laminated retinal sheets that were well integrated with the host retina and improved visual
function in several rat degeneration models (Woch et al., 2001; Sagdullaev et al., 2003;
Thomas et al., 2004; Yang et al., 2010; Seiler et al., 2017).

Later, in a phase Il clinical trial, sheets of human fetal retina transplants with RPE improved
visual acuity in 7 of 10 patients (Radtke et al., 2008). The aim of the current study was to
learn more about the mechanism of visual improvement with the same type of human
transplant using an immunodeficient RD rat model. However, subretinal transplantation in
the small rat eye with a large lens is more difficult than in the larger human eye where the
surgeon can see and control the placement. Therefore, many transplants developed rosettes.

Comparable to the development of fetal retinal sheet transplantation in other groups (Ghosh
et al., 1998; Ghosh and Arner, 2002; Bragadottir and Narfstrom, 2003; Ghosh et al., 2004),
the transplants in the present study developed well laminated areas although rosettes were
also present. Most mature retinal cells, including rod and cone photoreceptors, but not
ganglion cells, were found in the transplant. Donor processes labeled with the human
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cytoplasm marker SC121 were found in host retina, suggesting that the donor tissue fully
integrated into the host. Recently, several groups found donor-host cytoplasmic exchange in
the retina after transplantation of photoreceptor precursors, which required a re-evaluation of
the mechanisms underlying rescue by photoreceptor transplantation (Pearson et al., 2016;
Sanges et al., 2016; Santos-Ferreira et al., 2016; Ortin-Martinez et al., 2017). To test if the
donor cells do migrate into the host, we used Ku80, a human nuclear marker, and found
many Ku80-stained cells in the host retina. Although we cannot exclude the possibility of
cytoplasmic exchange (Pearson et al., 2016; Singh et al., 2016; Ortin-Martinez et al., 2017),
our data did provide the proof of concept that transplanted human fetal retina tissue could
migrate and integrate with the severely degenerated host retina. Interestingly, our previous
work showed that although rat fetal donor retina fully integrated with the same RD rat host,
the donor tissue stayed in the subretinal space and did not migrate much into the host retina;
but in the present study, the human donor cells migrated into the host retina to a large extent.
These results suggest that human fetal retina, transplanted at an earlier developmental stage,
may have a larger migration potential than the more mature transplanted rat fetal tissue.
These results may shed some light on the mechanism of the increased retinal sensitivity not
only in the transplant area but also in the adjacent area in the phase Il clinical trial (Radtke et
al., 2008). However, since the retinal transplants were often seen to enlarge in size, migrate
into the adjacent area after the transplantation and improve vision, it cannot be excluded that
some trophic effect might also contribute.

Although the outer limiting membrane of the Miiller cells in a degenerating retina has been
considered an obstacle for transplant integration (Hippert et al., 2016), this does not appear
to be the case with human fetal retinal sheets. Staining for glial markers indicated activation
of Miiller glia in the RD retina due to the photoreceptor degeneration, but much less GFAP
staining in the transplant. The number of microglia cells appeared to be unchanged after
transplantation. This indicated the absence of an inflammatory response in the
immunodeficient host retina to the human xenograft. Another interesting observation in this
study: the vision improvements with human transplants were weaker than those found with
rat transplants in the same RD rat model (Seiler et al., 2017). Two of the reasons might be
(1) the different development time of rat versus human cells, since at the time of recording,
the human photoreceptors had not yet matured to the same extent as the rat cells; (2) more
difficulty in development and synaptic formation of xenotransplantation (human to rat)
compared with allotransplantation (rat to rat). Our result is consistent with the report of
another lab showing less vision improvement of hESC retina transplants compared with
miPSC retina in NOG-rd1-2J mice (Iraha et al., 2018).

In the past decade, following the findings that stem cells, such as hESCs and iPSCs, can be
differentiated into 3 D retinal organoids comparable to fetal retina (Osakada et al., 2009; La
Torre et al., 2012; Mellough et al., 2012; Nakano et al., 2012; Zhong et al., 2014), stem cells
have been considered a promising source of cell therapy for retinal diseases and attract more
and more interests. Stem cell-derived RPE cells were successfully transplanted into the eyes
of RD animal models and patients in phase 1I/11 studies, and showed function improvement
(Schwartz et al., 2015; Koss et al., 2016; Peng et al., 2016; Schwartz et al., 2016). After
transplantation into the eyes of RD animal models, hESC/iPSC-derived photoreceptor
precursors could develop into mature photoreceptors, integrate with the host, and improve
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visual function (Assawachananont et al., 2014; Shirai et al., 2016; Iraha et al., 2018).
Because of the difference in animal model and methods for functional testing, it is hard to
compare their data with our current results. Recently, we transplanted hESC-derived retinal
organoid sheets to the same RD rat model and found qualitatively better vision improvement
than with human fetal retinal transplants (McLelland et al., in press). It may be attributed to
(1) fetal retinas were harvested at least one day before transplantation and shipped overnight
in hibernate E medium on ice, while hESC-derived retinal organoids could be used right
after being taken from the incubator; (2) hESC-derived retinal organoids may be more
immature than fetal retina so that they have better potential to survive in the host. Two
advantages of fetal retinal transplants were noticed: (1) they never grew into tumors, maybe
because the cells were committed to differentiate into mature retinal cells; (2) they develop
into laminated layers similar to normal retinal structure while stem cell-derived retinal cells
formed only rosettes but not parallel laminated layers in all the studies so far (Iraha et al.,
2018; McLelland et al., in press). More studies are needed to optimize stem cell transplants
before they could be used in RD patients as a regular therapy.

5. Conclusions

This study demonstrates that transplanted human fetal retinal sheets continue to develop and
differentiate into mature retinal cells in a severely degenerative environment and improve
vision by direct connection with the host retinal circuitry. The findings provide significant
insight for using fetal retinal sheet transplantation as a therapeutic strategy to restore vision
after severe retinal degeneration. Ethically obtained fetal retinas can potentially be used to
improve vision of RD patients while other methods such as stem cell transplants are still
under development.
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Highlights

. Sheets of human fetal retina with its RPE were transplanted to severely retinal
degenerate rats

. In spite of the apparently unfavorable environment, transplants survived and
differentiated

. Transplants continued to develop into mature photoreceptors and other retinal
cells

. Transplants integrated with the degenerated host retina

. In rats with long-term transplants, visual responses could be recorded in the
midbrain
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Figure 1. Characterization of human fetal (HF) retina by immunochistochemistry
Nuclei are stained by DAPI (blue).

(a)—(c): 12 weeks postconception. The retina contains a thick ganglion cell layer (GCL) and
a neuroblastic layer (NBL). Arrow: retinal pigment epithelium (RPE). (a) Chx10 (red,
retinal progenitor cell marker) in neuroblastic layer (NBL).

(b) Cytoplasm of most cells in GCL.: strongly label for MAP2 (microtubule-associated
protein 2, red). Retinal RAX (retinal Homeobox protein, green): faint immunoreactivity in
all nuclei; strong stain of nuclei of developing cones. (c) Intense NeuN (neuronal nuclei, red)
stain of most ganglion cells. Strong OTX2 (Orthodenticle Homeobox 2, green) staining in
RPE and developing photoreceptors.

(d) 11 weeks postconception. Recoverin (red): scattered differentiating cone photoreceptors
in NBL close to RPE.

(e,f) 15 weeks 5 d postconception. The outer nuclear layer (ONL) has separated from the
inner NBL. Retina has developed an inner plexiform layer (IPL). (e) Strong OTX2 (green)
staining in developing photoreceptors and cells in inner NBL, some co-expressing Chx10
(red). (f) Recoverin (green) staining of several layers of developing photoreceptors. Chx10
(red) staining in inner NBL.

(g-1) 12.5 weeks postconception. (g) Calbindin (red) staining of developing horizontal cells
and cones in outer NBL. (h) CRALBP (cellular retinaldehyde protein, green)
immunoreactivity of developing Miller cells. (i) Strong Vimentin (red) staining throughout.
MAP2 (green) staining in GCL.

Scale bars: 20 micron.
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Figure 2. OCT imaging of HF retinal transplants in vivo (al, b1, c1, d1, el, f1)
Cross-sectional B-scans. (a2, b2, c2, d2, e2, f2): corresponding fundus images (maximum

projections). The green lines indicate the positions of the B-scans (above).

(a—c) show the same transplant (rat #8) at different times post-transplantation. Dark area in
the fundus image indicates cografted RPE.

(al) B-scan and (a2) fundus image at 33 day post-surgery (dps). At this time, only IPL and
outer NBL of the transplant are recognizable in B-scan. (b1) B-scan and (b2) fundus image
of the same eye at 83 dps. All retinal layers are visible in B-scan. (c1) B-scan and (c2)
fundus image of the same eye at 200 dps. All retinal layers and outer segments are
recognizable in B-scan. This fundus image is a narrower projection of the B-scans to show
the RPE co-graft more clearly. Lines indicate rat breathing movements during scan.

(d1) B-scan and (d2) fundus image of the eye of transplanted rat #7 at 120 dps. B-scan
shows partial laminated structure in transplant. Rosettes are visible in both images (hyper-
reflective spots). Optic disc is outside the fundus image.

(el) B-scan and (e2) fundus image of rat #9 at 120 dps. In B-scan, the center of the
transplant appears laminated. Rosettes are recognizable too.

(f1) B-scan and (f2) fundus images of rat #13 at 250 dps. Rosettes are visible. Scales in al,
b1, cl, d1, el, and f1: vertical: 100 um; horizontal: 200 pm.

Scales in a2, b2, ¢2, d2, e2, and f2: 300 pum.
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| 2.5 months post surgery

Figure 3. Hematoxylin-Eosin (H-E) staining of HF retina transplants
(a—c): HF retina + RPE transplant, 2.5 months post surgery (rat #2): Formation of

photoreceptors in rosettes, due to the difficult surgery in the rat eye.

(d-f): HF retina + RPE transplant (#9), 6.9 months post surgery: lamination in transplant
center with co-grafted RPE (see Fig. 7a.b). Same transplant as in Figure 2e).

(g-i): HF retinal transplant (#13), 8 months post surgery with partial lamination (h) and
rosettes (i). Same transplant as in Figure 2f).

(j-1): Laminated HF retina + RPE transplant (#8; same as in Figure 2a—c), 6.7 months after
surgery. This rat was found dead overnight, therefore there are some postmortem artefacts.
Scale bars are 200 um in (a, d, g), 100 um in (b, c, j, k), 50 umin (e, I) and 20 um (f, h, i).
GCL = ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer, ONL =
outer nuclear layer; RPE = retinal pigment epithelium; -h = host, -t = transplant
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Figure 4. Photoreceptor development in HF retina transplants
(a—d): Recoverin (photoreceptors and cone bipolar cells, green), SC121 (human cytoplasm,

red). (e-h) Rhodopsin (rods, green), SC121 (red). (i-I): cone transducin (cones, green).
Nuclei are stained blue (DAPI).

(a,b,e,f,i,j) Laminated transplant (rat # 9) at 207 dps (same transplant as in Figure 2e; 3d).
(a,b) Strong recoverin (green) labeling of photoreceptors and cone bipolar cells within the
HFE transplant (red). Note that there is much fewer recoverin label in the host retina. (e,f)
Transplant-specific rods. Strong staining of rod outer segments in transplant. There is no
rhodopsin staining in host. (i, j) Transplant-specific cones in the outer nuclear layer of the
transplant are correctly oriented with putative outer segments facing the RPE (purple arrow
heads in (j).

(c,d,g,h,k,I): Many transplants however formed a rosetted morphology (rat #13; same
transplant as in Figure 2f; 3g). Lamination within the rosettes of the transplant, however, was
still apparent. Distinct outer nuclear, outer plexiform and inner nuclear layers surrounded the
rosetted photoreceptors (c,d). Putative outer segments of rods (g,h) and cones (k, I; purple
arrow heads) formed within the rosettes.

Scale bars are 50 umin (a, ¢, €, g, k), 20 umin (b, d, f, h, i, I) and 10 um (j). GCL =
ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer, ONL = outer
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nuclear layer; 1S = inner segments, OS = outer segments, RPE = retinal pigment epithelium;
-h = host, -t = transplant
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SC121 (human cytoplasm) Synapiophysin Secretagogin (cone bipolar)

Figure 5. Rod bipolar cells (PKCa) development in HF retinal transplants
Combination of label for PKCa (protein kinase C a; rod bipolar cells, green), SC121

(human cytoplasm, red) and DAPI (cell nuclei, blue).

(a—c): Well-laminated transplants in rat # 9 (a, b) and #12 (c).

(d-g): Rosetted transplants in rat #7 (d, e) and #11 (f, g). Arrowheads point out co-
localization of SC121 and PKCa,, indicating donor rod bipolar cells. Donor and host tissues
are well-integrated and in some areas, host rod bipolar cells extend processes into transplant
(d).

Scale bars are 50 pm in (@, ¢, f) and 20 um in (b, d, e, g). GCL = ganglion cell layer, IPL =
inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer
nuclear layer; IS = inner segments, OS = outer segments, RPE = retinal pigment epithelium;
-h = host, -t = transplant
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Figure 6. Cone bipolar cells (Secretagogin) development in HF retinal transplants
Combination of label for Secretagogin (Cone bipolar cells, green), Synaptophysin

(membrane protein of synaptic vesicles, goat antibody; yellow-gold), SC121 (human
cytoplasm, red) and DAPI (cell nuclei, blue). Secretagogin labeling of cone bipolar cells in
rat #9 (a, b) rat #13 (c, d,) and rat #6 (e, f). Most secretagogin-positive cone bipolar cells are
found in the host but some are found in transplants (co-localization of secretagogin and
SC121, arrow heads in (c, d). Many SC121 positive human cells have migrated into the host.
Arrows in () point to SC121 labeled processes in host IPL. (b, d, f) are enlargement of the
boxed area in (a, c, €) respectively.

Scale bars are 50 um in (@, ¢, €) and 20 um in (b, d, f). GCL = ganglion cell layer, IPL =
inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer
nuclear layer; -h = host, -t = transplant
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Figure 7. Synaptic markers and connectivity in host and transplant

(a, b, ¢) Combination of label for synaptophysin (synaptic vesicles, mouse antibody; red),
Ku80 (human nuclei, green) with DAPI (nuclei, blue).

(a, b) Laminated transplant in rat #9. Synaptophysin staining of plexiform layers and cone
inner segments. The image in (a) is in combination with brightfield and shows donor RPE
(RPE-t) in interaction with transplant outer segments. Some transplant cells migrated into
the host. (b) is enlargement of (a) without DAPI. (c) Rosetted transplant in rat #11.

(d, &) Combination of SC121 (human cytoplasm, red) and a.-Synuclein (rodent amacrine
cells and IPL, green) in rat #9. (e) is a tilted image created in Volocity
(www.cellularimaging.com) of the boxed area in (d), showing host IPL and transplant
interface. Arrow heads point to the possible direct contact of host and transplant processes.
(f, g) Combination of SC121 (human cytoplasm, red), synaptophysin (goat antibody, yellow-
gold), a-Synuclein (rodent amacrine cells and IPL, green) and DAPI (nuclei, blue) in rat
#13. Strong synaptophysin staining of transplant inner plexiform (IPL-t) and outer plexiform
layer (OPL-t). Note the extension of SC121-positive processes into the host IPL (IPL-h). (g)
is a tilted image created in Volocity (www.cellularimaging.com) of the boxed area in (f).
Arrows point to possible synaptic contacts of host and transplant. Scale bars are 50 um in (a,
d, f) and 20 um in (b, c, g). 1 unit in (e) equals 40.05 yum, and 60.06 um in (g). GCL =
ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer
plexiform layer, ONL = outer nuclear layer; -h = host, -t = transplant
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Figure 8. Analysis of glia and microglia cells in host and transplant
(a—d) GFAP (glial fibrillary acidic protein, green). (a) In an NIH rat with normal retina,
GFAP is only expressed in astrocytes on retinal surface and along blood vessels. (b) In a
sham surgery RD rat, GFAP is also strongly expressed in Muller cells, in addition to
astrocytes. (c,d) GFAP (green) and Ku80 (human nuclei, red) expression in a transplanted
RD rat (#6). There is more GFAP staining in the retinal degenerate host than in transplant.
Some donor cells have migrated into host retina.
(e-=h) CRALBP (cellular retinaldehyde binding protein, green). (¢) CRALBP in Muller cells
and RPE of a NIH rat with normal retina. (f) CRALBP expression in Muller cells and RPE
of a sham surgery RD rat. (g,h) CRALBP and SC121 (human cytoplasm, red) staining in
Muiller cells and RPE of a transplanted RD rat (#13). Donor processes (SC121 +) extend into
the host INL and IPL. The Mdiller cells in the transplant rosettes are radially oriented.
(i-1) Ibal (microglia, green) in combination with (j—1) CD68 (activated macrophages, red).
(i) Microglia in IPL and OPL of a NIH rat with normal retina. (j) microglia (green) and
activated macrophages (red) staining in a sham surgery RD rat. Microglia are mainly
observed in IPL and subretinal space; while activated macrophages are mainly found in the
choroid. (k,I) Ibal (green) and CD68 (red) staining in a transplanted RD rat (#13). Ibal +
microglia are seen in both host and donor and CD68 + cells were mostly restricted to the
choroid and not found in the transplant. (d), (h) and (I) were enlargement of the boxed area
in (), (g) and (K) respectively. Scale bars: 50 um. GCL = ganglion cell layer, IPL = inner
plexiform layer, INL = inner nuclear layer, ONL = outer nuclear layer; -h = host, -t =
transplant
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Figure 9. Visual improvement assessed by superior colliculus (SC) recording
Representative spike count heatmaps of (a) non-surgery age matched control (AMC), (b)

sham surgery, and (c) transplanted rat with response (#13). No response was found in the
entire SC area of non-surgery AMC and sham rats. Strong responses were found in some
areas of the SC in 4 of 7 recorded transplant rats (see Table 3). (d) Traces are representative
from either the location with the strongest response in transplant rats or a random location in
non-surgery AMC and sham rat. The scale bar applies to all traces and the color bar applies

to all heatmaps.
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