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1 | INTRODUCTION behaviour, and exciting models for studying the signalling pathways

that lead to disease formation, are discovered by researching stem
In recent decades, tremendous interest has been gained in cultur- cells. Understanding the mechanisms used by these cells to interact
ing stem cells for regenerative medicine due to the cells’ ability with a host enables disease models to be created for treatment pur-
to differentiate into any desired lineage."? Insights into cellular poses.® Studying the developmental stages of any tissue or organ
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is an especially valuable tool that has been provided by stem cells.
This tool is extremely critical for the central nervous system, as
healthy tissues are rarely available for testing and exploratory stud-
ies.* Similar promise has been shown by stem cells in retinal devel-
opment and regeneration work.>® The feasibility of differentiating
these cells into 3D organoids that readily form different layers of the
retina has been demonstrated using embryonic and induced plurip-
otent stem cells.””? However, the lack of a suitable model is a major
challenge faced by translational steps. Although rodents are con-
sidered good models for preliminary studies, there is high species
variability in rodent and human developmental biology and surgical
anatomy. The effects of stem cells in animal models that negate the
species variability and xenograft effect are critical to understand. In
previous studies by us, pigs have been demonstrated as useful mod-
els, especially for retinal examination, as pig developmental biology
and surgical anatomy mimics human retinas.’®*2 Furthermore, the
human retina is better analogously resembled by the genetic makeup
of pig retinal cells than rodent retinal cells.

A previous study by us shows that pig RPCs (pRPCs), expanded
for 3 passages in 20% oxygen, followed by 1-2 passages in 3% ox-
ygen, survived for 4 weeks after subretinal implantation into nor-
mal domestic pig retina and differentiated to display photoreceptor
markers such as recoverin and rhodopsin, as determined by immu-
nohistochemistry (IHC).**'2 The pRPCs used in the present study
have been expanded from isolation under 3% oxygen conditions and
cryopreserved at Passage 8.12 The manufacturing process for cell
preparation is equivalent to the process used for the manufacture
of human RPC (hRPC) Drug Product (DP) with the same reagents,
timings and procedures used.

In this study, the phenotypic profile of pig and human RPCs de-
rived using similar manufacturing processes is compared, and the
long-term (12-week) survival of GFP-pRPC after subretinal implan-
tation into the normal mini-pig retina is investigated. Mini-pigs, as
opposed to normal pigs, are needed for studies longer than 6 weeks
due to animal size and housing limitations. The impacts of cell dosage
(volume and cell concentration) on implants are also investigated.

11,12 immunosup-

Based on the methods of previous allograft studies,
pression is not used in any group. Therefore, cell survival under non-
immunosuppressed conditions is assessed. As secondary objectives,
the effects of escalating doses of implanted cells on engraftment are
investigated, pRPCs are phenotyped, and the safety and biodistri-
bution of allogeneic RPC therapy are assessed. Information on the
development and verification of surgery is provided to guide the
clinical protocol for delivering cells into the subretinal space.

The scientific justification for an allogeneic porcine study is
based upon several vital facts. Firstly, evaluations of the route and
means of delivery of cell therapies and cell dosage are instructed by
large animals like pigs. In this case, the pig eye is well-suited to model
the human retina and subretinal space.'® Secondly, valuable data on
cell survival, integration or differentiation would not be provided by
a human-pig xenograft study design due to immune rejection and
cell-substrate and/or cell-cell miscommunication from species-

specific surface molecule differences.** Thirdly, and perhaps of

paramount importance, the present study design best represents,
in a different species, an allogenic study design that is intended for
the human population. Useful information on the many vital issues
noted above, and on the survival of grafted RPCs under the non-
immunosuppression regimen, is uncovered.*®

The equivalency, in phenotypic expression, of pRPCs and clin-
ically intended hRPCs is importantly established by this allogenic
study.

2 | MATERIALS AND METHODS

2.1 | Animals and duration of study

This study was conducted per the expected criteria of Brazil's
Animal Welfare Act and the Association of Research in Vision and
Ophthalmology (ARVO) guidelines and approved by the Institutional
Animal Care and Use Committee (IACUC). The animals used in this
study were outbred mini-pigs of the BR1 strain and were purchased
from Minipig Pesquisa e Desenvolvimento (Rua Bairro do Papagaio,
S/N Papagaio, Campina do Monte Alegre, Brazil. Animals were im-
planted between 5 and 6 months old, an age range at which the
retina and other CNS regions are fully mature and the eyes fully de-
veloped. Both castrated males (no testicles, animal IDs 01-09 and
20-40) and females (no ovaries and uteri, animal IDs 10-18 and 19-
28) were included. A long-term survival time of 12 weeks was cho-
sen, as it was hypothesized to be of sufficient duration to 1) observe
any possible immune response to the grafted cells and 2) allow the
grafted cells adequate time to integrate and differentiate. Between
6 and 8 animals were contained by each group.

2.2 | GFPdonor

Pigs of the NT5 line that were transgenic for green fluorescent pro-
tein (GFP) were used as donor animals for progenitor cell isolation.
All were obtained from Professor Randall Prather of the University
of Missouri. These transgenic animals expressed GFP in all nucleated
cells and were generated using a CMV promoter in a replication-
deficient retrovirus vector.!® The transgenic porcine zygotes and
fertile pigs were obtained following a nuclear transfer from porcine
fibroblasts modified to express the enhanced GFP version.

2.3 | Tissue collection from GFP donor

A pregnant sow at 60 days of gestation was placed under terminal an-
aesthesia, and the uterine horns and foetuses were removed through
an abdominal incision. That same day, the tissue was stored onice and
transported from Columbia, Missouri, to Boston, Massachusetts. The
foetal retina porcine progenitors were collected using the previously
described methods.'? After enzymatic digestion, the cell-containing
tissue homogenates were grown in fibronectin-coated flasks.
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The age of the donor cells at isolation was chosen to be anal-
ogous to the donor age of the human cells used in our clinical trial
(ClinicalTrials.gov Identifier: NCT02464436). As the gestational time
and rate of differentiation are distinct for both pigs and humans, we
estimated the similar developmental stage through a review of the
literature and a histologic examination of developing pig retina. The
chosen time of isolation in both species was the peak of rod photo-

receptor cell birth.

2.4 | GFP-pRPC tissue isolation and expansion to
passage 8

GFP-pRPCs were thawed from previous isolation (cell bank fro-
zen at Passage 2 and plated on fibronectin-coated flasks [Akron
AK9715-0005, lot 14103140664]) for expansion in UltraCULTURE™
Medium, supplemented by 1x r-glutamine (Gibco), 20 ng/ml re-
combinant human EGF, and 10 ng/ml of recombinant human bFGF.
Peprotech was >70% viable upon thaw. Cells were plated at a density
of 20,000 cells/cm? in T75 (Corning) for Passage 1 and from Passages
4 to 7 - to T500 (Nunc Delta). Flasks were kept in low oxygen incu-
bator (3% O,, 5% CO,, 37°C, 100% humidity) for 48 h before pas-
saging. Cells were collected using Trypzean and then treated with
both DTI-benzonase and centrifugation. Cells were re-plated on new
flasks with the same density. >95% of passaged cells were viable. On
average, population size was doubled every 36 h. GFP-pRPCs were
frozen at Passage 8 in Ultra-culture medium and supplemented by

10% DMSO as antifreeze. There were 5 x 10° cells contained per vial.

2.5 | pRPC forimplantation

GFP-pRPCswereisolated from developing retinaand expandedin 3%
oxygen using the same medium composition as hRPC (Ultra-Culture
medium, 10 ng/ml recombinant human EGF, 20 ng/ml recombinant
human bFGF, L-glutamine) on fibronectin-coated flasks. Cells were
expanded to Passage 8 in 3% O,, then frozen and shipped to the

surgery site (Federal University of Goias), where cells were revived

TABLE 1 Study design

Volume, Cell number, total
Group Agent pl dosage, in millions
A HBSS-NAC 100 0
B pRPC in HBSS-NAC 50 0.25
C pRPC in HBSS-NAC 100 0.25
D pRPC in HBSS-NAC 100 1
E pRPC in HBSS-NAC 100 5
F pRPC in HBSS-NAC 100 10

and cultured for 48 h in 20% O, before formulation. For injection,
cells were collected from flasks and formulated in HBSS-NAC as a
suspension of 8 x 10%to 1.2 x 10° cells/ul (for dosing Group F). Cells
for dosing groups B to E (Table 1) were diluted in HBSS-NAC from
this concentration to give 2.5 x 10° cells/ul (Group C), 5 x 10° cells/
ul (Group B), 1 x 10* cells/ul (Group D) and 5 x 10* cells/ul (Group E).

2.6 | Surgery and implantation

Animals were treated according to the study design shown in Table 1.
All animals were pre-anaesthetized with intramuscular injections of
15 mg of midazolam and a cocktail consisting of 11.9 mg/ml of zolaz-
epam, 11.9 mg/ml of tiletamine, 12.38 mg/ml of xylazine, 14.29 mg/
ml of ketamine (Intervet) and 2.38 mg/ml of methadone. The pigs
underwent endotracheal intubation and were artificially ventilated
with 2%-3% isoflurane combined with oxygen. Stroke volume and
respiratory frequency were maintained at 300 ml/stroke and 12/
min, respectively. In each case, the left pupil was treated with topi-
cal drops consisting of a combination of 0.4% oxybuprocaine, 10%
Metaoxedrin, 0.5% Mydriacyl, 1% atropine and 5% povidone-iodine.
At surgery, the central and posterior vitreous was removed together
with the posterior hyaloid membrane using a 25G three-port pars
plana vitrectomy.'® GFP-pRPC (cell suspension in HBSS-NAC) was
injected subretinally in the para-foveal region, 4-5 mm superomedial
to the optic nerve head, through a 38-gauge needle connected to
a Hamilton syringe. Arcade vessels were avoided. Injections were
given at an approximate rate of 200 pl/min. A 10-25 pl air bubble
was delivered at the end of the injection to seal the retinotomy.

2.7 | Animals and groups

Thirty-nine mini-pigs were used in this study. The controls main-
tained were vehicle-injected eyes and fellow non-injected eyes.
Animals were treated according to the design in Table 1. Treatments
were randomized across treatment groups, operators and surgery

days as much as possible (Table 1).

Scheduled sacrifice

time
Number Number of  w = weeks

Cell conc of eyes pigs h = hours
0 4 4(1F/3M) 1@3w, 3@12w
5000/ul 7 7(4F/3M) 1@3w, 5@12w
2500/l 6 6(4F/2M) 1@3w, 5@12w
10,000/l 7 7(1F/6M) 1@24h

1@3w, 5@12w
50,000/ul 8 8(4F/4M) 1@3w, 6@12w
100,000/ul 7 7(3F/4M) 1@24h

1@3w, 5@12w
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2.8 | Immunosuppression

Ina previous allogenic study, no significantimprovement in cell survival
was indicated in pigs that received intravitreal rapamycin.'! Therefore,
no immunosuppression was administered in this study.

2.9 | Other treatments administered

As a precautionary measure, two doses of antibiotics (PENCIVET®
PLUS PPU [MSD; 8.000 IU/kg]) were administered to recipients. The
first dose was administered immediately post-surgery, and the sec-

ond dose was administered two days later.

2.10 | Eye examination and animal monitoring
Following the subretinal implantation of cells, fundus and eye ex-
aminations were conducted on study days 1, 7, 21 and 90 to moni-
tor retinal detachment, bleb resolution, inflammation, symptoms of
infection and clarity of the lens.

Body weights were measured, and eye examinations were per-
formed at the start, end and appropriate intervals of the study. Food
intake, general health and distress and anxiety symptoms were
checked daily by attending animal facility staff. The dates and na-
tures of any adverse events that may have occurred were noted. Eye
examinations were conducted weekly under general anaesthesia. If

present, retinal detachments (bleb size) were noted.

2.11 | Blood serum samples and measurement of
IgG and IgM levels

Animals were sedated with ketamine (10 mg/kg), azaperone (0.5 mg/
kg) and midazolam (0.5 mg/kg) for blood collection. Through a ve-
nous puncture in the leg, blood was collected in BD Vacutainer®
SST™ Tubes (BD Catalog # 367986) with clot activator and gel for
serum separation. Tubes were then maintained at -80°C until ana-
lytical analysis. IgG and IgM levels were measured in blood serum
using standard ELISA methods and kits. The blood sampling sched-
ule is shown in Table 2.

2.12 | Necropsy
Animals were sacrificed at either 24 h, 3 weeks or 12 weeks after
implantation (Table 1) under the supervision of a certified veterinar-
ian. An overdose of pentobarbital was delivered by intravenous in-
jection, and deaths were confirmed by the attending veterinarian.
Eyes, and a minimum of 5 mm of the optic nerve, were enucle-
ated within 5 min of sacrifice and fixed in cold Davidson's fixative or
4% paraformaldehyde (24 h). The implanted eyes were enucleated
first and subsequently used to harvest ocular tissue. The following

tissues and organs were then extracted: the brain, spleen, sub-
mandibular lymph nodes, thymus, heart, lungs, liver, pancreas and
kidneys. Following gross examination, each tissue was dissected,
trimmed and fixed in 10% neutral buffered formalin.

Blood samples were collected in standard blood tubes for serum
analysis of 1gG and IgM to assess possible immune reaction to the

allogeneic pRPC treatment.

2.13 | Histology
All tissues, including eyeballs, were processed to paraffin blocks and
sectioned.

GFP IHC on ocular tissues was conducted using standard indi-
rect fluorescence immunohistological methods. Haematoxylin and
eosin (H&E) histopathology was also performed on eyes and major
organs to obtain information on RPC safety.

2.14 | Tissue sampling procedures for
eyes and organs

2141 | Eyes

Cell-treated (left) eyeballs were bisected in the sagittal plane and
embedded in two paraffin wax blocks. 5-um sections were collected
on charged glass slides at 15-um intervals throughout Block 2. This
region of interest (Block 2) was estimated based on observations of
GFP-positive staining in serial sections collected across a 4-6 mm
region from Blocks 1 and 2 of the hemisected eyes taken at 24-hour
post-implantation. If no GFP cells were detected in Block 2 of the
hemisected injected eyes, serial sections were collected identically
from Block 1 for analysis.

Control untreated (right) eyeballs were bisected in the sagittal
plane and embedded in two paraffin wax blocks. 5-um sections
were collected at 15-um intervals at depths of 300, 1800, 3300 and
4800 um into Blocks 1 or 2, determined by the block location of the

injection site and/or survival of pRPCs in the treated eye.

2.14.2 | Organs

5-um sections of the brain, lungs, heart, kidneys, liver, pancreas, thy-
mus, submandibular lymph nodes and spleen were taken for H&E
histopathology assessments. Additionally, 3 serial sections of all tis-
sues were taken for GFP |IHC to assess the biodistribution of pRPC
to major organs and immune tissues.

2.14.3 | Immunohistochemistry (IHC)

Fluorescence IHC was used to detect GFP-pRPC in host pig tis-
sues (treated left eyes, untreated right eyes and organs, and
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TABLE 2 Blood sampling
Blood sampling day Day 1 Day 7 Day 21 Day 28 Day 90
Animals sampled All animals All 3-week and 12-week animals All 3-week All 12-week All 12-week
animals animals animals

immune tissues) using chicken anti-GFP antibody (Abcam ab13970;
1:750) and anti-rabbit Alexa 488 conjugated secondary antibody
(Invitrogen, A11039; 1:300), followed by a Hoechst counterstain.
The microscopic analysis for pRPC phenotype and proliferation was
evaluated using dual-label fluorescence IHC with the antibodies
listed in Table 3.

2.14.4 | Assessment and quantification of
distribution of GFP-pRPC (surface area)

Microscopic assessments were performed on a Leica DMRB micro-
scope equipped with epi-fluorescence optics and Image ProPremier
(Version 9.0) image analysis software. Stained sections were exam-
ined to determine the presence or absence of GFP-positive cells.
For every section demonstrating GFP staining, the cell graft was
mapped. The details were either recorded on template illustrations
of the eyeball or eyes taken at the 12-week post-treatment interval
(see example in Figure 1).

Using a calibrated eyepiece graticule, the distance (length)
over which GFP-positive staining was observed was recorded
for each section in a series. The mean length was determined by
multiplying the distance over which GFP-positive staining was
observed to derive the total surface area coverage by graft ex-
pressed in square millimetres (mm?). The graft remaining in the
subretinal space was contiguous. However, cells integrated into
the outer nuclear layer (ONL) and inner nuclear layer (INL) were
also identified.

2.14.5 | Assessment of proliferation potential of
surviving pRPCs

The proliferation potential of surviving pRPCs was assessed using
dual-labelled IHC-deploying GFP and Kié7 antibodies. The number
of GFP-positive cells and the number of co-labelled GFP+Ki67+ cells

were counted. The percentages of GFP-positive cells co-labelled

with the Kié7 antibody were calculated to give a pRPC proliferation
index.

2.14.6 | Assessment of host immune response in
treated eyes

Sections from the left treated eyes were stained with an antibody
against CD45 to assess local immune response. The number of
CD45-positive cells was counted, and averages were obtained for
each dose group.

2.14.7 | Assessment of pRPC phenotype

Dual-label fluorescence IHC methods were employed to investigate
the differentiation of the surviving GFP-positive cells. The markers
used are listed in Table 3.

2.14.8 | Biodistribution analysis

Biodistribution analysis, using the GFP IHC methodology established
for assessing cell survival in the treated eyes, was performed on sec-
tions serial to those evaluated for H&E histopathology. Sections of
the brain, heart, kidneys, liver, lungs, pancreas, spleen, submandibu-

lar lymph node and thymus were processed for GFP IHC.

2149 | Haematoxylin and eosin (H&E)
histopathology

Tissue processing, sectioning and H&E histopathology were per-
formed by an independent laboratory. Four sections per left and
right eye, and sections of other tissues (brain, heart, kidneys, liver,
lungs, pancreas, spleen, submandibular lymph node and thymus),

were stained with H&E and examined by a veterinary pathologist.

TABLE 3 Antibodies used for the evaluation of injected pRPC and effect on host tissues

Antigen Species Description

GFP Chicken Green fluorescent protein
Ki67 Rabbit Ki67

CD45 Rabbit Leucocyte Common Antigen
Recoverin Rabbit Recoverin

Rhodopsin Mouse G protein coupled receptor 1
Synaptophysin Mouse Synaptophysin

Used for detection of  Supplier Product code Dilution
Grafted cells Abcam ab13970 1:750
Proliferating cells Abcam ab15580 1:500
Leucocytes Abcam ab10558 1:200
Cones Millipore AB5585 1:500
Rods Millipore MABN15 1:500
Fiber synapses Serotec MCA1307 1:25
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1505um 1655um 1805um 1955um

FIGURE 1 Example of cell graft distribution in retina and calculation of graft surface area in mm? and pigmentary changes seen at

retinography at 12 weeks

3 | RESULTS
3.1 | Phenotype of porcine versus human RPCs

All major retinal and stemness markers were tested to compare
the phenotype of porcine and human RPCs (Table 4). Cells used

are mixed population of retinal cells and have not been purified for
certain population. Hence, the cells are at different stages of dif-
ferentiation and maturation as noted with PCR data. We believe
these cells are good source if population of interest needs to be pu-
rified. Similarities in the genetic makeup of both pigs and humans
were clearly indicated by the RT-PCR comparison of porcine and
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human RPCs. Rhodopsin was found to be negative in both hRPCs
and pPRCs. GFP-pRPCs were found to be negative for MHC-II in
non-stimulated conditions. RT-PCR results were further concurred
by ICC and flow cytometry analyses. Using phenotypic and geno-
typic markers, it was confirmed that the hRPC and pRPC expressions
followed similar patterns.

3.2 | Clinical observations after transplantation
to the subretinal space

Clinical observations of eye and fundus examinations were con-
sidered uneventful for up to 12-week post-implantation. Surgical
procedure-related events included inflammation (redness), in rare
cases in the treated eyes, and was resolved in 7 days. No inflam-
mation was noted at the 3-week or 12-week intervals. Seven cases
of sub-capsular cataracts were observed, and 3 of them developed
into full cataracts by 12 weeks. Cataract formation was considered
procedure-related. Subtle subretinal pigmentary changes were
noted at the site of blebs in all 24 animals at the 3-week and 12-week
intervals (Figure 1).

Through ophthalmoscopy of the fundus, it was revealed that
all blebs had resolved within 7 days after treatment, and there was
no retinal detachment observed in any animal. None of the clinical

Human Human Human flow Pig
Antigen (Ag) RT-PCR ICC cytometry RT-PCR
Crx + + + +
Nrl 4 4 aF +
Lhx2 n/t n/t n/t +
Paxé 4 4 +
KIf4 + + +
Vimentin I aF aF +
Ki67 n/t + + n/t
SSEA4 n/t + + n/t
MAP2 + + + +
GS 4 +
Recoverin + +
S-Opsin + + + +
CD24-conj n/t n/t + n/t
HLA-ABC n/t + + n/t
Rhodopsin - - - -
Otx2 4 4 aF +
NeuroD1 n/t + n/t
CD73 n/t n/t n/t
CD38 n/t n/t - n/t
CD133 n/t n/t = n/t
Sox2 + + + +

Pax6 s AF AF 3

observation findings were dose-related. Body weight increase was
not affected by cell treatment. Food and water consumption was
unaffected by treatment, and animals were found to gain weight
steadily throughout the duration of the study.

A blood analysis was performed, and serum IgG and IgM levels
are shown in Figure 2. Two-way ANOVA did not reveal a statis-
tically significant interaction by dose and time (F15,9o = 0.9463;
p = 0.5175) or by dose (F54, = 0.1809; p = 0.9691) or by time
(F3’90 =0.7014; p = 0.5536) on blood serum IgG levels after pRPCs
were implanted in the subretinal space. Since no I1gG developed
after 28 days, it is unlikely that a T-cell response (to elaborate
memory and specific 1gG) would be evoked by subretinal pRPC
implantation.

Two-way ANOVA did not reveal a statistically significant in-
teraction between dose and time (F15,90 = 0.6243; p = 0.8478)
or by dose (F5,9o = 1.528; p = 0.1890) on blood serum IgM levels
after pRPCs were implanted in the subretinal space. Although a
statistically significant effect was seen over time (F3'90 = 7.264;
p = 0.0002), Bonferroni post-test comparisons did not identify any
differences between groups at different times. An apparent tran-
sient increase at 7 days, followed by a decrease at 28 days, was
observed in blood serum IgM levels after subretinal implantation,
which may be considered a non-specific response to the surgical

procedure.
Pig flow TABLE 4 Compar.ison of expres.sion of
PigICC  cytometry phenotype markers |.n undlff'erentléted
human RPC and undifferentiated pig RPC

+ n/t by RT-PCR, ICC and flow cytometry
+ n/t
+ n/t
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
+ +
n/t n/t
n/t n/t
+ _
+ +
n/t n/t
n/t -
n/t =
+ +
+
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? =4 250K/50ul
> —¥— 25K/100ul
£ 1M/100ul
g —e— 5M/100ul
D —8— 10M/100ul
0]
>
0 T T T 1 1
0 25 50 75 100 100

Days after treatment

Two-way ANOVA (factors: Time and Dose):
Interaction: F 45 90=0.9463; P=0.5175

Time: F 5 69=0.7014; P=0.5536
Dose: F 5,99=0.1809 P=0.9691

Days

Two-way ANOVA (factors: Time and Dose):
Interaction: F 15 99=0.6243; P=0.8478

Time: F 3 99=7.264; P=0.0002***
Dose: F 5 99=1.528; P=0.1890

FIGURE 2 Blood serum IgG and IgM levels in animals sacrificed at 12-week post-treatment. It would be unlikely that a T-cell response
would be evoked by subretinal pRPC implantation. It is unlikely that a T-cell response to elaborate memory and specific IgG

FIGURE 3 Photomicrographs of 5-um
sections of retina taken at 24 h after
treatment showing survival of implanted
cells (green). Green: pRPC, Blue: Hoechst
counterstain 24-h images

3.3 | PpRPC survived and migrated to photoreceptor
layer after transplanted to subretinal space

By examining the GFP-stained histological sections, resolutions of
subretinal blebs at the 24-h and 3-week post-implantation intervals
were compared. At 24 h, implanted cells were seen in the subretinal

space (Figure 3) as either single entities or spheres of various sizes

in both injected eyes. By 3 weeks, implanted cells were seen mi-
grating into the neural retina (Figure 4A-E). Cells were seen in 80%
(4/5) of the cell-treated eyes. No positive GFP signal was detected
in the vehicle-treated eyes. The morphology of surviving cells seen
at 24 h was distinct compared with those seen at 3 weeks. At 24 h,
GFP-positive signals were seen in the subretinal space as either sin-

gle entities or as neurospheres of various sizes in the injected eyes
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(Figure 4F). The rounded morphology of the surviving cells seen at
24 h was different from the elongated cells seen at 3 weeks. A fur-
ther difference was that the surviving GFP-positive cells were jux-
taposed to the photoreceptor layer at 3 weeks compared with the
random positions in the subretinal space at 24 h. No GFP-positive
cells were noted in the untreated right eyes. No macrophage re-
sponses were reported, except in a single case where the injection

cannula had penetrated the sclera.

3.4 | GFPimmunohistochemistry at 12-week post-
treatment

The area of GFP-positive staining was calculated as described in
the methods. Examples of engraftment are shown in Figure 4A-
C. The effect of cell dose of engraftment is shown as a bar graph
in Figure 5A. No GFP-positive signal was detected in any of the 3
vehicle-treated eyes taken at 12-week post-treatment. In the cell-
treated groups, the positive GFP signal was detected in 81% (21/26)
of the cell-treated eyes. Although not statistically significant, there
appeared to be a trend between the area of pRPC engraftment and
the dose of cells that was administered. A thickness of 1-3 cell lay-
ers was spanned by the GFP-positive signal. Compared with the
3-week interval, the GFP-positive cells were found in greater num-
bers in the deeper layers in the neural retina at 12 weeks. Generally,
although a large number of cells were present in the subretinal
space at 12 weeks, some of the implanted cells appeared to have
migrated into the host photoreceptor layer up to a depth of 2-3 lay-
ers (Figure 4C-E). No GFP-positive cells were noted in the untreated
right eyes.

3.5 | Transplanted cells integrate and express
recoverin, rhodopsin and synaptophysin staining
3.5.1 | Synaptophysin

Widespread positive staining of this marker was observed near
GFP-positive pRPC terminals throughout the outer plexiform layer
(Figure 5B), suggesting the synaptic integration of grafted pRPCs (in
the form of developing photoreceptors) with host bipolar neurons.

3.5.2 | Recoverin

Most of the grafted RPCs found in the outer nuclear layers co-
expressed recoverin, so a developing photoreceptor fate was indi-
cated (Figure 5C-J).

Rhodopsin: Only sporadic positive rhodopsin staining that colo-
calized with GFP was detected, suggesting incomplete differentia-
tion into mature rods at 12 weeks (Figure 6A-H).

A summary of the differentiation of the implanted pRPC is
presented in Table 5. Recoverin-positive and rhodopsin-positive

implanted cells were found to be most prevalent at the higher-dose
groups. It was observed that at 12 weeks after implantation, pRPCs
were recoverin-positive, and rhodopsin-positive phenotypes were

beginning to emerge, particularly in the higher-dose groups.

3.6 | Proliferation of survived cells after
transplantation

Proliferation data for surviving GFP-positive cells are presented
in Table 6. No cell proliferation was detected in the surviving
grafted cells in the subretinal space or the host retina. In the en-
tire study, a single incidence of a proliferating cell was noted in the

vitreous.

3.7 | Nosignificant local immune response
observed after 12 weeks of transplantation

At 12 weeks, it was found that small numbers of host CD45-positive
cells localized to the injection site were present across treatment
groups. No statistically significant effect of treatment on CD45-
positive cells in the retina was revealed by one-way ANOVA. Local
host immune response, as determined using CD45 IHC, is summa-
rized in Table 7.

3.8 | Histopathology of major organs
demonstrated no findings related to pRPCs

No pRPC-related histopathology findings were reported in the major
organs investigated. The main findings that were recorded were un-
remarkable and consistent with the type change commonly seen in
pigs of this age. All staining controls were stained as expected. No
GFP-positive cells were seen in any non-target (left-eye) tissues ex-
amined in any study animals.

4 | DISCUSSION

4.1 | Surgery procedure and clinical relevance

One primary objective of this study was to develop a protocol for
surgery that could be applied to a clinical trial. To that end, verifi-
cation that the procedures employed were (1) viable in a large ani-
mal study and (2) usable in the next clinical application stage, was
attempted. It was found that the mini-pig eye is an excellent surro-
gate for the human eye. The three-port pars plana vitrectomy pro-
cedure is identical to that used in human surgery and was found
to be appropriate and effective for cell delivery to the subretinal
space.”"19 Instrumentation was also investigated and found to be
useful and suitable for the intended procedures. Specifically, the
cells were safely delivered to the subretinal space by the 38-gauge



ABUD ET AL.

FIGURE 4 Photomicrographs of 5-um sections of retina taken at 3 weeks after treatment showing survival of implanted cells (green) at
3-week post-implantation (A-E). Green: pRPC; Blue: Hoechst counterstain and 24 h after implantation (F)

cannula. An excellent foundation for developing a clinical proto-
col for the planned IND is presented in this preclinical study. To
overcome the occasional reflux of cells into the vitreous,zo’21 it is
recommended to use a pre-bleb procedure for greater precision

in delivering a single bolus of cells to the subretinal space. As a

precautionary measure, it is recommended that topical antibiot-
ics be administered to minimize the risk of post-surgery infection.
We had 7 cases of cataracts out of 39 vitrectomy surgeries, at the
long time point (12 weeks). About 18% incidence of cataract in
our study. When looking to literature, the incidence of cataracts is
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FIGURE 5 Bar graph showing the effect of dose on pRPC engraftment (A). Photomicrograph of 5-um section of retina taken at 12 weeks
after treatment showing processes of donor cells (arrowheads) stratified in a specific band in the outer plexiform layer (OPL) (*). Green:
pRPC; Red: synaptophysin. (B). Recoverin (REC) GFP DAPI histology at 12 weeks of survival. It is worth noting that the incidence of GFP/
REC-positive cells was higher in integrated cells as compared to those remaining in the subretinal space (C-J)
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FIGURE 6 Rhodopsin (RHO) GFP DAPI histology at 12 weeks of survival. In A, a bolus of cells (*) remains mostly undifferentiated

in the subretinal space. Several RHO/GFP-positive cells (arrowhead) could be detected in the ONL. In B, many RHO/GFP-positive cells
(arrowheads) integrated into the photoreceptor layer were detected. In C and D, non-integrated cells (*) remain negative for RHO. As these
cells were also negative for Kié7, it is suggested they remain post-mitotic retinal progenitor cells and may continue to develop along the
retinal photoreceptor lineage after the 12-week survival time. Higher magnification images showing dual-labelling of the implanted cells with
GFP and rhodopsin (E-H)
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TABLE 5 Summary of implant differentiation at 12 weeks after
implantation

Group  Treatment Pig ID Recoverin % Rhodopsin %
B 0.25x10°(50u) 15 - -

E 5 x 10% (100 ul) 7 1.63 -

E 5 x 10° (100 pl) 8 7.25 -

F 10x10%(100 ) 21 2.78 =

F 10x10%(100pl) 22 5.66 7.35

F 10x 10°(100 ) 30 4.35 -

F 10x 10°(100ul) 31 1.77 1.57

F 10 x 10°(100ul) 32 1.61 -

very variable and large after vitrectomy surgery and can go from
16% to 66%. The cataracts after vitrectomy are very common, and
we stayed on the literature rates. In the real world in multicentre
studies of phases 1-3, multiple surgeons and patients of differ-
ent genders will be involved. So, this study tried to represent this

senarjo.?224

4.2 | Safety of subretinal administration of pRPC

The pig eye is the best model for the study of safety.?® Specifically,
an allogenic graft best mimics the human clinical trial in a way
that xenografts cannot.?®?” For example, cell survival throughout
the entire study period is optimal, and questions of immunosup-
pression can be readily addressed (see Section 4.4 below). The
procedures employed in this IND-enabling preclinical study are
identical to those proposed by us for clinical use.?® Importantly,
an excellent safety profile was determined by this 12-week study.
Minimal side effects?’ and adverse events occurred locally and
had no significant effects on the system or major organs. Up to
the 12-week post-implantation time investigated, no evidence of
either significant local or humoral immune response was found.
No proliferation of the surviving implanted cells was observed in

the subretinal space.

4.3 | Evidence of cell replacement as a
mechanism of action for minimum engrafting
dose and recommendation for first-in-human
(FIH) dose

A minimum engrafting dose of 2.5 x 10° cells is suggested by the
pRPC survival data. Although no statistically significant difference
between the 50 ul and 100 ul volumes used to deliver this total dose
was found, it is recommended that for greater accuracy and practi-
cality, the 100 pl volume is used as the minimum volume for delivery
of cells to the subretinal space.

Selected eye sections containing grafted pRPCs were evaluated

for GFP co-expression of the following markers:

1. Synaptophysin.2° Synaptophysin is considered an integral mem-
brane protein of the synaptic vesicles. Multiple functions in
synaptic vesicle formation and exocytosis are served by this
marker, including an essential role in neurotransmitter delivery.
It is widely used as one of the synaptic function markers and
is thought to be closely related to synaptogenesis and synaptic
plasticity during neural tissue development. Widespread positive
staining of this marker was observed near GFP-positive pRPC
terminals throughout the outer plexiform layer. Therefore, the
synaptic integration of grafted pRPCs (in the form of devel-
oping photoreceptors) with host bipolar neurons is suggested.
Authors agree regarding the material transfer that usually occurs
during cell therapy however as it can be seen synaptophysin
staining with GFP indicates the cells are able to engraft and
make connection with the host tissue.

2. Recoverin.®! Recoverin is a 23 kilodalton (kDa) neuronal calcium-
binding protein that is primarily detected in the eye's photore-
ceptor cells. A crucial role in the inhibition of rhodopsin kinase,
a molecule that regulates rhodopsin's phosphorylation, is played
by this marker. In the context of this study, pRPCs are labelled as
developing rod and cone photoreceptors by recoverin. The major-
ity of the grafted RPCs that were found in the outer nuclear layers
co-expressed recoverin, indicating a developing photoreceptor
fate.

3. Rhodopsin.®?> Rhodopsin is considered a light-sensitive recep-
tor protein and a primary biological pigment in the retina's rod
photoreceptor cells. It belongs to the G-protein-coupled recep-
tor (GPCR) family. Only sporadic positive rhodopsin staining that
colocalized with GFP was detected, suggesting incomplete differ-
entiation into mature rods at 12 weeks.

4.4 | Immunosuppression regimen and
recommendation for FIH clinical trial

A previous pilot study by us did not find any effect of immunosup-
pression on cell survival in normal pigs (RNO3-GE-0007).}! Due to
those findings and the immuno-privileged nature of both the donor
cell and the recipient site, cell survival was investigated in an allo-
graft setting that mimics human clinical trials. In this current study,
>80% survival at the longest interval (12 weeks) was found at sev-
eral dose levels, with no evidence of immune rejection either by
serum analysis or histopathology.

The primary objective of this study was to investigate the sur-
vival and integration of pRPC allotransplants in the mini-pig retina.!®
It was determined that cells survived well in all groups, although
survival in the 50 ul group was meagre, with only 40% of the ani-
mals showing surviving cells at 12 weeks. At 12 weeks, strong ev-
idence of integration was seen, as indicated by the location of the
grafted cells within the neuro-retina, extension of processes to the
plexiform layers and expression of key retinal markers such as re-

coverin and rhodopsin.14 Furthermore, survival in allografts without
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GFP cell Dual-labelled
Group Treatment counts GFP+Ki67+cells
A Vehicle 0 0
B 0.25 x 10° (50 pl) 59 1
C 0.25 x 10° (100 pl) 144 0
D 1 x 10° (100 pl) 134 0
E 5 % 10% (100 ul) 462 0
F 10 x 10° (100 ul) 795 0

TABLE 7 Hostimmune response at 12 weeks post-treatment

Mean CD45 cell counts

Group Treatment per field (+SEM)
A Vehicle 0.22(0.17)

B 0.25 x 10% (50 ul) 0.42 (0.4)

C 0.25 x 10% (100 ul) 1.22(0.49)

D 1 x 10° (100 pl) 1.96 (1.05)

E 5 x 10° (100 pl) 3.39(1.83)

F 10 x 10° (100 ul) 4.02(1.18)

ANOVA Fy o = 1.6510, p = 0.1866.

immunosuppression was observed, an informative finding to future
clinical work.

The secondary objective was to identify the optimal dosage of
implanted cells. A clear relationship between the number of cells in-
jected and found in the retina was seen. An initial dose of 250 k cells
in 100 pl is suggested for the first group of Phase I/1l safety-study
clinical trials conducted by our group. Less than a twofold larger
graft area was produced by a dose of 5 M cells than 1 M cells, so it
is suggested that the highest dose for successful engraftment with
the highest survival of implanted cells is 1 M cells in 100 ul. However,
that the goals of this study were to determine appropriate dosage,
method of delivery and anatomical potential of grafted pRPCs. The
model we chose was retinal detachment. Although this model shows
functional drop in ERG at initiation, this response largely recovers in
the following weeks unless the detachment is maintained, an event
we sought to avoid to best mirror our clinical work with hRPCs. This
does indeed make it very difficult to evaluate the functional poten-
tial of grafted cells, and we have therefore avoided any statements
regarding photoreceptor function. Not using ERG to check function
is a limitation of this study.®>** But is worth noting we are now pur-
suing further studies in which we will attempt to evaluate retinal and
visual function in recipients, but this work was outside the scope of
the present study.

In this study, we make use of a heterogenous source of retinal
progenitor cells. Although enriched in rod precursor cells, other
potentially contaminating cells (of retinal origin) are present in the
pRPCs. Other sources such as ES or iPS cells can, through 2d or 3d
retinal organoid culture, give rise to RPCs and their progeny rod pho-
toreceptors.35 Two main challenges remain to purification of these
cells for use therapeutically: (1) dissociation and purification of

TABLE 6 Proliferation of surviving

Mean pRPC at 12 weeks post-treatment

proliferation
index

0

1.7

0

0
0
0

viable photoreceptor precursors cells; and (2) elimination of pluripo-
tent cells from therapeutic cells. We chose to use foetal donor cells
as a source in this study and our clinical work in part to eliminate

such challenges in a first-in-man study.
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