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Purpose: The development of photoreceptor replacement therapy for retinal
degenerative disorders requires the identification of the optimal cell source and
immunosuppressive regimen in a large animal model. Allotransplants are not acutely
rejected in swine subretinal space, although it is not known if survival can be
improved with immunosuppression. Here we investigated the survival and integration
of expanded pig retinal progenitor cells (pRPCs) in normal recipients with and without
transient anti-inflammatory suppression.
Methods: pRPCs were derived from the neural retina of E60 GFP transgenic pigs,
expanded for six passages, characterized, and transplanted into the subretinal space
of 12 pigs. Six recipients received a single intravitreal injection of rapamycin and
dexamethasone.
Results: pRPCs expressed the photoreceptor development genes Sox2, Pax6, Lhx2,
Crx, Nrl, and Recoverin in vitro. Transplanted cells were identified in 9 out of 12
recipients 4 weeks after the injection. pRPCs integrated primarily into the
photoreceptor inner segment layer and outer nuclear layer with single cells present
in the inner nuclear layer. Donor cells remained recoverin-positive and acquired
rhodopsin. We did not observe any signs of graft proliferation. The immunosuppression did not affect the survival or distribution of grafts. No macrophage infiltration or
loss of retinal structure was observed in either group.
Conclusions: Local immunosuppression with rapamycin and dexamethasone does
not improve the outcome of pRPC allotransplantation into the subretinal space.
Translational Relevance: Survival and integration of pRPC together with the lack of
graft proliferation suggests that allogeneic RPC transplantation without transient
immunosuppression is a favorable approach for photoreceptor cell replacement.

Introduction
The success of cell therapies in retinal degenerative
diseases in which cell replacement is a prerequisite
depends in part on a combination of three factors:
survival, integration, and differentiation. In order to
positively influence these factors, conjoint treatments
with anti-inflammatory and immunosuppressive
agents are being considered. Cells are often administered directly into the affected subretinal anatomical
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site. Due to the surgical nature of targeted delivery of
cells into the subretinal space, procedure-related
inflammation is likely. This can be controlled for by
the use of either systemically or locally administered
anti-inflammatory drugs in the immediate days after
surgical intervention. The choice of anti-inflammatory agents, the duration, and the route of administration are often guided by previous experience and
published work. However, the major factor to
consider and overcome in all cell therapies is rejection
of the transplanted cells. In the nonclinical setting,
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this factor is compounded by the xenograft nature of
preclinical investigations of human cells intended for
therapeutic application. Xenograft transplantation
studies often use immunosuppressive agents to
control for rejection or deploy genetically engineered
immunocompromised species. Previously we and
others have shown that retinal progenitor cells/
photoreceptor precursors integrate into the host
retina and differentiate into mature photoreceptors
after transplantation into the subretinal space.1–4
While there are no current clinical studies on
photoreceptor replacement, retinal pigment epithelium cells5 and neural progenitor cells6 have recently
been transplanted to patients as allografts with a
comprehensive immunosuppressive regimen.
The necessity of immunosuppression, however,
remains an open question and success can be variable
even with similar treatment regimes in allograft or
syngeneic studies.7
The healthy eye is considered an immune-privileged organ with a blood–tissue barrier, immunosuppressive microenvironment, and ability to induce a
systemic form of a tolerance.8 However, in retinal
degenerative disease, these passive and active barriers
are compromised, and transplantation itself leads to
the infiltration of the retina with macrophages/
neutrophils. The potential negative effect of the
immunosuppressive drugs on the retina and transplanted cells also has to be considered.
Although subretinal injections are always accompanied with glia activation and gliosis, mouse-tomouse subretinal syngeneic transplants do not cause
distinctive immune response, leading to good survival
of cells. The immune component of photoreceptor
precursor allotransplantation has not been studied in
small rodent models, although RPE9 and pancreatic
islets10 survived for several months as allografts.
Cyclosporine treatment does not improve the longterm survival in a rabbit model.11
We have shown that pRPC allotransplants are well
tolerated in wild-type12 and retinal degenerative pigs,13
while other groups have demonstrated this for freshly
isolated4 and iPSc-derived14 photoreceptor precursors.
The most important information comes from
clinical observations15 showing that without immunosuppression the rejection rate remains high, possibly
due to major histocompatibility complex (MHC) II
expression.16 This led to the inclusion of the comprehensive immunosuppressive regimen (tacrolimus and
mycophenolate mofetil) into the ongoing clinical trials
of subretinal RPE transplants for retinal degenerative
disorders.5 Retinal progenitor cells do not express
2
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MHC II in vitro in the culture conditions described
below, although 100% of cells express MHC I.17
Due to all the above information, the necessity and
choice of potential local and systemic immunosuppressive and anti-inflammatory therapy for RPC
allotransplantation remain an open question with
several options available.18 In the current allograft
study, we evaluated the effect on survival and
engraftment of a single intravitreal injection of
rapamycin (sirolimus)19 and dexamethasone20 from
several local regimens that have been tested previously: fujimycin (tacrolimus),21 triamcinolone,22 cyclosporine, 23 and amethopterin (methotrexate). 24
Cyclosporine A and other calcineurin inhibitors
prevent the subsequent activation of T-cells by
reducing interleukin (IL)-2 production. Rapamycin
prevents the activation of immunocompetent cells by
IL-2 through mTORC1 inhibition. It has been used as
a systemic and local immunosuppressive agent
including intravitreal injection as a route of delivery.
Rapamycin and dexamethasone combination was
chosen for this study due to their reported minimal
side effects and retinal toxicity compared with the
other listed agents.

Materials and Methods
Pig Retinal Progenitor Cell (pRPC) Isolation
and Culture
pRPC were isolated as previously described for
human and pRPCs.25,26 Eyecups from E60 embryos
of EGF-transgenic pigs27 were collected, dissected
with neuroretinas peeled from retinal pigment
epithelium, minced, and digested in Collagenase IV
(Sigma-Aldrich, St. Louis, MO) with gentle stirring.
Pooled cells and clumps were transferred to fibronectin-coated (Akron, Boca Raton, FL) flasks and
cultured in Ultraculture medium, supplemented with
10 ng/mL rh bFGF (Peprotech, Rock Hills, NJ) and
20 ng/mL rh EGF at 3% O2, 5% CO2, and 378C.
Cells were passaged upon reaching 80% confluency
using recombinant trypsin (Trypzean, Sigma-Aldrich), defined trypsin inhibitor (DTI, Gibco, Grand
Island, NY), and benzonase (EMD Chemicals,
Billerica, MA). pRPCs were replated at a density
of 10,000 cells/cm2 in the medium described above.
For passages, two to five cells were passaged every
48 hours, which was sufficient to reach the required
75% to 85% confluency. At passage 5, pRPCs were
frozen in cryomedium: 10% dimethylsufoxide
(DMSO) in Ultraculture medium.
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Cell Preparation for Transplantation
Frozen pRPCs were thawed and plated at a density
of 10,000 viable cells/cm2 in the medium described
above and incubated in 20% oxygen incubator. Two
days later, cells were collected using Trypzean, DTI,
and benzonase, centrifuged at 300 g, counted, washed
once with Hanks Balacned Salt Solution (HBSS), and
formulated as a suspension of 50,000 cells/lL in
HBSS-N-acetyl-L-cysteine (HBSS-NAC). We have
previously described the effectiveness of NAC for
maintaining human RPC viability in suspension on ice,
and it has been shown as a potent protector against
reactive-oxygen species induced cell death.28 To test the
efficacy of NAC for pRPC formulation, we have
compared the viability of pRPC, formulated in HBSS
versus HBSS-NAC by Trypan blue. All the injections
were performed within 6 hours of cell formulation.

Animals, Cell Transplantation, and
Immunosuppressive Therapy
Animal work was performed according to ARVO
recommendations for animal research and has been
approved by University of Goias animal care committee. For transplantation all animals were preanesthetized with intramuscular injections of 15 mg
midazolam and a composition consisting of zolazepam
11.9 mg/mL and tiletamine 11.9 mg/mL mixed with
xylazine 12.38 mg/mL, ketamine 14.29 mg/mL (Intervet, Madison, NJ), and methadone 2.38 mg/mL. The
pigs underwent endotracheal intubation and were
artificially ventilated with 2% to 3% isoflurane in
combination with oxygen. Stroke volume (300 mL/
stroke) and respiratory frequency (12/minute) were
kept constant throughout. In each case, the left eye
was treated with topical 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 three-port pars plana 23G vitrectomy.29 One hundred microliters of cell suspension in
HBSS-NAC were injected through a 38-gauge needle
connected to a 1-mL Hamilton syringe close to the
visual streak 4- to 5-mm supero-medial to optic nerve
head, avoiding vessels of the arcade. The rate of
injection was approximately 200 lL/minute, with an
air bubble at the end to seal the retinotomy.
Following the subretinal injection, 250 lg of
rapamycin and 400 lg of dexamethasone were administered as a single intravitreal injection in six animals.
This dose of rapamycin has been shown to form a depot
3
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in the vitreous in a rabbit model and provides a
therapeutic concentration for at least 1 month.30 The
half-life of dexamethasone is much shorter: It is cleared
in less than 4 hours after intravitreal administration.31

Immunocytochemistry and Reverse
Transcription–Polymerase Chain Reaction
(RT-PCR)
For immunocytochemical analysis, frozen pRPC
at passage 5 were revived and plated on poly-D-lysine
(Sigma-Aldrich) and fibronectin-coated 16-well glass
chamber slide. Twenty-four hours later, slides with
cells were fixed in Davidson solution for 15 minutes,
washed with phosphate-buffered saline (PBS)-T,
blocked with 10% goat serum (GeneTex) for 1 hour,
and then incubated with primary antibodies
(Supplementary Figure S2) at 48C. Next day slides
were washed three times with PBS-T and incubated
with secondary Cy-3 conjugated goat secondaries
(Jackson Immunoresearch) at 1:400 dilution for 1
hour at room temperature. After triple washed nuclei
were counterstained with DAPI (400 ng/mL), the
slides were mounted.
For RT-PCR analysis, total mRNA from pRPC
was isolated using purelink mRNA kit (Life Technologies). cDNA was synthetized using SuperScript
first-strand kit (Life Technologies) with Oligo(dT)
utilized as primers. PCR reaction was performed for
32 cycles using Platinum Taq polymerase (Life
Technologies). Products were separated using 2%
agarose gel and stained by SYBR Safe.

Histology
Four weeks after the injection, animals were
euthanized by IV injection of pentobarbital. Eyes were
enucleated and placed in 10% buffered neutral
formalin. Whole eyes bisected in the sagittal plane
were processed to paraffin blocks. Five-micrometer
serial sections collected throughout the region of
interest centered on the site of transplantation were
stained with hematoxylin and eosin (H&E) or subjected to fluorescence immunohistochemistry (IHC) to
determine pRPC survival, proliferation, and photoreceptor differentiation. Dual-label IHC was performed
using a cocktail of anti-GFP (Abcam, ab13970 1:500)
to detect GFP pRPCs and anti-Ki-67 (Vector, VPK452 1:100; proliferation), anti-recoverin (Millipore,
AB5585 1:500; cones), or mouse anti-rhodopsin
(Millipore, MABN15 1:500; rods) antibodies. For
infiltrating leukocytes/macrophages, we used antiCD45 antibody (Abcam, 1:200). Primary antibodies
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Figure 1. Characteristics of pRPC at passage 6 in vitro. By immunocytochemistry (a) we observed positive nuclear staining for
development transcription factors Sox2, Klf4, Pax6, Lhx2, cone-rod homeobox (Crx), rod-specific Neural retina-specific leucine zipper (Nrl),
proliferation marker Ki-67, and intermediate filament Vimentin. Nuclei are counterstained with DAPI. Scale bar, 100 lm. RT-PCR analysis
(b) confirmed the expression of these factors and absence of mature visual pigments (Rhodopsin, S-Opsin, M-Opsin), although Recoverin
and rod outer membrane (ROM1) mRNA was expressed. We also have observed the expression GS.

were detected with species specific Alexa Fluor
conjugates using Alexa 488 (green; Molecular Probes,
A11039 1:300) for the GFP Alexa 568 (red; Molecular
Probes, A11031, A11011 1:2000) to detect proliferation
and differentiation markers. All tissue sections were
counterstained with Hoechst 1 lg/mL in 0.1 M PBS.
Microscopic assessment of H&E stained sections
was performed by light microscopy for histopathology. Fluorescently labeled sections were analyzed
using epi-fluorescent optics. pRPC survival was
quantified using a crude scoring system based on
the presence (1, 2, or 3) or absence (0) of GFP pRPC.
Based on the size of a bleb, we estimated that score 1
corresponds to less than 1000, score 2: 1000 to 10,000,
and score 3: more than 10,000 GFP-positive cells.
4
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Results
pRPC Isolation and Culture
In this study, we have observed that pig PRCs,
isolated at E60, can be expanded in vitro without a
decrease in proliferation for at least six passages. Cells
in culture grow as a monolayer of spindle- or trianglelike cells (Fig. 1a).

Immunocytochemistry and RT-PCR
Immunocytochemical analysis (Fig. 1a) showed
the presence of proliferative marker Ki-67 (nuclear
dots), early transcriptional factors such as Sox2
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(nuclear) and Klf4 (nuclear), eye-specific Pax6 (nuclear) and Lhx2 (nuclear dots), and photoreceptorspecific Crx (nuclear, perinuclear) and Nrl (nuclear).
We did not observe mature photoreceptor markers
such as rhodopsin, Pde6b, or ROM1 in culture of
undifferentiated cells, and neither did we see the
mature glial cell marker CRAL-BP. The majority of
the pRPC population was vimentin-positive. RT-PCR
analysis (Fig. 1b) confirmed the results of immunocytochemistry and also showed the presence of neural
and glial markers microtubule-associated protein 2
(MAP2) and glutamine synthetase (GS).

Cell Preparation for Transplantation
The viability of cells after formulation was .90%
in both groups, and pRPC maintained 80% viability
for the first 9 hours after formulation and more than
65% for 48 hours (Supplementary Fig. S1). There was
no effect of either NAC or temperature (þ08C vs. 48C)
on pRPC viability in the suspension.

Histopathological Analysis
The retina of recipient animals, apart from the
presence of grafted cells, was unremarkable. Lamination was normal, and retinal thickness was not
different from controls (data not shown). Grafted
pRPCs were found in the inner segment region and in
the outer nuclear layer (ONL) in 9 out of 12 retinas:
five in nonimmunosuppressed group and four in
immunosuppressed group (Fig. 2). A few retinas also
displayed small bipolar-like cells and cell processes in
the ONL. In two transplanted animals that were
investigated in more detail, transplanted pRPCs did
not express Ki-67; host tissue demonstrated a low
level of proliferation with very small numbers of Ki67 cells scattered throughout the retinal layers.
GFAP, recoverin, and rhodopsin were shown to colocalize with GFP-labeled RPCs (Fig. 3). Histopathological analyses did not show any infiltration of
macrophages or inflammatory cells (Fig. 4). We did
not find any effect of local transient immunosuppression on overall pRPC survival (Fig. 5).

Discussion
Due to its anatomical similarity to the human eye,
pigs have been extensively used as a valuable model
for retinal surgery to study pathophysiology32,33 and
to investigate therapeutic approaches for retinal
disease, such as gene therapy, sustained growth factor
delivery, or cell transplantation.
5
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All these approaches have been shown to protect
photoreceptors to some extent, although photoreceptor cell replacement is the only applicable option in
advanced stages of retinal degeneration. The source of
photoreceptors for such therapy, though, remains an
open question. Full thickness adult or fetal34 retinal
transplants and freshly isolated photoreceptor precursors14 provide a potential source for cell therapy
but can not be considered for clinical application.
Two viable options include retinal progenitor and
embryonic and induced pluripotent stem cell (ES/
iPSC)-derived photoreceptor transplantation. The
advances in differentiation of photoreceptors from
iPSC, including enrichment in CD73 and CD24þ
photoreceptor precursors35 and depletion of SSEA1þ
undifferentiated cells, made transplants more effective
and safe.2
Retinal progenitor cells can be isolated from
developing mouse,36 human,37,38 and pig retina12,39
propagated in culture and transplanted. It has been
shown that serum-free growth factor–rich (EGF,
bFGF) conditions support the maintenance of RPC
in vitro. Two main approaches have been tested for
expansion: floating neurospheres39 and adherent
culture.12 While both of these maintained Ki-67 and
pax6 expression, adherent culture can be standardized
for scale-up expansion and is less prone to spontaneous differentiation, providing more homogenous
populations. We have demonstrated for human40
RPC that cells propagated as adherent population in
3% oxygen26 continue to express recoverin, Crx, Nrl,
and NeuroD1.
Here we show that pRPCs, expanded in 3% oxygen
up to passage 6 (similar to human cells), express early
eye field transcription factors Sox2, Klf4, and Lhx2,
and also photoreceptor-specific Nrl and Crx. We did
not observe any mature photoreceptor markers, such
as rhodopsin, mGluR8, or cone arrestin. Surprisingly,
rod outer membrane mRNA was expressed, while the
protein was not detected before transplantation and
differentiation.
The transplantation outcome confirmed the ability
of propagated pRPC to form rod photoreceptors in
vivo, contradictory to previous reports of RPC’s
incapability to form photoreceptors after expansion.41
Morphological analysis showed remarkable survival
of donor GFP-positive cells 4 weeks after transplantation with the majority of the donor cells remaining
recoverin-positive, losing Ki-67 expression, and a few
acquiring rhodopsin expression.
Observations of survival, integration, and differentiation of expanded retinal progenitor cells suggests
TVST j 2015 j Vol. 4 j No. 5 j Article 6
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Figure 2. Morphology of the retina at the transplantation site. Four weeks after transplantation, we did not observe any evidence of
immune response or disruption of retinal laminar structure in either group. Here we show representative images from each animal in
nonimmunosuppressed (a through d) and immunosuppressed (e through h) groups.
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Figure 3. Survival and differentiation of pRPCs after subretinal transplantation to healthy recipients. Four weeks after surgery, we
observed striking survival and integration of cells, with most of cells migrating into photoreceptor inner segment layer (IS; GFP, green).
The bodies of several cells were found in the ONL (a, b, c) and inner nuclear layer (INL; b, c). We did not observe any signs of graft
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proliferation in any of the animals with only a single donor cell found to be Ki-67 positive (d, *), while host tissue showed some Ki-67
reactivity in INL (d, arrows). Most of the transplanted cells remained recoverin-positive (f), as can be seen by co-localization (yellow,
arrows) of recoverin (red) and GFP (green). The proportion of cells obtaining rhodopsin expression (e) was significantly lower, with colocalization (yellow, arrows) observed in photoreceptor outer and inner segment layer. Nuclei are counterstained with Hoechst. Scale bar:
50 lm on all images.

that this approach is a viable option for allogeneic cell
replacement even in the absence of local transient
immunosuppressive treatment.
Rejection of allografts is a result of several
processes, involving both innate and adaptive immune system with T cells central to this process,42 as
they recognize unique donor antigens via direct or
indirect pathways. In case of direct recognition, T
cells respond to ‘‘MHC class I – peptide’’ complex
expressed on donor cells. Indirect recognition involves
the presentation of antigens by the MHC class II of
recipient antigen presenting cells, such as RPE and
migrating macrophages. Retinal progenitor cells of
different species, including mice, rat, pig, and human,
all express MHC complex I antigens after expansion
in culture, which allows recognition by host immune
system.
In this study, we did not observe any signs of
macrophage infiltration 4 weeks after cell delivery,
which correlates with previous transplantation studies, where freshly isolated cells were used. We did not
observe any difference in cell survival in rapamycin
and nonimmunosuppressed groups, which suggests
that rapamycin does not have toxic effect on pRPC in
vivo and that local transient immunosuppression is

not required for allotransplantation of retinal progenitor cells.

Conclusions
Local transient rapamycin/dexamethasone immunosuppressive treatment had no significant impact on
allogeneic survival and engraftment of pRPCs transplanted into normal wild-type pigs with healthy
retina. Grafted cells maintained the ability to
differentiate into photoreceptors after 4 weeks in
vivo. No abnormal pathology was identified in any of
the engrafted cells found in the retina. There was no
evidence of immune response, hypercellularity, or
autofluorescent macrophages, regardless of the local
rapamycin immunosuppression treatment. Taken
together, survival of expanded donor pRPC in vivo,
integration of donor cells, lack of graft proliferation,
and absence of immune response at 4 weeks postimplantation suggests allogeneic RPC cell transplantation is a viable strategy for photoreceptor
replacement even in the absence of immunosuppression. Longer term studies and diseased hosts are
needed to draw conclusions on the donor cell

Figure 4. The absence of immune response to transplant in nonimmunosuppressed (a) and immunosuppressed (b) animals 4 weeks
after cell delivery. We have observed only single CD45 cells (arrow, b) in the inner retina with no difference between groups. Nuclei are
counterstained with Hoechst. Scale bar: 50 lm.
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3.
4.

Figure 5. Quantification of graft survival. Donor cell survival was
assessed by counting GFPþ cells on five sections for each eye
(mean 6 SEM). Overall graft survival was graded on a scale from 0
(no cells) to 3. The t-test analysis shows no difference in graft
survival in injected versus noninjected group.

function. In the clinical setting, the omission of
conjoint therapies would confer a clear surgical
advantage in a single site delivery of treatment alone
and also remove the confounding effects of the known
negative influence of immunosuppressive agents, in
particular rapamycin,43 on the differentiation potential of retinal progenitor cells.
Longer time points and transplantation into hosts
with retinal degeneration are important future studies
to consider.
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