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Abstract
Stem cell therapy presents an opportunity to replace photoreceptors that are lost as a result of
inherited and age-related degenerative disease. We have previously shown that murine postmitotic
rod photoreceptor precursor cells, identified by expression of the rod-specific transcription factor
Nrl, are able to migrate into and integrate within the adult murine neural retina. However, their
long-term survival has yet to be determined. Here, we found that integrated Nrl.gfp+ve

photoreceptors were present up to 12 months post-transplantation, albeit in significantly reduced
numbers. Surviving cells had rod-like morphology, including inner/outer segments and spherule
synapses. In a minority of eyes, we observed an early, marked reduction in integrated
photoreceptors within 1 month post-transplantation, which correlated with increased numbers of
amoeboid macrophages, indicating acute loss of transplanted cells due to an inflammatory
response. In the majority of transplants, similar numbers of integrated cells were observed
between 1 and 2 months post-transplantation. By 4 months, however, we observed a significant
decrease in integrated cell survival. Macrophages and T cells were present around the
transplantation site, indicating a chronic immune response. Immune suppression of recipients
significantly increased transplanted photoreceptor survival, indicating that the loss observed in
unsuppressed recipients resulted from T cell-mediated host immune responses. Thus, if immune
responses are modulated, correctly integrated transplanted photoreceptors can survive for extended
periods of time in hosts with partially mismatched H-2 haplotypes. These findings suggest that
autologous donor cells are optimal for therapeutic approaches to repair the neural retina, though
with immune suppression nonautologous donors may be effective.
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INTRODUCTION
Retinal degenerations remain the largest cause of untreatable blindness in the developed
world. Although encompassing a range of causes, they have in common the irreversible loss
of the sensory photoreceptor cells. Many therapeutic strategies aim to slow the progression
of disease. Photoreceptor cell transplantation may have great therapeutic potential, by
providing the opportunity to replace the cells that are lost.

By using a fluorescent marker linked to the promoter sequence of Nrl, a transcription factor
expressed in rods shortly after terminal mitosis [1], we have previously demonstrated that
postmitotic rod photoreceptor precursors (herein termed Nrl.gfp+ve cells) have the ability to
integrate into the adult murine retina following transplantation into the subretinal space [2].
At 3 weeks post-transplantation, Nrl.gfp+ve donor cells are correctly integrated within the
outer nuclear layer (ONL) of recipient retinae and exhibit unambiguous rod morphology,
including correctly orientated inner and outer segments and spherule synapses. Transplanted
rods express components of the phototransduction pathway and synaptic machinery and
could restore a basic light response, the pupil reflex, in a mouse model of retinal
degeneration [2]. In this and similar studies [2-5], the survival of integrated photoreceptors
has only been examined up to 1 month post-transplantation. It is essential to establish
whether or not these cells can survive for extended periods of time post-transplantation.

Immune rejection is a major problem in many transplantation paradigms, and host responses
include acute innate and adaptive immune responses. However, the eye is frequently
described as an immune privileged site, a site that allows foreign grafts to survive for
extended to indefinite periods of time. Anterior chamber-associated immune deviation
(ACAID) is a form of immune tolerance and a state of specific immunological
unresponsiveness, mediated by antigen-specific suppressor T cells [6, 7]. These cells are
produced in the spleen and suppress the host immune reactions to alloantigens present in the
anterior chamber of the eye [8, 9]. Of greatest relevance to photoreceptor transplantation is
that the subretinal space has also been shown to elicit immune deviation [10] although such
deviation may be lost if retinal pigment epithelium cell viability is compromised or the outer
blood-retinal barrier is disrupted [11].

Previous investigations of transplanted cell survival in the retina have predominantly
focused on the transplantation of sheets of retinal tissue or fragmented fetal neural retinal
pieces into the subretinal space. These studies used histological and immunohistochemical
markers and reported evidence of rejection or cell death in the transplanted population [12,
13]. Transplantation of neonatal retinal allografts to the subretinal space induces immune
deviation [10]. However, these grafts deteriorate by ~1-month post implantation, apparently
coinciding with loss of immune deviation and the onset of donor-specific delayed
hypersensitivity [13, 14]. Transplanted retinal sheets have been shown to survive in the
subretinal space for several months, although older grafts presented a loss of retinal
lamination and structure, and there was little evidence of synaptic connectivity between the
graft and the recipient retina [15-17]. In contrast, fragmented portions of postnatal day (P) 0
neural retina transplanted to the subretinal space of immunocompetent mice survived poorly
at 5 weeks post-implantation [14]. Similarly, experiments comparing fragment and full-
thickness allogeneic embryonic retinal grafts transplanted into adult recipients have shown
destruction of fragmented tissue grafts within a few weeks of implantation [12]. Further
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analysis demonstrated the presence of major histocompatibility complex (MHC) class I and
II proteins on transplanted fragmented retinal tissue but not retinal sheets, suggesting that
host immune responses to fragmented and intact retinal transplants might be different [12].

Few studies have examined the survival of retinal cells transplanted to the subretinal space,
although a number of studies have examined long-term neural stem/progenitor cell
transplantation [18-20]. However, in these investigations very few donor cells correctly
integrated within the recipient ONL and the survival of transplanted cells was evaluated by
examining the mass of cells present in the subretinal space [21, 22]. By transplanting
postmitotic photoreceptor precursor cells, which are known to both anatomically and
functionally integrate within the recipient retina [2], it is possible to assess for the first time
the ability of fully integrated transplanted photoreceptors to survive within a recipient retina.
Here, we show that transplanted photoreceptor cells integrated within the adult mouse retina
are subject to a host immune response but can survive for extended periods of time provided
these immune responses are modulated.

MATERIALS AND METHODS
Animals

C57Bl/6J, Nrl.gfp+/+ and Cba.gfp± mice were maintained in the animal facility at University
College London. All experiments were conducted in accordance with the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research. Mice defined as “adult” were 6–
8 weeks of age at the start of the experiment. Nrl.gfp+/+ (H-2b/s) and Cba.gfp± (H-2d/b) mice
were used as donors to provide dissociated non-autologous retinal cells for transplantation
and C57Bl/6J (H-2b) mice as partially matched recipients.

Immune Suppression
In some experiments, recipient animals were orally immunesuppressed by addition of
cyclosporine A (50 mg/kg/day) and 5% fruit cordial to the drinking water, for 1 week prior
to and 3 weeks after transplantation. Immunesuppressed recipients were paired with
unsuppressed recipients with regard to transplantation; specifically, the mice were
anesthetized together, had alternate transplantations administered to each eye and were
recovered together. This strategy was employed to reduce as many variables as possible
when directly comparing different groups of transplanted animals.

Dissociation of Retinal Cells and Subretinal Transplantation
Neural retinal cells from P3–5 mice were dissociated as described previously [2] and
resuspended at a concentration of 400,000 cells/μl. Animals received cell transplants (1 μl)
via a transcleral injection into the subretinal space.

T-Cell Proliferation Assays
Spleens were removed and passed through 100-μm cell strainers with RPMI to produce
single cell suspensions, before being spun and resuspended in Red Blood Cell Lysis Buffer
(Sigma, Gillingham, UK) for 5 minutes on ice. Splenocytes were washed with RPMI, spun
down, and resuspended in RPMI–Glutamax-1 with 10% FCS and antibiotics and plated out
in triplicate for each mouse in 96-well round-bottomed tissue culture plates (2.5 × 105 cells/
well). Culture medium was added to the negative control wells and 2.5 lg/ml concanavilin A
(Sigma, Gillingham, UK) was added to the positive control wells. Recombinant enhanced
green fluorescent protein (rEGFP; BioVision Research Products, Mountain View,
California, USA) was added to test wells (2 μg and 10 μg/ml). All wells were incubated for
48 hours at 37 °C before cells were pulsed with H3–thymidine and incubated at 37 °C for a
further 16 hours. The cells were then harvested on to glass fiber paper (Minimash 2000 Plate
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Harvester, Dynatech, Laboratories, Alexandria, VA), scintillant added, and the samples read
(Liquid Scintillation Analyzer 1600TR), with the radioactivity of each vial recorded as
counts per minute.

Flow Cytometry
Cervical lymph nodes were carefully dissected out and passed through 100-μm cell strainers
with RPMI to produce single cell suspensions. Cells were spun down and resuspended in
RPMI at 1 × 106 cells/ml. A total of 106 cells/sample were spun down and resuspended in
blocking solution (BSA 1% in PBS), for 1 hour on ice. The cells were washed in PBS and
stained for 1 hour on ice in the dark. A FITC-conjugated antimouse CD3e (clone 145-2C11,
BD Biosciences, Oxford, U.K.) antibody was used, at a 1:20 dilution in blocking solution.
Cell-only and isotype controls (anti-rat-conjugated antibodies) were also prepared. The cells
were washed twice with PBS, fixed with 1% PFA (15 minutes) on ice in the dark, then
washed and resuspended in blocking solution, and stored at 4 °C in the dark. Flow
cytometry was performed using a FACSCalibur cytometer (Becton Dickinson, Oxford,
U.K.) and analyzed using WinMDI Version 2.8 software.

Cryosections
Mice were sacrificed at various time points post-transplantation and eyes were fixed in 4%
PFA in PBS prior to cryosectioning (18-μm sections). All sections were collected for
analysis.

Immunohistochemistry
Sections were air dried, rinsed in TBS, and blocked (5% NGS, 1% BSA in TBS) for 2 hours
before being incubated with primary antibody overnight at 4 °C. After washing, sections
were incubated with secondary antibody for 2 hours at room temperature, washed, and
counter-stained with Hoechst 33,342 (Molecular Probes Inc., Paisley, U.K.). Negative
controls omitted the primary antibody. Antibodies used: rat anti-CD4, rat anti-CD8a (1:50;
BD Pharmingen, Oxford, U.K.), biotin-conjugated rat anti-CD68 (1:250; AbD Serotec,
Kidlington, U.K.), rat anti-F4/80 (1:250; Abcam, Cambridge, U.K.), and anti-rat and
streptavidin Alexa Fluor 546 (1:500; Molecular Probes, Paisley, U.K.).

Confocal Microscopy
Retinal sections were imaged using a Zeiss LSM510 confocal microscope. XY optical
sections, ~0.5-μm apart, were taken throughout the depth of the section and built into a stack
to give an XY projection image.

Cell Counts
Nrl.gfp+ve photoreceptors were counted as integrated if the whole cell body was correctly
located within the ONL and at least one of spherule synapse, inner/outer processes and/or
inner segments was visible [2]. Cell counts for individual eyes were only excluded if there
were cells in the vitreous, indicative of accidental intravitreal transplantation of the cells.

Macrophage Grading
Macrophage recruitment to the site of transplantation was graded on a scale of 1–3. Grade 1
demonstrated none to occasional macrophages in the subretinal space, with more present in
the choroid, at the site of transplantation only. Grade 2 represented greater numbers of
macrophages in the subretinal space, especially present around the cell mass and ramified
macrophages present in the retina, around the site of transplantation only. Grade 3
demonstrated many amoeboid macrophages in the subretinal space and the retina, combined
with decreased Nrl.gfp expression in the cell mass and the presence of autofluorescent cell
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debris. Examples of each grade are shown in Figure 2A, i-iii. Integrated photoreceptor cell
counts for individual eyes were not excluded on the basis of macrophage grading for any of
the time points examined.

ONL Thickness
Standardized images (>3) were taken of the ONL at both the superior (injection site) and
inferior retina and ONL thickness measured using ImageJ (http://rsbweb.nih.gov/ij/). The
mean ONL thickness at the site of transplantation was calculated for each group and
compared with wild-type data by an analysis of variance (ANOVA) and Bonferroni multiple
comparisons test. The % ONL thickness of eyes receiving transplants was calculated by
normalizing to the inferior retina (away from the injection site) for individual eyes and to
control for age-related effects.

Statistics
All means are presented ± SEM (standard error of the mean), unless otherwise stated; N,
number of animals; n, number of eyes or sections examined, where appropriate. Graphpad
Prism 5 (GraphPad, La Jolla, CA, USA) was used for all data and regression analysis. In
figures, statistical significance is represented by *, p < .05, **, p < .01, ***, p < .001.

RESULTS
Time Course of Integrated Photoreceptor Cell Survival

Previous studies investigating the integration of Nrl.gfp+ve photoreceptor precursor cells
have examined short-term-integrated cell survival (<1-month) [2, 3, 5]. To assess the long-
term survival of these cells, recipients received subretinal transplants, as previously
described [2], and the total number of integrated Nrl.gfp+ve cells was quantified at 1, 2, 4, 6,
8, 10, and 12 months (Fig. 1A). Numerous integrated photoreceptors were observed at 2
months post-transplantation and there was no significant difference compared with 1-month
(930 ± 291 vs. 1,057 ± 223 cells per eye; p > .05, ANOVA). However, we observed a
significant loss of integrated photoreceptors with time. At 4 months only 85 ± 21 cells per
eye remained (p < .001, ANOVA) and by 6 months integrated cells were observed only
occasionally (3 ± 1 cells per eye; p < .001, ANOVA). The majority of surviving integrated
cells presented appropriate rod photoreceptor morphology including inner/outer segments
(Fig. 1B, i–iv) and expressed rod synaptic markers [23], until at least 6 months post-
transplantation (numbers at 12 months were too few to test; Fig. 1C). Thus, correctly
integrated photoreceptors can survive for extended periods of time in the recipient retina
albeit at significantly reduced numbers. This prompted us to examine how integrated
Nrl.gfp+ve photoreceptors are lost over time.

Acute Loss of Integrated Photoreceptor Cells at 1 Month
Integrated photoreceptor survival may be affected by nonimmunological mechanisms, such
as intrinsic developmental programs and synaptic connectivity, and/or host immune
responses including acute innate and adaptive immune responses to allogeneic grafts.
Although the majority of retinae recovered quickly following transplantation, a proportion
(22%) exhibited macrophages at the site of transplantation, together with decreased green
fluorescent protein (GFP) expression in the cell mass and the presence of autofluorescent
cell debris within the subretinal space and, occasionally, the retina. We also observed
significantly reduced numbers (169 ± 83 cells per eye) of integrated Nrl.gfp+ve

photoreceptors in these eyes, compared with the majority of unaffected eyes (1,435 ± 180
cells per eye; p < .001, ANOVA, n = 18) from the same cohort of transplantations. These
observations suggest that an early inflammatory response, possibly due to increased
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mechanical/surgical trauma at the time of transplantation, resulted in reduced photoreceptor
integration and/or their subsequent rejection in a subset of eyes. Such effects are most likely
mediated by blood-derived macrophages or resident microglia. We therefore assessed
whether or not there is a significant association between the presence of macrophages and
the early reduction in integrated photoreceptors by staining retinal sections for CD68 [24].
CD68, a member of the lysosomal-associated membrane protein family, is predominantly
expressed by activated tissue macrophages [25]. Retinal sections were graded on a scale of
1–3, with three representing the highest level of activated macrophage infiltration (see
“Materials and Methods” and Fig. 2A, i–iii). A Pearson correlation test demonstrated a
significant negative correlation between the number of integrated photoreceptors and the
extent of macrophage infiltration (Fig. 2B; p < .01, n = 8). These data suggest that within a
subset of transplants an early acute inflammatory response leads to increased macrophage
recruitment and reduced integrated photoreceptor number by 1 month post-transplantation.
This relatively acute loss of photoreceptors occurs in a minority of eyes (22%) and can be
considered a consistent variable between all later time points examined, as cell counts were
not excluded on the basis of macrophage grading.

Chronic Loss of Integrated Photoreceptors over Time
A possible cause of apparent integrated Nrl.gfp+ve cell loss is a downregulation of the Nrl
promoter, leading to reduced GFP expression in these cells. To examine this possibility,
Cba.gfp+ve donor cells were transplanted and integrated cells quantified at 2, 4, and 6
months post-transplantation. No significant difference was found in the number of surviving
integrated photoreceptors using Cba.gfp+ve donor cells compared with Nrl.gfp+ve donor cells
(Fig. 3A; p > .05, ANOVA). Therefore, downregulation of Nrl expression is unlikely to
explain the reduction in the number of integrated GFP+ve photoreceptors.

Previously, we have observed ONL thinning and decreased retinal function in aged wild-
type mice [26], while prolonged retinal detachment can also lead to ONL degeneration [27,
28]. It is possible that integrated photoreceptors are lost as a secondary consequence of the
normal ONL loss over time. Therefore, ONL thickness was measured for all time points
examined and compared with unprocedured (no transplant) wild-type retinae (Fig. 3B) or the
inferior (away from the site of transplantation) retina (Fig. 3C, i). In the transplanted retinae,
ONL thickness was significantly reduced at 1 month post-transplantation, compared with
unprocedured controls (Fig. 3B; 132 ± 9 and 214 ± 8 μm, respectively; p < .05, ANOVA).
This was maintained at all other time points examined (Fig. 3B; p < .01, ANOVA).
However, by controlling the expected age-related thinning observed in nondegenerate wild-
type retinae [26], there was no significant difference in ONL thickness after 1 month post-
transplantation (Fig. 3C, i; p > .05, ANOVA). The ONL thinning seen at 1 month post-
transplantation is most likely a consequence of the detachment caused by the large number
of donor cells transplanted. We have subsequently developed optimized protocols that do
not result in ONL thinning (manuscript in preparation). Regression analysis demonstrates
that the agerelated ONL thinning seen between 1 month and 12 months follows a linear
kinetic (Fig. 3C, i; p < .05, F test). In contrast, the loss of transplanted integrated cells
around 4 months fits a sigmoidal (Fig. 3C, ii; p < .0001, F test), not a linear (p > .05, F test),
model. Together, these results suggest that ONL thinning and integrated photoreceptor loss
follow very different kinetics and as such the loss of integrated cells is due to a different and
specific underlying biological process, such as an immune response by the host.

Chronic Immune Response Following Cell Transplantation
To determine whether or not the delayed loss of transplanted cells was a specific cell-
mediated host immune response, we examined the types of immune cells present shortly
after transplantation, compared with a later time point when survival is significantly
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reduced; CD68 labels activated macrophages and microglia [24] and CD4 and 8a are
predominantly expressed by T cells. Both CD68+ve macrophages and CD4 and 8a+ve T cells
were observed at 1 and 4 months post-transplantation (Fig. 4A, i, ii; 4B, i, ii). At 1 month,
activated macrophages were observed in the subretinal space, predominantly around the
transplanted cell mass (Fig. 4A, i). At 4 months, activated macrophages were similarly
distributed despite the absence of the cell mass in some eyes (Fig. 4A, ii). T cells were
observed 1 month post-transplantation in the neural retina, subretinal space, and, more
extensively, in the choroid around the transplantation site (Fig. 4B, i). By 4 months, fewer T
cells were observed in the choroid although some remained in the retina and subretinal
space, around the transplantation site (Fig. 4B, ii). The recruitment of T cells specifically to
the site of transplantation (Fig. 4C, i–ii) and their presence near surviving integrated
photoreceptors at 1 and 4 months post-transplantation is indicative of an adaptive immune
response against the donor cell population.

To further investigate whether an adaptive immune response may be the cause of integrated
cell loss, we “primed” the recipient immune system by transplanting cells into one eye only.
After 3 months, we transplanted cells into the contralateral eye and waited for further 2
months before sacrificing and quantifying the number of integrated cells in the second eye.
Control recipients had transplants to both eyes at the same time and were examined 2
months post-transplantation. If the loss of integrated cells occurring by 4 months post-
transplantation (Fig. 1A) is due to systemic antigen-specific T cells, it is likely that
“priming” the host immune system with the initial transplantation would cause integrated
cells in the second eye to be rejected more rapidly. The number of integrated cells in the
primed recipients was markedly reduced (636 ± 356 cells per eye) compared with the
control group (1,872 ± 1,044) 2 months post-transplantation (Fig. 4D; p = .06, t test),
suggesting that integrated cells are lost as the result of a specific immune response against
the donor population, rather than a nonspecific, innate immune response-mediated loss.

We therefore examined whether integrated cell loss was due to an adaptive immune
response against the obvious candidate antigen, GFP, which is only present in the donor
cells. As phagocytosis of transplanted cells by macrophages results in the production of cell
debris and the release of intracellular GFP, it is possible that a delayed adaptive immune
response could be initiated toward GFP. We performed an assay to examine T-cell
proliferation from transplanted recipients in response to increasing concentrations of rEGFP
(Fig. 4E). We observed no increase in proliferation above background following rEGFP
stimulation of splenocytes isolated from naïve (non-transplanted) wild-type or transplanted
animals at 2, 4, or 6 months post procedure. Of note, splenocytes isolated at 2 months post-
transplantation demonstrated increased proliferation compared with the other time points
and wild-type controls, a finding replicated in other assays using different populations of
splenocytes, which maybe due to a residual T-cell activation at this time point, post-
procedure. Thus, there was no specific cell-mediated immune response toward GFP in
transplanted animals, and it is unlikely to be the cause of integrated photoreceptor loss.

Effects of Immune Suppression on Integrated Photoreceptor Cell Survival
To determine whether an adaptive immune response against the donor population itself is
responsible for the delayed loss of integrated photoreceptors, donor cells were transplanted
into immunesuppressed recipients. Mice received CsA, a potent immunosuppressant that
does not affect the acute inflammatory response [29] but reduces T-cell activation [30, 31],
lessens cytotoxic CD8+ve cell induction, and reduces Th1 cell function [29].

CsA administration had no adverse effects on photoreceptor integration; similar numbers of
integrated photoreceptors were present in normal and immunesuppressed recipients at 1
month post-transplantation (Fig. 5A; 1,057 ± 223 and 1,059 ± 449 cells per eye,
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respectively). As before (Fig. 2), we assessed macrophage recruitment and found a similar
proportion of transplants underwent an acute early cell loss and that there was a significant
negative correlation between integrated photoreceptor number and the extent of macrophage
infiltration in immunesuppressed recipients at 1 month post-transplantation (p = .01, Pearson
correlation; Data not shown). Both ramified mature resident macrophages (Fig. 5B, i) and
activated, rounded phagocytic macrophages were present around the transplant site in this
minority of eyes (Fig. 5B, i). T cells were also present and had a similar distribution (Fig.
5B, ii). These data suggest that the acute innate immune responses are largely unaffected by
CsA up to 1 month post-transplantation, as previously reported [29].

To confirm that the dosage of CsA used was sufficient to impair systemic T-cell
proliferation, cervical lymph nodes were examined by flow cytometry. We observed no
significant difference in the percentage of CD3ε+ve T cells present in naïve wild-type mice
and recipient mice not pretreated with CsA (Fig. 5C; 64.1% ± 2.6% and 70.3% ± 1.2%
CD3ε+ve cells, respectively; p > .05, ANOVA). Conversely, there were significantly fewer
CD3ε+ve cells in CsA-treated immunesuppressed recipient mice (Fig. 5C; 57.3% ± 2.5%
CD3ε+ve cells; p < .01, ANOVA), showing that the dose of CsA used was sufficient to
suppress T cell-mediated immune responses in mice receiving retinal transplants.

We next examined integrated photoreceptor survival in immunesuppressed recipients, 4
months post-transplantation. In all animals (suppressed and unsuppressed), integrated
photoreceptors cells assumed normal morphology (Fig. 5D, i, ii) [2]. As in Figure 1, we
observed significantly fewer integrated cells in normal, unsuppressed recipients at 4 months,
compared with 1 month, post-transplantation (Fig. 5E; 108 ± 39 and 1,057 ± 223 cells per
eye, respectively; p < .001, ANOVA). However, significantly greater numbers of integrated
cells were present in immunesuppressed animals, compared with unsuppressed recipients, 4
months post-transplantation (Fig. 5E; 275 ± 89 and 76 ± 20 cells per eye, respectively; p < .
05, t test). Despite the significant variation that can occur between individuals regarding the
extent of immune suppression following CsA treatment [32], we observed a marked
difference between the two cohorts. In 6 of 12 of immunesuppressed recipients, the number
of surviving integrated photoreceptors was similar to that seen at 1 month post-
transplantation, compared with only 1 of 12 in the untreated group. In immunesuppressed
recipients, macrophages, and, occasionally, T cells were still present around the site of
transplantation 4 months post-transplantation (Fig. 5F, i and ii, respectively; red; white
arrow heads), although were rarely observed in the neural retina near surviving integrated
photoreceptors.

Together, these results demonstrate that T cell-mediated immune responses play a
significant role in the loss of integrated photoreceptors, but that immune suppression with
CsA increases their survival.

DISCUSSION
Photoreceptor transplantation represents a potential strategy for the repair of retinal
degeneration [2, 5]. However, the long-term survival of correctly integrated cells has not
been investigated. Here, we show that integrated rod photoreceptors can survive for several
months following subretinal transplantation. These cells maintain normal rod morphology,
including inner/outer segments and spherule synapses and express components of the
synaptic machinery. Although the numbers are too few to test, these observations provide
circumstantial evidence that surviving cells may remain appropriately and functionally
connected within the recipient retina, similar to those previously described [2]. However, we
also observed two significant patterns of cell loss. First, in a minority of eyes, we observed a
relatively acute reduction in the number of integrated cells at 1 month post-transplantation,

West et al. Page 8

Stem Cells. Author manuscript; available in PMC 2012 February 05.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



which was associated with an innate inflammatory reaction. Second, in the remaining and
majority of eyes, we observed an adaptive immune response-based cell loss that could be
significantly reduced by immune suppression with CsA. These results suggest that
appropriately integrated photoreceptors from nonautologous sources can survive for
extended periods of time in the adult host retina, provided immune responses are modulated.

We observed a relatively acute inflammatory response and concomitant reduction in
integrated photoreceptor number in a small number of eyes at 1 month after transplantation.
This maybe similar to the situation observed in an acute injury-induced model of retinal
degeneration [33], where the increased presence of activated macrophages shortly after
transplantation was correlated with reduced numbers of integrated cells. It is unclear if
macrophages prevent photoreceptor precursors integrating or cause their destruction after
integration. The presence of both macrophages and T cells in the CsA-treated group 1 month
post-transplantation suggests that this is an inflammatory immune response, potentially
induced by inadvertent trauma during the transplantation procedure. In axotomy-induced
models of ganglion cell degeneration, injury-induced microglia have been shown to impair
axonal regeneration in rats [34].

The majority of transplantation paradigms face the challenge of immune rejection. Although
the eye is often described as immune privileged, we consider an active immune response to
be the most likely explanation for the loss of integrated photoreceptors around 4 months
post-transplantation. We could rule out the possible immunogenicity of GFP (used to label
the donor cell population). However, minor differences in genetic background of the donor
and recipient mice used may play a role. MHCs, present on all nucleated cells, are
genetically variable between individuals and responsible for the allogeneicity of transplanted
tissue. In mice, the MHC classes are known as H-2 haplotypes. Here, donor cells came from
either neonatal Agouti B6SJL/J Nrl.gfp+/+ (H-2s/b) mice or C57Bl/6J Cba.gfp± (H-2d/b) mice
and were transplanted into C57Bl/6J recipients (H-2b), constituting a partial mismatch of
haplotypes. Despite this, we observed a consistent loss of integrated photoreceptors at 4
months post-transplantation. Other studies [14] observed a more rapid rejection of
transplanted retinal fragments, using BALB/cJ (H-2d) donor and C57Bl/6J (H-2b) recipient
mice. The delay in graft rejection observed in our study may be attributable to the partial
match between the donor and recipient strains used. Although not technically possible at
present, it will be very interesting to examine the survival of rod precursors derived from
C57Bl/6J donors in C57Bl/6J recipients, that is, syngeneic, haplotypematched.

We observed a significantly extended survival of integrated photoreceptors following
immune modulation. However, this improvement was not observed in all mice receiving
immune suppression. This may be due to insufficient CsA dosage in some animals. Given
the experimental constraints, oral CsA administration was most appropriate. However, this
method is limited by the variable amounts of CsA ingested and absorbed in different
animals. In addition, it is unclear which eyes may have undergone acute integrated cell loss
due to early inflammatory responses 1 month post-transplantation, as this is
indistinguishable by 4 months, the time point examined in these mice.

In previous studies, grafts of immature neural retina were rejected ~5 weeks post-
transplantation [10, 35, 14], a deterioration thought to coincide with the onset of donor-
specific delayed hypersensitivity [13]. Typically, donor-specific delayed hypersensitivity is
a Th1 cell-mediated response to largely unknown chronic allograft rejection mechanisms
[13]. Alloantigen-specific suppressor T cells have been found in the spleens of mice bearing
subretinal or intravitreal neonatal retinal allografts by 12 days post-transplantation [10].
Antigens introduced into the anterior chamber of the eye can induce ACAID, an active form
of immune tolerance [8, 36]. Immune deviation has also been shown for antigens delivered
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to the subretinal space and the vitreous cavity, although not as robustly as that observed in
ACAID [11, 37]. When such active immune tolerance is lost, it can result in a delayed
rejection of the grafted tissue [13]. Given the ability of CsA to significantly improve
integrated cell survival, it seems likely that the loss of integrated Nrl.gfp photoreceptors
occurring around 4 months post-transplantation is due to a similar mechanism. Other studies
have shown a delayed (5 weeks) rejection of neonatal retinal allografts and reported no
effect of CsA [38]. As with these reports, we observed the continued although reduced
presence of T cells in immunesuppressed recipients. Nonetheless, we observed a significant
prosurvival effect of CsA, supporting the hypothesis that T cell-mediated immune responses
contribute significantly to the delayed loss of integrated photoreceptors.

Although immune suppression significantly improved integrated photoreceptor cell survival
in the current study other mechanisms may also be involved in the loss of a proportion of the
integrated cells. It is beyond the scope of this study to identify what these factors are but
nonimmune-based causes for transplanted photoreceptor loss may include incomplete
synaptic connectivity between the host retina and integrated cells, intrinsic developmental
apoptosis mechanisms and metabolic stress and subsequent autophagy. Although integrated
cells at all stages examined (up to 6 months post-transplantation) showed evidence of
synaptic formation, it is possible that a proportion of the cells lost did not form correct
connections. However, the time course of cell loss observed here does not fit readily with
this explanation as models of photoreceptor degeneration resulting from synaptic
abnormalities, such as the tulp1−/− mouse, undergo early onset photoreceptor cell loss, by
postnatal week 3 [39, 40]. The donor cells used here are from the early postnatal retina and
may be subject to intrinsic developmental apoptosis mechanisms, although again normal
programed cell death mechanisms occurring throughout retinal development are usually
complete by 3 weeks of age. Assuming transplanted photoreceptors follow the normal
developmental time course following transplantation into the adult retina, this is shorter than
the delayed loss observed here.

This study used freshly isolated retinal precursors as they are known to appropriately
integrate following transplantation. However, various stem cell types are being investigated
in the hope that they will provide a scalable source of differentiated photoreceptor
precursors. In light of the findings presented here, it is reasonable to propose that autologous
cells, such as induced pluripotent stem (iPS) cell- or other adult stem cell-derived
differentiated photoreceptor precursors, would be optimal sources of donor cells. Several
recent studies have demonstrated the differentiation of iPS cells into retinal phenotypes
[41-43]. It will be important to ascertain whether such cells are able to functionally integrate
into the adult neural retina and to compare their survival to the freshly isolated precursors
investigated here.

These experiments were performed in wild-type recipients to enable examination of cell
survival in the healthy retina. However, it is important to consider the impact of
degeneration on the immune status of the recipient retina. One consequence of retinal
degeneration is the activation of resident microglia [44-47]. The difference in inflammatory
status between normal and degenerate retinas may have a significant impact on integrated
photoreceptor cell survival and is an area that warrants further investigation.

CONCLUSION
We have shown that transplanted rod precursor cells can survive for extended periods of
time in the adult murine retina and display all the morphological characteristics of correctly
integrated rod photoreceptors. We also observed a host-mediated immune response and
subsequent loss of these cells over time, an effect that could be countered by immune
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suppression. Together, these findings suggest that although autologous donor cells are likely
to be optimal for therapeutic approaches to repair the neural retina, nonautologous cells may
also be effective with appropriate immune modulation.
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Figure 1.
Investigation of integrated photoreceptor cell survival in the adult retina. (A): Integrated
Nrl.gfp+ve photoreceptor number as a function of time post-transplantation (***, p < .001,
ANOVA). (B): Projection confocal images of surviving transplanted photoreceptors
(Nrl.gfp; green) at 1, 4, 6, and 12 months (i–iv). (C): Integrated Nrl.gfp+ve cells express
markers of mature rod spherule synapses including RIBEYE (CtBP2) at 1 (top left) and 6
(top right) months post-transplantation. Insets, projection (ia, ii, iii) or single section (ib)
images of regions of interest highlighted. Note colocalization of GFP (green) and RIBEYE
(red; arrows). Scale bar = 20 μm. Abbreviations: GFP, green fluorescent protein; INL, inner
nuclear layer; IS, inner segments; ONL, outer nuclear layer.
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Figure 2.
Assessment of macrophage activation and photoreceptor cell integration. (A): Projection
confocal images showing the grading scheme used to assess macrophage activation and
infiltration in transplanted eyes (CD68, an activated macrophage marker, red; white arrow
heads). (B): Line graph showing a negative correlation between the number of integrated
cells and level of macrophage activation (Pearson correlation, p < .0001, n = 18). Scale bar =
50 μm. Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer
nuclear layer; RPE, retinal pigment epithelium.
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Figure 3.
Integrated photoreceptor cell loss and outer nuclear layer thinning. (A): Integrated
Cba.gfp+ve photoreceptor number as a function of time post-transplantation, compared with
Nrl.gfp+ve-integrated photoreceptors (mean ± SEM; p > .05, ANOVA). (B): ONL thickness
of a wild-type retina compared with retinas receiving cell transplants, at various time points
post-transplantation (p < .05, ANOVA). (C): i, Host ONL thinning followed a linear kinetic
(p < .05, F test), whereas transplanted integrated photoreceptor loss followed a sigmoidal
model (p < .0001, F test; mean ± SEM, n > 6). Abbreviation: ONL, outer nuclear layer.
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Figure 4.
Immune cell types at the site of cell transplantation. Projection confocal images of the site of
transplantation at 1 month ([A], i; [B], i) and 4 months ([A], ii; [B], ii) post-transplantation.
(A): i, Subretinal cell mass 1 month post-transplantation shows extensive macrophage
activation and infiltration (CD68+ve; red; white arrow heads). (A): ii, Site of transplantation
demonstrating the persistent macrophage presence (CD68+ve; red; white arrow heads) after 4
months. (B): i, A substantial increase in the presence of T cells (CD4/8a+ve; red; white
arrow heads) was observed in the retina, subretinal space and the choroid at the site of
transplantation after 1 month. (B): ii, T cells were still present at 4 months post-
transplantation (CD4/8a+ve; red; white arrow heads). (C): i and ii, Projection confocal
images of the transplanted cell mass (Nrl.gfp; green) at 1 month, illustrating in more detail
the increased presence (i) and infiltration (ii) of T cells (red; white arrow heads). (D):
Number of integrated cells 2 months post-transplantation in control (both eyes injected at a
single time point) and the second eye of “primed” recipients (first eye injected 3 months
prior to the second). Fewer integrated cells were present 2 months post-transplantation in the
primed eye (p = .06, t test). (E): Rate of proliferation of splenocytes after culture with rGFP.
Scale bar = 50 μm, 100 μm ([C], i only). Abbreviations: CM, culture medium; GCL,
ganglion cell layer; inner nuclear layer; ONL, outer nuclear layer; rGFP, recombinant green
fluorescent protein.
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Figure 5.
The effects of immune suppression on the number of surviving integrated photoreceptors.
(A): Number of integrated cells present in untreated and immunesuppressed recipients, 1
month post-transplantation (mean ± SEM). (B): Projection confocal images of the site of
transplantation in immunesuppressed recipients stained for (i) macrophages and (ii) T cells.
(B): i, Both ramified (red; white arrows) and active macrophages (red; white arrow heads)
were observed in the retina and subretinal space. (B): ii, Numerous T cells were also
observed by the transplanted cell mass (red; white arrow heads). (C): Percentage of
CD3ε+ve T cells in the cervical lymph nodes in naïve wild-type (no transplant) controls,
CsA-untreated recipients, and CsA-treated (immunesuppressed) recipients, 4-months post-
transplantation (mean ± SEM; p < .01, ANOVA). (D): Representative images of surviving
integrated photoreceptors (Nrl.gfp; green) present in normal (i) and immunesuppressed (ii)
recipients, at 4-months post-transplantation. (E): Number of integrated photoreceptors in
untreated-recipients and immunesuppressed recipients, 4-months post-transplantation (mean
± SEM; *, p < .05, Mann Whitney U test). (F): Projection confocal images at the site of cell
transplantation in immunesuppressed recipients, 4-months post-transplantation. Both
macrophages (i; red; white arrow heads) and T cells (ii; red; white arrow heads) were still
present, although the latter were reduced in number. Scale bar = 50 μm ([B] and [F] only),
20 μm ([D] only). Abbreviations: CsA, cyclosporin A; INL, inner nuclear layer; ONL, outer
nuclear layer.
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