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SUMMARY

Loss of photoreceptors is a common endpoint in
degenerative retinal diseases. Human pluripotent
stem cells provide a potential source for photore-
ceptor replacement, but, even in mouse models,
the efficiency and efficacy of transplantation-based
repair remains poor. In this study, we examined the
degree to which immune rejection contributes to
these disappointing outcomes using an immunodefi-
cient IL2 receptor g (IL2rg)-null mousemodel. Our re-
sults show that prevention of cell rejection in the
normal and degenerating retinal environment sig-
nificantly improves long-term survival and integra-
tion of hESC-derived donor retinal cells. Trans-
planted cells are able to differentiate into mature
photoreceptors expressing various opsins and can
functionally integrate into congenitally blind mice.
Our work suggests that even though the retina is
often considered immune-privileged, suppression
of host immune-mediated cell rejection may well be
a useful approach for improving long-term integra-
tion of transplanted cells with a view to successful
clinical outcomes.

INTRODUCTION

Many retinopathies, acquired or inherited, share a common

endpoint, the loss of photoreceptors (rods and cones) in the

retina, leading to severe and permanent visual loss. This is due

to the fact that the adult mammalian retina lacks any significant

regenerative potential. In the past couple of decades, significant

progress has been made in the understanding of the pathogen-

esis of a range of retinal degenerative diseases. However,

currently available treatment options are very limited. Cell

replacement therapy is a promising therapeutic strategy for

retinal degenerative diseases, especially following the discovery

of pluripotent stem cell sources. Several groups have success-

fully generated retinal cells, including rod and cone photorecep-

tors, from human embryonic stem cells (hESCs) and human

induced pluripotent stem cells (iPSCs) (Lamba et al., 2006,

2009, 2010; Mellough et al., 2012; Meyer et al., 2011; Tucker
et al., 2013; Zhong et al., 2014). The retinal cells derived from

either hESCs or iPSCs can be transplanted to the adult mouse

retina and integrate into the host retina and mature into photore-

ceptors (Lamba et al., 2009, 2010). Using a model of congenital

blindness (Crx mutation), we have previously demonstrated that

hESC-derived retinal cells can even restore some light sensitivity

(Lamba et al., 2009).

Both hESCs and iPSCs have demonstrated considerable

potential to be taken forward to clinical trials of photoreceptor

diseases but are currently limited by concerns regarding their

efficient integration, long-term safety, and efficacy. Generally,

donor cells survive poorly in a degenerating environment, and

only a small number of cells can integrate into the host retina.

Additionally, most of the studies, including our previous report,

have only tracked the cells for a short duration, and it is unclear

how well these cells would do in the long term. Additionally,

although our previous report did show restoration of the local

electroretinography (ERG) response, whether this information

travels centrally was not assessed.

One of the issues with any stem cell therapy is the use of allo-

geneic cells. These cells have an increased risk of rejection. The

retina has classically been considered immune-privileged. Previ-

ous full-thickness sheet transplantation studies as well as hESC-

derived retina studies in immunocompetent mice have shown

good survival in the subretinal space. However, none of these

groups observed much photoreceptor integration over the long

term (Hambright et al., 2012; Jiang et al., 1993). On the other

hand, long-term transplantation studies in murine models have

shown evidence of cell rejection months after transplantation

(Jiang et al., 1995;West et al., 2010). Using an establishedmodel

of mouse rod photoreceptor integration, a recent study demon-

strated a significant decline in the survival of integrated mouse

photoreceptors over time, even with partially matched donor

mice, which is caused by both acute and chronic immune re-

sponses in the host retina (West et al., 2010). In this study, we

focused on clarifying the role of cell rejection in the survival

and integration of hESC-derived photoreceptors using a severe

immunodeficient mouse model with interleukin 2 receptor g

chain gene knockdown (IL2rg�/�), which results in decreased

numbers of B and T lymphocytes and lack of natural killer cells,

which are known to be involved in cell rejection. We show that

this model allows for better integration of transplanted human

photoreceptors, especially for long-term transplantation studies

(3 months and beyond). Additionally, by crossing this mouse

background to a mouse model of congenital blindness because
Cell Stem Cell 20, 1–11, March 2, 2017 ª 2016 Elsevier Inc. 1

mailto:dlamba@buckinstitute.org
http://dx.doi.org/10.1016/j.stem.2016.11.019


Please cite this article in press as: Zhu et al., Immunosuppression via Loss of IL2rg Enhances Long-Term Functional Integration of hESC-Derived Pho-
toreceptors in the Mouse Retina, Cell Stem Cell (2016), http://dx.doi.org/10.1016/j.stem.2016.11.019
of a point mutation in the Crx gene, we confirm that the

hESC-derived retinal photoreceptors can functionally integrate

into the host circuitry and transmit the visual signal to central cir-

cuits. This work helps to pinpoint one of the key issues that need

to be addressed to improve the efficiency of photoreceptor

replacement therapies.

RESULTS

Long-Term Survival of hESC Retinal Cells In Vivo in an
Immunodeficient IL2rg–/– Mouse Model
It has been reported that immunosuppression in host animals is

needed to reduce rejection of donor cells in long-term transplan-

tation studies (Lamba et al., 2009, 2010; Luo et al., 2014; Seiler

et al., 2014; West et al., 2010). Although some studies have re-

ported good survival of cells in the subretinal space, these

same studies did not report efficient integration, particularly in

the photoreceptor layer (Hambright et al., 2012). We hypothe-

sized that the relative immune privilege status of the subretinal

space may not extend into the neural retina. To test this, we

used amousemodel of immunodeficiency, IL2rg�/�mice. These

mice carry a mutation in the interleukin 2 receptor g chain gene

on the X chromosome. This results in a 10-fold reduction in the

absolute number of lymphocytes and a complete absence of

natural killer cells, which mediate cell rejection (Cao et al.,

1995; DiSanto et al., 1995). IL2rg gene knockdown did not cause

any defects in retinal morphology, including the number or

morphology of photoreceptors (Figures S1A and S1B), and prior

to transplantation did not have any obvious T, B, and dendritic

cell infiltration (Figure S1D). ERG recording data also show that

IL2rg gene knockdown does affect visual function in these

mice (Figure S1C).

Weusedamodificationof our previously reporteddifferentiation

protocol to generate retinal cells from hESCs by inhibition of BMP

and WNT signaling (Lamba et al., 2006, 2009; Figures S1E–S1M).

Based on our previous experience and evidence from other labs,

we anticipated optimal photoreceptor fate specification around

3 months of culture (Kaewkhaw et al., 2015; Lamba and Reh,

2011; Meyer et al., 2011). We confirmed this using immunocyto-

chemistry (ICC) and RT-PCR analysis. At 3 months of culture, a

large portion of cells displayed typical neuronal morphology and

expressed the pan-neuronal marker TUJ1; approximately 40%

of cells expressed OTX2 and CRX, two early markers of devel-

oping photoreceptors; 10% of cells expressed AIPL1, another

protein expressed in immature photoreceptors; 33% of cells ex-

pressed retinal stem cell marker LHX2; and 0.8% cells expressed

cell proliferation marker Phospho Histone H3 (PHH3) (Figures

1A–1D). qRT-PCR data also showed a significant increase in the

expression of various photoreceptor-specific markers (RCVRN,

NRL, TRb2, and BLIMP1) in addition to expression of the retinal

stem cell markers PAX6, CHX10, and LHX2 (Figure 1E).

To track cells following transplantation, retinal cells in culture

were infected with a replication-incompetent lentivirus express-

ing EGFP under a ubiquitous promoter (hEF1a) as described pre-

viously (Lamba et al., 2009). This resulted in expression of GFP

by 50%–70% of all cells in the plate (Figure S1N). After an addi-

tional 5–7 days of culture following viral medium wash-off, the

cells were dissociated and transplanted into the subretinal space

of 4- to 6-week-old control (IL2rg+/+) and IL2rg�/� mice via
2 Cell Stem Cell 20, 1–11, March 2, 2017
the transcorneal subretinal injection approach. Approximately

500,000–750,000 cells in a 1- to 1.5-mL volume were trans-

planted into the left eye of each recipient mouse (Figure S1N).

The procedure resulted in a wide distribution of GFP+ donor

cells, covering approximately one third to one quarter of subre-

tinal space in the host eye. Upon analysis 6 weeks post-trans-

plantation, we observed that the transplanted cells survived in

the subretinal space of both IL2rg+/+ and IL2rg�/� host eyes;

however, very few cells integrated into the host neural retina (Fig-

ures S1O and S1P). However, upon analysis 3 months following

transplantation, we observed robust integration in the host eyes

of IL2rg�/� recipient mice (Figures 1H and 1I). An average of

20,858 (± 5,823) GFP+ donor human retinal cells integrated

within the outer nuclear layer (ONL) of the recipient retina and ex-

hibited an unambiguous photoreceptor morphology with prop-

erly orientated photoreceptor segments and synaptic endfeet

(Figures 1K and 1L). On the other hand, at this late time point,

donor cells integrated extremely poorly in the control non-

immunosuppressed host mouse photoreceptor layer, although

grafted GFP+ cells were still present in the subretinal space (Fig-

ures 1F and 1G). To test whether the observed enhancement of

photoreceptor integration was an IL2rg�/�-specific effect or a

result of generalized immune suppression, we transplanted cells

in another model of immunosuppression, severe combined im-

munodeficiency (SCID) mice (Prkdcscid), which have a complete

absence of functional B and T cells. Although overall the mice

were much sicker post-transplantation and at older ages than

IL2rg�/�mice, we observed a similarly high degree of integration

at 3 months (Figure S1Q).

We confirmed that the GFP+ integrated cells were, in fact, of

human origin by co-staining with a previously described hu-

man-specific STEM121 antibody (Figure 1M; Cummings et al.,

2005). Finally, to rule out cell fusion between the transplanted

and host photoreceptors, we took high-resolution confocal im-

age stacks with DAPI co-staining and confirmed the absence

of binucleated GFP+ photoreceptors (Figure 2J). We also

observed some GFP+ cells in the subretinal space of IL2rg�/�

mice but did not detect any obvious retinal detachment or forma-

tion of tumors (data not shown).

Integration Is Associated with Immune Cell Infiltration,
which Is Suppressed in IL2rg–/– Mice
To test whether subretinal cell transplantation is, in fact, associ-

ated with a significant immune response, we looked at markers

of immune cells as well as microglia and activated macrophages

in IL2rg�/� and control mice 3 months following subretinal injec-

tion of cells. We analyzed T cell infiltration by looking at the pan

T cell marker CD3 as well as the mature T cell markers CD4 and

CD8a. Interestingly, although there were CD3+ cells in both

cases, CD4+ and CD8a+ cells were virtually absent in the

IL2rg�/� retinal environment, suggesting failure of formation of

mature T cells, which take part in the immune cell response (Fig-

ures 2A–2I). We also found that CD49b-expressing natural killer

cells were absent, as expected, in IL2rg�/�mice, but present in a

wild-type non-immunosuppressed host, confirming the pres-

ence of an immune rejection response following transplantation

of retinal cells (Figures 2J, 2L, and 2N). We also detected the

presence of CD11c expressing dendritic cells in wild-type trans-

planted retinas that were absent in IL2rg�/� mice (Figures 2K,



Figure 1. Improved Integration of hESC-Derived Retinal Cells in IL2rg–/– Host Retina 3 Months Post-transplantation

(A–D) ICC analysis of hESC-derived retinal cells 3 months post-induction, showing expression of the photoreceptor markers OTX2 (green, A) and CRX (green, B)

as well as the mature photoreceptor marker AIPL1 (green, D). Cells also show a typical neuronal morphology and express the pan neuronal marker TUJ1

(green, C).

(E) qRT-PCR analysis showing expression of the retinal stem cell markers PAX6, CHX10, and LHX2 and the retinal photoreceptor markers RCVRN, NRL, TRb2,

and BLIMP1 in cells at 3 months of retinal induction.

(F and G) Immunohistochemistry (IHC) analysis showing a small number of GFP+ hESC-derived retinal cells (green) in the subretinal space (F) and very few cells

integrated into the ONL layer of the host IL2rg+/+ eye 3 months post-transplantation (G).

(H and I) (H) Low power view showing robust integration of GFP+ human retinal cells (green) in the IL2rg�/� retina 3 months post-transplantation with zoomed-in

view in (I).

(J) High-resolution confocal image stack with DAPI co-staining to rule out cell fusion. All integrated GFP+ human cells had a single nucleus, as seen in orthogonal

(XZ and YZ) views.

(K) A close-up image showing integrated cells with unambiguous mature photoreceptor morphology with properly orientated inner segments (IS) and outer

segments (OS), and synaptic endfeet (SY).

(L) Quantitation of integrated cells in the ONL of IL2rg+/+ retina (n = 4, 253 ± 218 cells/retina) and IL2rg�/� retina (n = 8, 20,858 ± 5,447 cells/retina) (p < 0.01).

(M) Integrated GFP+ retinal cells in IL2rg�/� co-stained with a human-specific STEM121 cytoplasmic antibody (red), confirming the human origin of those cells.

GCL, ganglion cell layer; SP, subretinal space. DAPI (blue) stained the nuclei of the cells. Scale bars, 50 mm in (A)–(D), (F), and (H) and 20 mm in (G), (I)–(K), and (M).

See also Figure S1 for characterization of non-transplanted IL2rg+/+ and IL2rg�/�mice, hESCdifferentiation protocol, transcorneal subretinal injection procedure,

and integration at the 6-week time point in IL2rg�/� mice and in SCID mice. Error bars in the figure represent SEM.
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Figure 2. The Immune Response to Allogeneic Human Retinal Cells Is Suppressed in the Host Retina of IL2rg–/– Mice 3 Months Post-

transplantation

(A–I) IHC analysis and quantitation showing CD3+ T cells (red) present in the vitreous and retinas of the transplanted eyes of both IL2rg+/+ (A and G, n = 5, 17 ± 10

CD3+ cells/0.3-mm2 retinal area) and IL2rg�/� eyes (D and G, n = 3, 54 ± 5 CD3+ cells/0.3-mm2 retinal area), but CD4+ (red; B, E, and H) or CD8a+ (red; C, F, and I)

mature T cells are absent in the eyes of IL2rg�/� mice (E and F, n = 3, 1 ± 1 CD4+ or CD8a+ cells/0.3-mm2 retinal area) compared with that of IL2rg+/+ mice (n = 6,

10 ± 6 CD4+ cells/0.3-mm2 retinal area, 13 ± 8 CD8a+ cells/0.3-mm2 retinal area) (p < 0.05 in both cases).

(J–O) CD49b+ natural killer cells (red, J and L) and CD11c+ dendritic cells (red, K and M) were present in IL2rg+/+ (J, n = 5, 13 ± 8 CD49b+ cells/0.3-mm2 retinal

area; K and N, n = 3, 11 ± 7 CD11c+ cells/0.3-mm2 retinal area) but not IL2rg�/� eyes (L–O, n = 3) (p % 0.05 in both cases).

(P–U) CD68+-activated (red, P and R) and F4/80+-activated (red, Q and S) microglia and infiltrated microphages were seen in the vitreous and within the retina of

host IL2rg+/+ eyes (T and U, n = 3, 39 ± 27 CD68+ cells/0.3 mm2 retinal area and 41 ± 31 F4/80+ cells/0.3-mm2 retinal area) but not in IL2rg�/� eyes (T and U, n = 4,

1 ± 1 CD68+ cells/0.3 mm2 retinal area and 8 ± 2 F4/80+ cells/0.3 mm2 retinal area) (p < 0.0001 in both cases).

DAPI stained the nuclei of the cells. Scale bars, 50 mm. Error bars in the figure represent SEM.
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2M, and 2O). Finally, we looked for the presence of activated

macrophages and microglia by staining for CD68 and F4/80.

Large numbers of CD68+ and F4/80+ cells were found in the

vitreous and the retina in a non-immunosuppressed host

compared with IL2rg�/� mice (Figures 2P–2U). These data

confirm that the subretinal transplantation procedure is immuno-

genic and will lead to an immune response following cellular

transplantation.
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Integrated hESC-Derived Cells Express Mature
Photoreceptor Markers In Vivo
Next we looked at maturation and synaptic integration of hESC-

derived photoreceptors in the host IL2rg�/� retina. The integrated

donor cells in the ONL expressed the pan-photoreceptor markers

OTX2andRCVRN (Figures3A–3B’’’).We looked forandconfirmed

maturation of the transplanted cells by co-staining for markers

of mature photoreceptors, including the cone marker peanut



Figure 3. Integrated hESC-Derived Retinal

Cells Express Mature Photoreceptor

Markers 3Months following Transplantation

in Host IL2rg–/– Retinas

(A–B0 0 0) Human retinal cells (GFP+, green) inte-

grated into the ONL layer of host IL2rg�/� retina.

Integrated cells expressed the pan-photoreceptor

markers OTX2 (red, A–A0 0 0) and RCVRN (red,

B–B0 0 0).
(C–E0 0 0) Integrated hESC-derived retinal cells dis-

played mature photoreceptor morphology and

expressed the mature rod photoreceptor marker

Rhodopsin (Ret-P1, red, C–C0 0 0 ) or the cone

photoreceptor markers GCO (red, D–D0 0 0 ) or PNA
(red, E–E0 0 0).
(F–F0 0 0) Endfeet of integrated hESC-derived retinal

photoreceptors co-stained for the synaptic marker

SV2 (red) in the outer plexiform layer (dashed lines

and white arrows).

DAPI (blue) was used to identify the nuclei of the

cells. Scale bars, 10 mm.
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agglutinin (PNA) as well as the rod and cone phototransduction

proteins rhodopsin (Ret-P1) and green cone opsin (GCO) (Figures

3C–3E’’’), suggestive of their potential to respond to a light stim-

ulus. We also confirmed expression of the photoreceptor-specific

synaptic marker SV2 in the outer plexiform layer (Figures 3F–F’’’),

indicating that the cells have the potential to communicate with

host inner retinal neurons. These results show that a receptive

host retinal environment that lacks a significant cell rejection ca-

pacity likely will promote better integration andmaturation, which,

in turn, enhances the potential for visual restoration.
Integration of hESC-Derived Retinal
Cells into Degenerating Crx Mutant
Retinas
Previous studies have described limited

integration of mouse photoreceptors in

degenerating retinas (Barber et al., 2013;

Gonzalez-Cordero et al., 2013; Lakowski

et al., 2010; Pearson et al., 2012). Also,

retinal degeneration is associated with

loss of retinal barriers, which will likely

further negatively affect the immune priv-

ilege status of the retina (Chen and Xu,

2015; Forrester and Xu, 2012). Here we

wanted to test the hypothesis that loss

of the immune privilege barrier secondary

to retinal degeneration contributes to

poor integration of exogenous photore-

ceptors in degenerating retinas. We

generated Crx mutant mice on the

IL2rg�/� background, where we do not

anticipate cell-rejection to play a role.

CRX gene mutations lead to vision de-

fects in patients with Leber congenital

amaurosis (LCA7). We obtained Crxtvrm65

mice generated by Patsy Nishina’s lab,

which are C57BL/6J mice carrying the

tvrm65 recessive mutation in the last

exon of the Crx gene (Won et al., 2011).
The mutation causes an early termination at Leu277 (TTG) of

the 323 amino acids (aa) from the longer isoform or at Leu253

of a 299-aa product from the shorter isoform. These mice were

bred with IL2rg�/� mice described above. Crxtvrm65 and

Crxtvrm65/IL2rg�/� mice were used as recipients to compare

whether the immunosuppressed degenerative retinal environ-

ment will help the survival and integration of donor cells.

We first compared the Crxtvrm65 and Crxtvrm65/IL2rg�/�mice to

assess whether the IL2rg�/� background affected the rate of

degeneration or immune cell infiltration. The recipient Crxtvrm65
Cell Stem Cell 20, 1–11, March 2, 2017 5
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and Crxtvrm65/IL2rg�/� mice have ongoing retinal degeneration

with five to six cell layers in the ONL at 4–6 weeks of age (Figures

S2A and S2B). We did not observe any significant difference in

photoreceptor layer thickness or expression of Otx2 and

rhodopsin in Crxtvrm65 mice in the IL2rg�/� background. In

non-transplanted mice, there were no B/T/NK/dendritic cells in

the retina in either mouse strain (Figure S2C). Finally, we did

not observe any difference in GFAP expression pattern (Fig-

ure S2D), suggesting no differences in degeneration-associated

gliosis.

Three months following transplantation, we observed very few

GFP+ cells in the host eye, including both the retina and the sub-

retinal space of Crxtvrm65 mice (Figures 4A–4C). In contrast, we

found an average of 4,323 (± 2,438) cells integrated in the host

retina of Crxtvrm65/IL2rg�/� mice (Figures 4B and 4C). The inte-

grated GFP+ donor cells expressed the pan-photoreceptor

marker OTX2 (Figures 4D and 4E).We also confirmed expression

of the mature rod photoreceptor marker rhodopsin in integrated

donor cells (Figures 4F and 4G). Because our GFP infection only

labels 50%–70% of cells and because Crx mutant mice lack

rhodopsin (Figures S2A and S2B), we looked at the abundance

of rhodopsin in the subretinal space region to assess rod integra-

tion from non-GFP cells. Compared with Crxtvrm65 mice that

received transplantation at the same time but did not have any

integrated photoreceptors, we observed an abundant presence

of rhodopsin in the retina, extending into the subretinal space of

host Crxtvrm65/IL2rg�/� mouse eyes, suggesting robust integra-

tion of human photoreceptors (Figures 4F–4I).

In general, the overall integration of donor cells in Crxtvrm65/

IL2rg�/� mice is much lower than that of IL2rg�/� mice 3 months

following transplantation (compare Figures 1I–1Lwith Figures 4B

and 4C), indicating the presence of other microenvironmental

factors in the degenerated retina that hinder the survival and inte-

gration of donor cells. One such factor is degeneration-associ-

ated chronic inflammation. To test whether this was still playing

a role in the IL2rg�/� background, we compared inflammation-

associated markers, including those for macrophage and

microglia activation (CD11b), and markers of neutrophils (Gr-1)

in non-transplanted mice. We observed robust infiltration of

both cell types in the retinas as well as the vitreous of Crxtvrm65

and Crxtvrm65/IL2rg�/� mice but not in non-degenerating

IL2rg�/� mouse retinas (Figures S2E–S2G). These data are sug-

gestive of ongoing pro-inflammatory changes that are likely to

affect cell integration andwill need to be addressed for improved

integration of exogenous cells.

Restoration of Light Sensitivity in Congenitally Blind Crx
Mutant Mice
Finally, we wanted to test whether the transplanted photorecep-

tors were actually functionally integrated into the host retina

using methodologies previously used to assess human and

mouse photoreceptor integration (Lamba et al., 2009; MacLaren

et al., 2006; Singh et al., 2013). Because Crxtvrm65 mice lack the

key downstream photo-transduction machinery, these mice do

not respond to light. Hence, they lack both a local ERG response

and a centrally mediated photoreceptor component of pupillary

light response (PLR).

To test functional integration, the recipient Crxtvrm65/IL2rg�/�

mice were tested for visual function restoration via pupillometry
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3 months following transplantation by stimulating the trans-

planted eye and recording from the contralateral non-trans-

planted eye (Figure 5A). Light-induced pupil constriction

classically depends on photoreceptors sending light information

via functional connections with the inner retina and melanopsin-

expressing, intrinsically photosensitive retinal ganglion cells

(ipRGCs) to midbrain nuclei and back to the pupillary muscles

(G€uler et al., 2008; Lall et al., 2010; Panda et al., 2003). Photore-

ceptors, especially rods, are critical for low-irradiance pupillary

constriction, whereas melanopsin in ipRGCs contributes to the

high-radiance response (Lall et al., 2010; Lucas et al., 2003).

We confirmed this by observing a clear pupil constriction to

very-low-intensity light (50 lux) in non-transplanted IL2rg�/�

mice with normal visual function but not in non- transplanted

Crxtvrm65/IL2rg�/� mice imaged by an infrared (IR)-capable

camera (Figures 5A and 5B). Upon light stimulation of the trans-

planted Crxtvrm65/IL2rg�/� mouse eye 3 months following trans-

plantation, we observed a significant restoration of PLR in the

contralateral eye (Figures 5B and 5D), suggesting that the mice

can now perceive light and send the information to the central

circuits. Recent reports suggest the possibility of either cell

fusion or exchange of donor material between the transplanted

cells and host photoreceptors following subretinal transplanta-

tion of mouse photoreceptors (Pearson et al., 2016; Santos-Fer-

reira et al., 2016). We assessed whether this phenomenon

occurs following hESC-derived photoreceptor transplantation

and whether it played a role in visual restoration in Crx mutant

mice. We stained the retinal sections for two human-specific

markers, human nuclear antibody (HuNu) and human-specific

NCAM antibody (huNCAM). In both cases, we observed a num-

ber of cells within the host retinas expressing these human pro-

teins (Figures S3A–S3B’’). 100% of GFP+ cells stained for the

HuNu marker, and 43.68% (± 10%, n = 3 retinas, 51 cells

counted) of HuNu+ cells expressed GFP, which matched the

GFP viral infection rate of hESC-derived retinal cells. To rule

out cell fusion, we also stained the sections with a mouse-spe-

cific major histocompatibility complex (MHC) class 1 alloantigen

marker (for H-2Kb/H-2Db haplotype mice). We observed that

none of the GFP+ cells in the ONL co-stained for MHC class 1

marker (Figures S3C–S3C’’). We found one MHC class 1+ cell

in the inner nuclear layer (INL) of one retina that had a low level

of GFP expression (total, 0.26% ± 0.26% cells based on n = 4

retinas and 152 cells counted; percentage based on counts/

section/retina). These data suggest that cell fusion or donor

material transfer did not play a significant role in visual function

restoration in Crx mutant mice following hESC-derived retinal

cell transplantation.

hESC-derived photoreceptor integration at 3 months in these

mice was further confirmed by ERG analysis. Crx mutant mice

lack any detectable a- or b-waves. Three months post-trans-

plantation, the Crxtvrm65/IL2rg�/� mice that received hESC-

derived retinal cells showed detectable b-waves compared

with the sham group (Figures S3D and S3E), even though

a-waves were not significantly observed because of the low

number of integrated cells, as in our previous study (Lamba

et al., 2009). To test long-term photoreceptor integration, we

analyzed the mice 9 months post-transplantation and observed

cellular integration, although most of the host photoreceptor

layer was thinned out (Figure S3F). Here again, upon analysis



Figure 4. Integration of hESC-Derived Retinal Cells into Degenerating Crx Mutant Retinas

(A) hESC-derived retinal cells (green) survived poorly in host Crxtvrm65mouse eyes 3months following transplantation in the absence of immunosuppression. Only

a few cells were found in the subretinal space and within the ONL of the host retina.

(B) Large numbers of human retinal cells (GFP+, green) were found in the subretinal space and within the ONL of host Crxtvrm65/IL2rg�/� retinas (indicated by

dashed lines) 3 months following transplantation.

(C) Quantitation of integrated cells in Crxtvrm65 (n = 3, 61 ± 46 cells/retina) and Crxtvrm65/IL2rg�/� (n = 4, 4,323 ± 2,438 cells/retina) 3 months following trans-

plantation (p < 0.05).

(D and E)Merged view (D) showingGFP+ (green) integrated cells expressed the pan photoreceptormarker OTX2 (red, arrows) which is confirmed in theOTX2 only

image in (E).

(F–I) Crxtvrm65/IL2rg�/� host retinas receiving GFP+ human retinal cells showed abundant rhodopsin protein (red) in the subretinal space and in the photoreceptor

layer (F and G, red, arrow), which was completely absent in Crxtvrm65 host retinas (H and I).

RD, retinal degeneration. DAPI marked nuclei in blue. Scale bars, 10 mm. A timeline of the experiments is shown at the top. See also Figure S2 for characterization

of Crxtvrm65 and Crxtvrm65/IL2rg�/� retinas prior to transplantation. Error bars in the figure represent SEM.
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of functional integration by pupillometry, we confirmed that the

PLR was still preserved even at this late time point (Figures 5C

and 5E).

Finally, to test whether this visual information was reaching

central image-forming areas, we sought to analyze the light-
associated activity in the superior colliculus and V1 area of the

visual cortex. To do this, we used expression of immediate-early

genes (IEGs) as surrogates for activity. Immediate-early genes

such as Arc and c-Fos are induced rapidly and transiently

in response to neuronal activity and have become popular
Cell Stem Cell 20, 1–11, March 2, 2017 7



Figure 5. Restoration of Light Sensitivity in the Congenitally Blind Crx Mutant Mouse Model

(A) Diagram showing the setup of the pupillary light reflex test and a timeline of the experiments.

(B and C) IR-imagedmicrographs of contralateral eyes prior to and following light stimulation of the transplanted left eye with 50-lux white light. Non-transplanted

IL2rg�/� and Crxtvrm65/IL2rg�/� mice and transplanted Crxtvrm65 and Crxtvrm65/IL2rg�/� mice were tested at 3 months (B) and 9 months (C) post-transplantation.

(D and E) Quantitative analysis of the change in pupillary area at 3 months (D) and 9 months (E) of non-transplanted IL2rg�/� (n = 6, 71% ± 2% for 3-month

analysis; n = 5, 69% ± 1% for 9-month analysis), non-transplanted Crxtvrm65/IL2rg�/�mice (n = 6, 16% ± 3% for 3- and 9-month analyses), transplanted Crxtvrm65

(n = 8, 14% ± 3% for 3-month analysis and n = 4, 19% ± 2% for 9-months analysis) and transplanted Crxtvrm65/IL2rg�/� mice (n = 20, 43% ± 3% for 3-month

analysis and 40% ± 5% for 9-month analysis). A clear restoration of pupillary light response was detected in Crxtvrm65/IL2rg�/� mice that received human cells

both 3 and 9 months post-transplantation.

(F–K) IHC analysis of the expression of the light-induced immediate early genes c-Fos (green) and Arc (red) in the V1 area of the visual cortex and in the superior

colliculus showing absence of expression in non-transplanted Crxtvrm65/IL2rg�/� mice (F–G’’’) but positive staining in transplanted Crxtvrm65/IL2rg�/� mice at

3 months (H–I’’’) and 9 months (J–K’’’) post-transplantation in mice that showed a positive pupillary light response.

DAPI stained the nuclei of all cells. PN, pretectal nucleus; EWN, Edinger-Westphal nucleus; and CG, ciliary ganglion. Scale bars, 50 mm for all IHC images.

A timeline of the experiments is shown at the top. See also Figure S3 for confirmation of human cell integration using human- and mouse-specific markers, ERG

data 3 months post-transplantation in Crxtvrm65/IL2rg�/� mice, and transplant cell survival and integration in Crxtvrm65/IL2rg�/� mice 9 months post-trans-

plantation. Error bars in the figure represent SEM.
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neurobiological tools for mapping functional activity (Okuno,

2011). Immediate-early gene expression is a reliable marker of

elevated neuronal firing, reporting activity within minutes

to hours upon looking at mRNA or protein expression. Arc

and c-Fos have been used in the past for detecting superior col-

liculus and visual cortical responses to visual stimulation

(Nakadate et al., 2012; Tagawa et al., 2005), and we used the
8 Cell Stem Cell 20, 1–11, March 2, 2017
same for our studies. Two hours following continuous light stim-

ulation, the mouse brains were collected and analyzed for

expression of Arc and c-Fos in control non-transplanted and

3- and 9-month transplanted mice. As expected, Crx mutant

mice did not respond to light and did not show an upregulation

of either IEGs in the superior colliculus or visual cortex

(Figures 5F–5G’’). By contrast, we observed cellular expression
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of Arc and c-Fos at both the 3-month time point (Figures 5H–5I’’)

and 9 months following transplantation (Figures 5J–5K’’). These

data suggest that image-forming visual information is being

transmitted to the cortical areas in these mice.

DISCUSSION

This study is one of the first to report long-term functional effi-

cacy of human pluripotent stem cell-derived photoreceptor

replacement therapy. In our previous report, we described resto-

ration of ERG in Crx mutant mice up to 6 weeks post-transplan-

tation (Lamba et al., 2009). Using this new background

(IL2rg�/�), we were able to get around the limitations and toxicity

of chemical immunosuppression in mice, allowing us to follow

themice over months with almost no obvious alteration in mouse

health seen in other immune-suppressed mice like non-obese

diabetic (NOD)/SCID mice, suggesting that this could be a

good target for human therapies. We reported small ERG im-

provements in our previous report. However, other labs have

found it difficult to reproduce (Gonzalez-Cordero et al., 2013).

This may be due to differences in strains of mice used by other

labs, such as Rho�/� and GNAT1�/�, as opposed to the Crx

mutant mice in our previous and current report, which have flat

ERGs and lack any visual perception because of nonfunctional

photoreceptors, allowing us to reproducibly detect small

changes. Alternatively, it could be due to differences in matura-

tion of integrated cells because of differences in the protocols

used to generate them. Also, in this report, we use alternate as-

says to look at the centrally mediated visual response, including

PLR, in the contralateral eye to confirm visual perception similar

to one used previously by other labs (MacLaren et al., 2006;

Singh et al., 2013). Any improvements observed are only

possible because of integrated light-sensitive human photore-

ceptors rather than any potential transfer of GFP lentivirus or

protein because the Crx mutant mice have no functional photo-

receptors. We also confirmed this by showing that GFP+ cells do

not co-express themouseMHC class 1marker. We followed this

up by demonstrating evidence of functional neuronal activity

following light stimulation using IEGs in both the V1 area of the

visual cortex and the superior colliculus. We show restoration

of a centrally mediated pupillary light reflex as far out as 9months

in the contralateral eye in association with the presence of IEG

expression following light stimulation in the visual cortex and

superior colliculus. This suggests that, even in congenitally blind

mice, the central connections from the retina are still intact and

functional. The work presented here supports the notion that

visual information gained by the exogenous human photorecep-

tors can be transferred to the host visual circuitry and could lead

to functional vision in patients.

Additionally, the present study tackles a major issue with

photoreceptor transplantation: cell rejection. We show that the

immunosuppressed retinal environment is a better host for

exogenous donor cells, allowing them to survive, thus signifi-

cantly improving cell integration and maturation over the long

term. This is especially important in a degenerated retinal envi-

ronment because of the associated chronic inflammatory pro-

cesses. Under such conditions, the transplanted cells are able

to integrate, mature, form synaptic connections, and improve

visual function in those mice. The eye has classically been
considered immuno-privileged. However, a study looking at

mouse photoreceptor integration even from partially matched

donors found loss of integrated cells over 6–12 months of pro-

cedure with increasing inflammatory infiltration (West et al.,

2012). This loss could be slowed down by chemical immuno-

suppression using cyclosporine. Another study by Seiler et al.

(2014) demonstrated improved integration in their immune-

deficient rat model following human cell transplantation. Our

studies cannot be directly compared, unfortunately, because

of differences in the cell sources, differentiation status, and

use of retinal sheets (1.0–1.3 mm2) instead of dissociated retinal

cells. Similarly, hESC-derived retinal cells from pigmented

spheres have been shown to partially integrate upon transplan-

tation in NOD/SCID newborn mice, at least in the short term,

upon analysis at 4 weeks (Clarke et al., 2012). Interestingly,

immunosuppression was not found to be mandatory to graft sur-

vival in the retinaover severalmonths followingsubretinal injection

of hESC-derived retinal progenitor cells (Hambright et al., 2012).

Even though the groupobserved survival of donor cells in the sub-

retinal space and vitreous, they did not demonstrate much suc-

cess in donor cell integration in the host photoreceptor layer.

This is not incongruouswith our data becauseweobserved trans-

planted cells in the subretinal space in non-immunosuppressed

mice as well. However, these mice do not have many cells inte-

grated in theneural retina. Thiscouldbedue to thepresenceof im-

mune-sensing retinal microglia. A recent paper by the Takahashi

group (Shirai et al., 2016), who transplanted 3D retinas into rats

and a monkey, shows some retinal integration in host ONL in

nude rats. However, 3D sheets transplanted in the monkey were

located in the subretinal space as mini-retinal organoids without

much integration into the host tissue, except at sites where they

abut the host inner retina (Shirai et al., 2016). One wonders

whether immunosuppressionmay have further enhanced integra-

tion in the monkey model.

Although we have achieved a significant improvement of cell

integration in degenerated retinas by immunosuppression,

which was enough to restore the light response in congenitally

blind mice, the overall integration of donor cells in degenerated

retinas was a lot less compared with an immunosuppressed

non-degenerating retina. This indicates the presence of addi-

tional factors in the degenerated retinal microenvironment that

negatively affects the survival and integration of donor cells.

Previous studies have suggested that retinal gliosis, which

commonly occurs during retinal degeneration or is induced by

cell grafting, affects photoreceptor integration efficiency

(Barber et al., 2013; Hippert et al., 2016; Tassoni et al., 2015).

Detailed investigations of the effect of retinal remodeling and

impairment of structure integrity in the degenerated retina as

well as identification of approaches such as pharmacological in-

hibition of reactive gliosis should help improve transplantation

outcomes.

Retinal degeneration, including age-related macular degener-

ation and inherited forms such as retinitis pigmentosa, are

characterized by microglial activation and pro-inflammatory

microenvironments (Cao et al., 2011; Combadière et al., 2007;

Gupta et al., 2003; Yoshida et al., 2013; Zeng et al., 2005). Our

data comparing Crxtvrm65 and non-degenerating mice confirms

the presence of macrophages and neutrophils in the degenerat-

ing retina. These processes will likely interfere with tissue repair,
Cell Stem Cell 20, 1–11, March 2, 2017 9
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resulting in a host that is not receptive to cellular integration (For-

bes and Rosenthal, 2014; Pearson et al., 2014). Although clas-

sical immune activation is associated with pro-inflammatory

conditions, alternative activation of immune cells reduces tissue

inflammation and promotes tissue repair (Gordon, 2003; Mills,

2012). Identification of adjuvants that can bias this process is

likely to further enhance tissue integration in a degenerating

retinal environment. A recent study from our lab has demon-

strated the advantages of modulating the inflammatory microen-

vironment toward pro-repair using a secreted factor to promote

a receptive microenvironment and, in turn, improve integration

(Neves et al., 2016).

In summary, the data presented here further support a path to

clinical application of human pluripotent stem cell-derived retinal

photoreceptors.
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in our lab by cross-breeding the above mice. All transplantation studies were carried out at 4-6 week old mice of both sexes. Number

of animals per genotype per study was described in the results section and/or in the figure legends as appropriate. The H1 (WA-01,

0043) human embryonic stem cell line was obtained from WiCell Research Institute and procedures were approved by the Buck

Institute’s Stem Cell Research Oversight (SCRO) committee.

METHOD DETAILS

Stem cell culture and retinal induction
The H1 cells were maintained in Essential 8 basal medium (GIBCO) supplemented with 1% Essential 8 supplement (GIBCO) and 1%

Penicillin Streptomycin Amphotericin B (Lonza). Cells were grown onMatrigel (BD Biosciences)-coated culture plates in a 37�C incu-

bator with 5% CO2 and 5% O2. Retinal differentiation was induced in hESCs in medium consisting of DMEM/F-12 1:1 with 10%

Knockout Serum Replacement (KSR), 1% Penicillin Streptomycin Amphotericin B, 1% Sodium pyruvate, 1% Sodium bicarbonate,

1% HEPES Buffer, 1% MEM Nonessential Amino Acids and 1% N1 Media Supplement. Additionally, 2mM of IWR1 (Sigma Aldrich),

10mM of SB431542 (Stemgent), 100nM of LDN193189 (Stemgent) and 10ng/ml of human recombinant IGF1 (R&D Systems) were

added to the medium for 5-6 days. Cells were dissociated using Accutase� (Global Cell Solution). Limited tituration was carried

out to maintain cellular clumps. Cells were replated onto 6-well Matrigel-coated plates at a passaging ratio of 1:3 in Neural Stem

Cell (NSC) medium comprised of DMEM/F-12 1:1 (HyClone), 0.5% Fetal Bovine Serum (FBS, Atlanta Biologicals), 1% Penicillin

Streptomycin Amphotericin B (Lonza), 1% Sodium pyruvate (Corning), 1% Sodium Bicarbonate (Corning), 1% HEPES Buffer (Corn-

ing), 1%MEMNonessential Amino Acids (Corning) and 1% of N1Media Supplement (Sigma Aldrich). The neuro-retinal regions were

manually separated from any RPE, dissociated and cultured in Matrigel-coated 6-well plates. Cells were maintained in NSC media

here onward and serially passaged at 1:3 ratio upon confluency. Prior to transplantation, hESC-derived retinal cells were treated with

fresh NSC medium with 1mM Thiazovivin (Selleck Chem) one hour prior to dissociation. The cells were then dissociated with

Accutase� (Global Cell Solution) until single-cell suspension. The final cell suspension was prepared in NSC medium containing

�500,000 cells per ml and kept on ice until transplantation.

Genotyping of mice
IL2rg�/�mice were genotyped using PCR primer sets listed in Table S1. PCR conditions are as follows: 94�C for 3min followed by 36

cycles of 94�C for 30 s, 59.3�C for 30 s and 72�C for 1min and final extension for 2min at 72�C.We get a 349bp band for mutant allele

and a 269bp band for wild-type allele.

Crxtvrm65 mice were genotyped using the Tetra-Primer PCR method. Primers were listed in Table S1. PCR conditions are as fol-

lows: 94�C for 2 min followed by 40 cycles of 94�C for 15 s, 53�C for 30 s and 72�C for 30 s and final extension for 2 min at 72�C.
We get a 199bp band in mutant allele and a 290bp band for wild-type allele. The two outer primers give a 450bp band.

Transplantation of hESCs-derived retinal cells
Animals were anesthetized for 15 min with 2% Isoflurane inhalation. Pupils were dilated using a mixture of 5% Phenylephrine (Arcos

Organics) and 1% Tropicamide (Alfa Aesar) and anesthetized with topical 0.5% Proparacaine hydrochloride ophthalmic solution

(Akorn). Following testing the depth of anesthesia, a small hole was made on the cornea near the corneo-scleral margin using a

30G needle. A pulled graduated glass pipet (Wiretrol II, 5-0000-2005, Drummond Scientific Company) containing 1-1.5 mL of cell sus-

pension (500,000-750,000 cells) was inserted into the anterior chamber of the eye through the hole, advanced gently across the

opposite iris. The subretinal space of the eye was accessed when resistance was encountered. The cells were then slowly injected

into the subretinal space at a rate of 1 mL per 20 s (Figure S1N). The pipet was held in place for a minute and then was withdrawn

slowly to minimize backflow of cell suspension. The Neomycin and Polymyxin B sulfates and Bacitracin Zinc Ophthalmic Ointment

(Akorn) was applied to the wound area and mice were monitored for full recovery and general health until euthanasia.

Immunocytochemistry and immunohistochemistry
Cells and eyes were fixed with 4% Paraformaldehyde. Cryo-embedded eye samples were sectioned to 14 mm thickness. Fixed cells

and eye sections were analyzed with the primary and secondary antibodies listed in the Key Resources Table. 0.1% DAPI (Enzo Life

Sciences) was used to stain the nuclei and samples were mounted using Fluoromount-G medium (Electron Microscopy Science) for

analysis. Images were taken with Zeiss LSM510 confocal microscope.
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Quantitative Real-Time PCR Analysis
Total RNA was extracted from the cells using the Direct-zol RNAMiniPrep kit (Zymo Research). All steps were done according to the

manufacturer’s recommended instructions. cDNA was reversed transcribed using iScript cDNA synthesis kit (Bio-Rad) as per the

manufacturer’s instructions. Reactions occurred in a T100 Thermal Cycler (Bio-Rad) according to the manufacturer’s recommended

instructions. qRT-PCR was performed for various genes. Results were normalized to b-actin levels.

Pupillometry
The mice were dark adapted for at least six hours before measurement. Under infrared illumination, unanaesthetized mice were held

with the right (non-operated) eye facing an infrared camera. The left (operated) eye was subjected to white light exposure through a

light guide from a 100-W goose arc lamp (AmScope) at an intensity of 50 Lux. Time-lapse images were taken during a 2 min time

window to record the changes of pupil constriction induced by light exposure in each mouse. The pupil area of each mouse prior

and post light exposure were measured using ImageJ. Change in pupil constriction was represented by the difference of pupil

area measured in dark and in light to the pupil area in dark in each mouse. Pupillometry tests were done on transplanted Crxtvrm65

and Crxtvrm65/IL2rg�/� recipient mice at 3 and 9 months post-transplantation. The non-treated Crxtvrm65/IL2rg�/� and IL2rg�/� mice

were measured as controls.

Light exposure experiment and brain collection for IEG expression
The transplanted Crxtvrm65/IL2rg�/� mice at 3 and 9 months post-transplantation, which showed positive pupillary light response,

were selected to examine the expression of immediate early genes Arc and c-Fos in the superior colliculus and V1 area of the visual

cortex in the brain. The non-transplanted Crxtvrm65/IL2rg�/� mice were used as control. The mice were dark adapted > 12 hr before

the procedure. Animals were anesthetized for 15 min with Isoflurane inhalation (2%). Ophthalmic lubricant ointment (Akorn) was

applied to both eyes to prevent the cornea from dehydration. The left eyes were dilated as described above and subjected to a

ring-shaped white light source (AmScope) at an intensity of 10,000 Lux for 2 hr. Isoflurane inhalation at reduced level (1%) was main-

tained during the entire procedure. 2 hr following light exposure, the mice were euthanized using CO2 and brains were fixed by trans-

cardial perfusion with 4% paraformaldehyde (PFA). Following dissection, brains were fixed in 4%PFA for 2 additional hours followed

by thorough PBS rinse. The samples were then transferred into 30% sucrose overnight and were cryo-embedded. Continuous sec-

tions of 14 mm thickness were prepared. Superior Colliculus and visual cortical areas including V1 areas were identified in serial sec-

tions and stained for IEG analysis.

Electroretinography (ERG)
Micewere dark adapted for > 12hr before the procedure. All manipulations were done under infrared illumination. Animals were anes-

thetized for 15 min with Isoflurane inhalation (2%). Pupils were dilated and anesthetized as described above. Mice were placed on a

heating pad held at 37�C. A silver embedded thread electrode was placed on the cornea over a drop of 2.5% hypromellose (HUB

Pharmaceuticals) and covered with a contact lens. A stainless steel subdermal reference electrode was placed in the cheek and

stainless steel subdermal ground electrode was placed on the back close to the tail. The head of the mouse was held in a standard-

ized position in a Ganzfeld bowl illuminator. Responses to 2-4 test flashes of 10cd-s/m2 intensity were collected from each mouse

using aHandheldMulti-species Electroretinograph (HMsERG,Ocuscience). All ERGswere carried out under scotopic conditions and

analyzed using ERGVIEW Version 4.3 (Ocuscience). The maximal b-wave amplitude for each test eye from the series of flashes was

measured from the trough of the a-wave to the peak of the positive wave or, when the a-wave was not present, from baseline to the

peak of the first positive wave. Only mice in which GFP cells could be detected in the eyes by imaging anaesthetized on a fluores-

cence scope were included in the quantification to exclude failed transplantation procedures.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell Counting
For ONL thickness, standardized images were taken under the microscope of whole eye sections stained with DAPI. The ONL thick-

ness was determined by counting the rows of nuclei in the ONL layer. Five areas of one retinal section and three retinal sections of

each eyewere counted and 3 eyes per groupswere included. For quantification of natural killer cells, T cells, dendritic cells, microglia,

macrophages and neutrophils, total numbers of CD49b+, CD3+, CD4+, CD8a+, CD68+, F4/80+ cells, CD11b+ cells and Gr-1+ cells

in the vitreous and the retina were counted from standardized images that were taken under the microscope as above. In all cases,

co-staining with DAPI was used to mark all cells in the retina and for determining the relative location of counted cells in the vitreous

and retina. Cell counts include 3-6 independent sections per eye. Three to six eyes per group were included.

Quantification of cell integration
For all experiments, successful subretinal injections were determined by detecting the presence of GFP expressing cells in the sub-

retinal space. For eyes with successful injections, retinas were serially sectioned into about 50 slides with 3 sections/slides and every

5th slide was stained with an antibody against GFP and DAPI. The number of integrated cells was quantified in all sections observed
Cell Stem Cell 20, 1–11.e1–e5, March 2, 2017 e4



Please cite this article in press as: Zhu et al., Immunosuppression via Loss of IL2rg Enhances Long-Term Functional Integration of hESC-Derived Pho-
toreceptors in the Mouse Retina, Cell Stem Cell (2016), http://dx.doi.org/10.1016/j.stem.2016.11.019
under the microscope. Cells were considered integrated if they were present within the host ONL as defined by DAPI staining. The

total number of integrated cells per retina was extrapolated from the total number of slides/eye. Quantifications include 3-8 eyes as

stated in the Results or figure legend.

Statistical Analysis
All data are presented as mean ± SEM (standard error of mean). Statistical analysis to assess significance of the results was carried

out by Student’s t test or Mann-Whitney u-test using PRISM software (Graphpad).
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