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SUMMARY

Increasing demand for clinical retinal degeneration therapies featuring human ESC/iPSC-derived retinal tissue and cells warrants proof-
of-concept studies. Here, we established two mouse models of end-stage retinal degeneration with immunodeficiency, NOG-rd1-2] and
NOG-rd10, and characterized disease progress and immunodeficient status. We also transplanted human ESC-derived retinal sheets into
NOG-rd1-2] and confirmed their long-term survival and maturation of the structured graft photoreceptor layer, without rejection or
tumorigenesis. We recorded light responses from the host ganglion cells using a multi-electrode array system; this result was consistent
with whole-mount immunostaining suggestive of host-graft synapse formation at the responding sites. This study demonstrates an appli-
cation of our mouse models and provides a proof of concept for the clinical use of human ESC-derived retinal sheets.

INTRODUCTION

Cell transplantation therapies using embryonic stem cell
(ESC) and induced pluripotent stem cell (iPSC)-derived
retinal tissue (ESC/iPSC retina) or cells have emerged as
therapeutic options for retinal degeneration following
recent breakthroughs. A number of groups have shown
that transplantation of postnatal or ESC/iPSC-derived
photoreceptor precursor cells can integrate and restore vi-
sual function after transplantation into an adult mouse
model of retinal degeneration that retains the photore-
ceptor layer (outer nuclear layer [ONL]) (Lamba et al.,
2009; Pearson et al., 2012; Tucker et al., 2011), although
the mechanism by which photoreceptor function is
restored has recently been suggested as rescue of surviving
host cells by material transfer from donor cells, rather than
by direct cell integration (Pearson et al., 2016; Santos-Ferre-
ira et al., 2016a; Singh et al., 2016). Another breakthrough
was the introduction of a protocol for self-organizing three-
dimensional retinal differentiation from mouse ESCs
(mESCs) (Eiraku et al.,, 2011), which was successfully
adapted to human ESCs (hESCs) (Nakano et al., 2012)
and human iPSCs (hiPSCs) (Zhong et al., 2014). Since
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then, in addition to the increasing number of reports that
mouse or hESC/iPSC-derived photoreceptor precursors
could integrate into, or transfer materials to, host ONL
(Decembrini et al., 2014; Gonzalez-Cordero et al., 2013;
Hambright et al., 2012; Santos-Ferreira et al., 2016b; Zhu
etal., 2017), we and others have reported that transplanted
ESC/iPSC retinal sheets or photoreceptors can make de novo
synaptic connections and restore some visual functions in
end-stage retinal degeneration models with no ONL struc-
ture (Assawachananont et al., 2014; Barnea-Cramer et al.,
2016; Mandai et al., 2017; Shirai et al., 2015).

Human ESCs take as long as 200 days to differentiate into
fully mature retina, which was presented by immunohis-
tology in monkeys and also by the presence of outer seg-
ments in nude rats following the transplantation (Shirai
et al., 2015). However, hESC retinal cells do not always
mature properly in xenograft rodent models, especially
when there is damage due to the surgical procedure (Ham-
bright et al., 2012). Although some researchers reported
successful transplantation of human cells in rodent
hosts with immunosuppression, graft survival was usually
monitored for a relatively short period such as within
several weeks (Barnea-Cramer et al.,, 2016). Even with
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immunosuppression, mild rejection can be observed that
may inhibit synaptic formation (Larsson et al., 2000). For
these reasons, SD-Foxnl Tg(S334ter)3LavRrrc rats were
developed (Seiler et al., 2014, 2017), and we reported that
transplanted hESC retina developed an organized ONL
with potential synaptic connections to host bipolar cells
(Shirai et al., 2015). Although the SD-Foxnl Tg(S334ter)
3LavRrrc rat is a good model for proof-of-concept studies
using human cells, mouse models for which abundant
phenotypic studies and gene expression databases are
available would be more desirable. Moreover, mice are
more accessible to genetic manipulations such as introduc-
tion of reporter genes. Recently, Zhu et al. (2017) reported
up to 9 months’ survival of transplanted hESC-derived
photoreceptors with some function in IL2Rg-deficient
CRX-mutant mice, but the possibility of material transfer
cannot be excluded due to the remaining host photorecep-
tors. Thus, immunodeficient end-stage retinal degenera-
tion mouse models with absent ONL structure would
be useful for preclinical studies featuring transplantation
of hESC/iPSC-derived cells and tissues.

In 2002, Ito et al. (2002) established an appropriate ani-
mal recipient model for xenotransplantation: non-obese
diabetes (NOD)/Shi-SCID, IL2Rg™"!! (NOG) mice. Charac-
teristics of NOG mice are as follows: (1) lack of T, B, and nat-
ural killer (NK) cells; (2) reduced function of macrophage
and dendritic cells; and (3) lack of complement activity.
This NOG mouse model has been used to study the human
lymphoid system by transplanting human cord blood-
derived hematopoietic stem cells, and is very useful for
testing the tumorigenicity of human cells (Kanemura
et al., 2014; Machida et al., 2009; Watanabe et al., 2011).

In this report, we established mouse models suitable
for human retinal cell transplantation by introducing
phosphodiesterase 6B (Pde6b) mutant allele from retinal
degeneration (rd) mouse models into NOG background.
Pde6b™ 1 (1d1) and Pde6b ™% (1d10) mice are well-
studied and frequently used animal models of retinal
degeneration with different degeneration speeds. The
missense point mutation in Pde6b carried in these mice is
also found as a causal gene of human autosomal recessive
retinitis pigmentosa (RP). Rd1 presents a phenotype of pro-
gressive retinal degeneration similar to that seen in C3H
and Pde6b™-2V1-2] (r4]1-2]) mice, with the onset of photo-
receptor degeneration at around postnatal day 16 (P16),
and loss of photoreceptors within the first 3—4 postnatal
weeks (Chang et al., 2007; Kim et al., 2008). Rd10 exhibits
a slightly slower photoreceptor degeneration starting
between P16 and P20, and most of the photoreceptors
disappear by P60 (Pennesi et al., 2012).

We first characterized the degeneration phenotype in
these rd mice with NOG background because immune re-
sponses have been suggested to accompany or modulate
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the pathogenesis of neurodegenerative diseases (Cuenca
et al., 2014; Gonzalez et al., 2014; Jin et al., 2016; Noailles
et al.,, 2016; Yoshida et al., 2013a, 2013b; Zabel et al., 2016;
Zeng et al., 2005; Zhao et al., 2015). Rd1 mice in the back-
ground of SCID, or in combination with RAG-1 knockout
(no functional B and T cells) or a C1qa knockout (no func-
tional classical complement activation pathway) (Rohrer
et al., 2007) or NOD (no functional B and T cells and low
activity of NK cells) (Mishra et al., 2017) showed no differ-
ence in the degeneration speed, while rd10 mice with Ccr2
knockout (Guo et al., 2012) and Cx3crl knockout (Peng
et al., 2014) exhibited slower degeneration. We next trans-
planted hESC retinal sheets, to confirm the long-term
survival and functional integration of graft cells in NOG-
rd1-2] mice by immunohistochemistry and electrophysi-
ology recording.

RESULTS

Development of NOG-rd1-2] and NOG-rd10 Mice,
Retinal Degeneration Models with Severe
Immunodeficiency

We used marker-assisted breeding to develop immunodefi-
cient retinal degeneration mouse models for transplanta-
tion of hESC retina (summarized in Figure 1A; details
in Experimental Procedures). Using this marker-assisted
breeding, we were able to obtain two types of NOG-rd
transgenic mice within a relatively short period of
420 days.

Optical coherence tomography (OCT) examination re-
vealed normal ONL thickness in NOG-Pde6b™* mice but
loss of ONL in NOG-Pde6b™™ littermates at postnatal
week 8 (Figures 1B and 1C). Electroretinograms (ERGs)
showed detectable a and b waves in NOG-Pde6b™* mice;
however, no ERG responses to 2.0 log cd/m?/s stimulus
were recorded in NOG-Pde6b’™™ littermates (Figures 1D
and 1E). At postnatal week 12, immunohistochemical anal-
ysis showed indistinguishable ONL thickness between
NOG-Pde6b** and NOG-Pde6b™"?”*, or NOG-Pde6b**
and NOG-Pde6b™%* littermates, whereas the ONL
was substantially thinner in NOG-Pde6b™-?/41-2] and
NOG-Pde6b™?"10 mice with no immunoreactivity to
rhodopsin (RHO) or cone opsins (OPN1MW and OPN1SW)
(Figures 1F and 1G). These results indicate that photore-
ceptor degeneration occurred in both of our newly gener-
ated mouse models. We also checked the spleen cells in
these four mouse lines (Figure S1). CD4"* cells (helper
T cells), CD8" cells (cytotoxic T cells), CD19* cells (B cells),
and NKp46* cells (NK cells) showed markedly lower ratios
in spleen cells from both NOG-rd1-2] mice and NOG-rd10
mice compared with their counterparts from rd1-2] mice
and rd10 mice, confirming the immunodeficient state
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(e.g., lack of T cells, B cells, and NK cells) of these NOG-rd
mice. Interestingly, we also found enlarged populations
of CD11b" cells (including monocytes, macrophages, and
microglia) in the spleens of both NOG mice, whereas the
spleen cells of both rd1-2] and rd10 mice had reduced pop-
ulations of these CD11b™ cells (Figure S1).

Earlier Degeneration Onset Observed in rd10 Mice
with NOG Background but Not in rd1-2] with NOG
Background

We performed immunohistochemical analyses to compare
degeneration time courses between rd1-2] and NOG-rd1-2]
mice (Figure 2A), or rd10 and NOG-rd10 mice (Figure 2B).
We evaluated the time courses of ONL loss using hierarchi-
cal Bayesian modeling (Figures S2A-S2C; see also Experi-
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mental Procedures and Data S1). The ONL thickness was
not significantly different between rd1-2] and NOG-rd1-2]
at P7, P14, and P21, with distributions of estimated ONL
thickness nearly overlapping (Figures 2C and S2B; Table
S2). Many Iba-1 (AIF1)-positive microglia infiltrated at
P14 but mostly disappeared at P21 along with photore-
ceptor loss (Figure 2C), consistent with a previous report
(Zhao et al., 2015). In contrast, the ONL of NOG-rd10
mice was thinner than that of rd10 mice at P16, P23, and
P30, implying earlier degeneration in the NOG background
with concomitant microglia infiltration (Figures 2B and
2C). The timing of photoreceptor apoptosis was next as-
sessed in rd10; only a few TUNEL-positive apoptotic cells
were found in the ONL, with microglia limited to the inner
and outer plexiform layers (IPL/OPL) at P16 in rd10 mice
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Figure 2. Degeneration Time Course in rd Mice and NOG-rd Mice

(A and B) Changes in ONL thickness and microglia infiltration in rd1-2J (A) and rd10 (B) paired with their NOG counterparts, respectively,
with AIF1 immunostaining (Iba-1 microglia marker, green).

(C) The retinal degeneration time courses were indicated by the ONL thickness in all four mouse lines (n = 2-5 for each time point in each
line). Rd1-2J and rd10 were marked as red dots, with their NOG counterparts in blue. Lines and shaded areas, respectively, denote the
median and the 95% credible interval of the estimated distribution of the thickness. Note that the estimated distributions of both rd1-2J
strains are mostly overlapped, while the NOG-rd10 mice showed earlier degeneration than rd10 mice (n = 2-5). These analysis details are
available in Supplemental Experimental Procedures, Figure S2, and Data S1. Numbers of microglia found in the ONL at different time points
indicates NOG-rd10 mice tended to exhibit earlier microglia infiltration into the ONL than rd10 mice.

(D) Pro-inflammatory characteristic of infiltrating microglia (AIF1, green) in rd10 and NOG-rd10 mouse retinas was shown by staining
against CD68 (active microglia marker, red).

INL, inner nuclear layer; ONL, outer nuclear layer; these layers are also indicated by the side bars. Scale bars, 30 pum.

and P12 in NOG-rd10 mice, followed by the dramatic in- This observation was consistent with the estimation that
crease of TUNEL-positive cells in the ONL at P18 in rd10 the half-life period of the ONL degeneration is shorter in
mice and P14 in NOG-rd10 mice (Figure S3A). The ONL NOG-rd10 mice than in rd10 mice (95% credible interval
thickness was reduced to less than half at P21 in rd10 for the half-life period was 2.61-5.87 days; mean
mice and at P16 in NOG-rd10 mice (Figure S3A). 4.28 days) (Figures 2C and S2C; Table S2). Microglia were

1062 Stem Cell Reports | Vol. 10 | 1059—1074 | March 13,2018



POU4F1 DAP POU4F1

Figure 3. Expression of Early Retinal Markers in Crx::Venus Human ESC-Derived Retina before Transplantation
(A and B) hESC retinas were consistently differentiated into Crx::venus-positive optic vesicle-like tissues at DD60 (A) with characteristic
continuous neural epithelium indicated by arrows (B).

(legend continued on next page)
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immunoreactive for CD68, a lysosome-associated mem-
brane protein, suggesting their pro-inflammatory nature
(Figure 2D).

Since retinal degeneration is reported to be delayed in
dark-reared rd10 mice (Chang et al., 2007), retinal degener-
ation may have been accelerated by light in rd10 with NOG
background, as the NOG strain is albino and possibly more
susceptible to light. Indeed, animals raised in the dark from
day 17 of pregnancy showed delayed degeneration in both
NOG-rd10 and rd10, although the NOG strain still degener-
ated faster than the non-NOG strain (Figure S3B).

Absence of Immune Cells in Both NOG-rd and rd
Mouse Retinas

We next studied the influence of the immune system
upon retinal degeneration. Cytotoxic T cells, B cells, NK
cells, and neutrophils in the retina were stained with
anti-mouse CD8, CD19, NKp46 (NCR1), and LY6G anti-
bodies, respectively (Figure S3C). The staining revealed
no invasion by the aforementioned immune cells in the
retina from any of these mouse lines at around the peak
of retinal degeneration or inflammation (rd1-2] mice
and NOG-rd1-2] mice on P14, rd10 mice on P23, and
NOG-rd10 mice on P16).

In NOG-rd10, the expression of glial fibrillary acidic pro-
tein increased earlier than that of rd10, indicating the
activated status of Miiller cells during photoreceptor
degeneration, and the expression pattern was similar be-
tween rd1-2] and NOG-rd1-2] (Figure S3D).

Differentiation and Characterization of Human ESC-
Derived Retina

Retinal sheets for transplantation were prepared from
hESCs (Crx::venus line), which were consistently differen-
tiated into Crx::venus-positive retinas with a characteristic
continuous neural epithelium formed by differentiation
day 60 (DD60) (Figures 3A and 3B). These hESC retina
had a layer of retinal progenitor cells positive for both
PAX6 and Chx10 (VSX2) on the apical side with more
differentiated PAX6-positive/Chx10-negative cells on the
basal side (Figure 3C). Crx::venus-positive photoreceptor
progenitor cells were observed on the apical margins,
with some positive for the early photoreceptor marker Re-

coverin (RCVRN) and cone marker RxRy (RARG) (Figures
3D and 3E). The presence of early-born cells including
retinal ganglion cells (RGCs), amacrine cells, and horizon-
tal cells are also suggested by the Brn3 (POU4F1), Isletl
(ISL1), calretinin (CALB2), and calbindin (CALB1) immu-
noreactivities (Figures 3F-3H).

Long-Term Survival and Maturation of Transplanted
Human ESC-Derived Retina in NOG-rd1-2] Mice
Crx::venus hESC retinal sheets were transplanted at
DD64-DD66 into the subretinal space of 8-week-old
NOG-rd1-2] mouse eyes, which were collected for immu-
nohistology at DD200-DD220, as we previously observed
that hESC retina requires approximately 200 days to
mature (Shirai et al., 2015). Human nuclei (HuNu)-posi-
tive hESC retina presented ONL with mature cones and
rods as presented previously by us and others (Kaewkhaw
et al.,, 2016; Shirai et al.,, 2015); Crx:venus- and
rhodopsin-positive photoreceptors were in the organized
rosette structures, wherein M/L and S cone opsins
were usually present in larger Crx::venus-positive cells
compared with rod photoreceptors, and localized at the
inner and outer segment (IS/OS)-like structures (Figures
4A-4D). These IS/OS-like structures were also positive for
peripherin-2 (PRPH2), a cell surface glycoprotein ex-
pressed in the OS (Figure 4E). We further characterized
the ultrastructure of graft photoreceptor cells by electron
microscopy and found components of mature photore-
ceptors such as mitochondria-rich IS, connecting cilia,
and OS disc structures that were often sectioned obliquely
(Figures 4F and 4G).

Other inner retinal cells were also present in transplants,
as suggested by the immunoreactivities against PKCa
(PRKCA, expressed exclusively in rod bipolar cells) and cal-
retinin (expressed in amacrine and ganglion cells) (Figures
S4A and S4B). Microglial cells of non-active ramified
morphology were observed in the host retina and the graft,
where they were often present inside the rosette of graft
photoreceptors (Figures S4C and S4C'). Electron micro-
scopy showed that these microglia were surrounded by ob-
lique sections of OS disc-like structures, and some fractions
of OS disc-like structures were engulfed by the microglia
(Figures S4E-S4E").

(C) Retinal progenitor cells positive for VSX2 (Chx10, red) and PAX6 (gray) are present on the apical side, while differentiated cells (PAX6*/

VSX27) are observed on the basal side.

(D and E) Crx::venus-positive cells are present on the apical side at DD60, with some of them co-labeled with (D) early photoreceptor
marker RCVRN (Recoverin, red) and (E) early cone marker RARG (RxRy, red).
(F) Presence of differentiated retinal ganglion cells and other inner cells on the basal side implied by ISL1 (Islet1, red) and POU4F1 (Brn3,

gray) immunoreactivities.

(G) CALB2 (calretinin, red)-positive staining suggests the presence of amacrine, subtypes of ganglion, and horizontal cells.
(H) CALB1 (calbindin, red)-positive staining indicates the presence of horizontal cells and subtypes of ganglion cells.
AP, apical side; BA, basal side. Scale bars, 200 um (A and B) and 50 um (C-H).
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Figure 4. Expression of Maturation and Synapse Markers by Transplanted Crx::Venus hESC-Derived Retina in NOG-rd1-2J Mice
(A and B) Subretinal graft cells in the host NOG-rd1-2J mouse were positive for HuNu (human nuclei, red) staining, wherein the (A)
Crx::venus (green)- or (B) rhodopsin-positive photoreceptors (red) formed organized rosette structures.

(Cand D) M/L and S cone opsins were usually present in larger Crx::venus-positive cells (red arrows) compared with rod photoreceptors and
sometimes localized in IS/0S-like structures (yellow arrows).

(E) Rod photoreceptor IS/0S formation was suggested by expression of PRPH2 (peripherin-2, red) inside the rosette-like structure (arrows).
(Fand G) Graft cells in rosette-like structure show components of mature photoreceptors by electron microscopy. (F') Higher magnification
of solid line boxed area in (F) shows mitochondria-rich IS, connecting cilia (cc) and disrupted disc structures (yellow arrow); (F’) higher

(legend continued on next page)
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At the host-graft interface, host bipolar cells were
observed extending dendrites to Crx::venus-positive graft
photoreceptors and the expression of RIBEYE, the synaptic
ribbon-specific protein stained against CTBP2, was
observed at the contact sites (Figure 4H and higher-magni-
fication images in Figures 4H’ and 4H"). Miiller glia in the
host retina did not seem to block graft cell integration
(Figure $4D).

Graft-Driven Light Responses Recorded in Host Retinal
Neurons

Although rd1 mice exhibit severe retinal degeneration with
rod loss, cone cells can remain for weeks after rods have
completely degenerated. We tested whether NOG-rd1-2]
mouse retinas could elicit light responses at the time of
transplantation (postnatal week 8). These retinas showed
patchy, monolayered ONL and cone arrestin (ARR3) immu-
noreactivity in the distal retina but barely in the proximal
area, with a similar trend observed in 12-week-old NOG-
rd1-2] (Figure S5) retinas. We barely detected light re-
sponses from 8-week-old retinas (n = 4) but recorded a
few responses in some 12-week-old retinas (n = 4, Fig-
ure S5D), again indicating the variability in the degree of
cone degeneration. However, these responses were con-
strained to the distal retina, and no reaction was observed
in the proximal area, defined as the area within 1-mm dis-
tance from the optic nerve disc.

Light-responsive RGCs of transplanted retinas were
counted objectively and stringently, by only counting light
responses observed as the same responsive pattern at least
twice in the three repetitive recordings. Responses were
further classified into either “normal responses” (tran-
sient-, brisk-sustained-, or sustained-ON; transient OFF;
ON-OFF or sustained ON-OFF; ON suppression) or “hyper-
sensitive” (ON-hyperactive; OFF-hyperactive; delayed-hy-
peractive) responses as previously described (Mandai
et al.,, 2017). We previously reported that mouse iPSC
(miPSC) retinal tissue can elicit light responses in host
mouse RGCs (Mandai et al., 2017). In the present study,
eight retinas were tested for light responses to full-field light
stimuli at 12.84 log photons/cm?/s (0.45 log cd/m?/s,
the same condition as in our previous report) by multi-elec-
trode array (MEA) recording at 20-27 weeks after transplan-
tation (DD200-DD260). While some samples showed

none (3 of 8 retinas) or only weak or ambiguous light
responses (2 of 8 retinas), evident light responses were
recorded from three transplanted retinas in the proximal
area (Figures 5 and 6).

MEA recording of one responding retina is presented in
Figure 5 along with its corresponding in vivo images. At
DD176, typical Crx::venus-positive rosette formation
with no inflammatory signs, such as increased vascular
permeability or leakage of fluorescein dye at the graft
site, was confirmed by angiography (Figure 5A). The
same retina was recorded by the MEA system at DD204,
and the representative peri-stimulus time histogram
(PSTH) demonstrates the RGC spikes in each recording
channels after recovery from the ON pathway blocker
(L-AP4; 20 uM) application (Figures 5B and 5C). Overall,
11 RGCs were recorded with “normal” responses (4 tran-
sient ON; 2 sustained ON-OFF; 2 brisk-sustained ON; 3 sus-
tained ON) and 13 RGCs with hypersensitive response
(13 ON-hypersensitive) after 9-cis-retinal replenishment.
In the presence of L-AP4, only 11 RGCs with hypersensi-
tive responses were detected (9 ON-hyperactive; 2 de-
layed-hyperactive). After washout, normal responses
were again detected in nine RGCs (4 transient ON;
2 brisk-sustained ON; 3 sustained ON) while 11 RGCs
showed hypersensitive responses (9 ON-hyperactive; 2 de-
layed-hyperactive) (Figure 5D). The “normal responses” as
clustered by our program resembled those of wild-type
RGCs in response to L-AP4, and increased along with
stimulus intensity changes, whereas some hypersensitive
responses did not change with or without L-AP4 (Fig-
ure SE). The subsequent whole-mount immunostaining
strongly suggests the host RGC origin of “normal” light
responses over the mature graft area, where host bipolar
cell contacts with the graft photoreceptors are indicated
by RIBEYE staining (Figures SF and 5G).

Two other samples that showed light-responsive RGC ac-
tivities indicative of graft origin are presented in Figure 6.
One sample showed clear light responses only after L-AP4
washout over the graft area (Figure 6A). The other sample
showed RGC responses even before 9-cis-retinal treatment,
and the number of light-responsive RGCs decreased upon
L-AP4 treatment but increased again after washout,
although classified as hypersensitive patterns (6 ON-hyper-
active) (Figure 6B).

magnification of dotted line boxed area in (F) shows many fragments of disc structures inside the rosette on an oblique section (orange
arrows). (G) Continuous view of connecting cilia and 0S from a cell body in another section of the same rosette.

(H) 3D confocal image of transplanted area stained against CTBP2 (RIBEYE as presynaptic marker, arrowheads) and PRKCA (PKCa. as rod
bipolar cell marker, gray). CTBP2 was co-localized at the contact site of graft photoreceptors (green) and host bipolar cells that can be
traced back into the host retina (vellow and orange arrows). (H" and H”) The views indicated by arrows are the representative contact sites,
and magnified views are presented as projected optical section and orthogonal views between the indicated lines.

INL, inner nuclear layer; IS, inner segment; 0S, outer segment. DD200-DD220 (A-D). Scale bars, 50 um (A and B), 20 um (C-E), 5 um (F),

1 pum (F-G), and 10 pm (H-H").
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Figure 5. Classic Photoreceptor Responses Elicited in NOG-rd1-2J Mouse after Transplantation of hESC-Derived Retina

(A) In vivo imaging of a transplanted eye at postoperative day 112 (DD176). Fluorescent angiography shows the Crx::venus-positive graft
under the retinal vessels. No sign of rejection was observed.

(B) Isolated retina from (A) with Crx::venus hESC-derived graft (DD204) mounted on the MEA probe with RGC on the electrodes side.
(C) Averaged peri-stimulus time histogram of RGC spikes (after spike sorting) against three repeated mesopic light stimuli (12.84 log
photons/cm?/s) after washout of L-AP4. Yellow bars indicate the 1-s light stimulation. Red and blue arrows indicate the channels with the

(legend continued on next page)
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In two other samples, the number of light-responsive
RGCs was so few on the graft that we could not conclu-
sively determine the origin of the responses. In the rest
of the three samples only a small fraction of the graft
was laid on the electrodes, and no RGC responses were
detected.

To test whether NOG-rd1-2] mice are as adequate and
competent to accept retina transplants as rd1-2] mice in
our previous study, we also transplanted miPSC retina
(N1l-GFP/ROSA:Nr1l-CtBP2-tdTomato iPSC line) (Mandai
et al., 2017) at the same age as the hESC retina recipient
NOG-rd1-2] mice. After 5 weeks of transplantation, evident
microERG (mERG) responses were consistently recorded
over the graft area in all the transplanted samples as well
as typical RGC light responses sensitive to L-AP4 (n = 4)
(Figure 7).

DISCUSSION

In this study, we established two immunodeficient retinal
degeneration model mouse strains, NOG-rd1-2] and
NOG-rd10, for transplantation of human retinal cells or tis-
sue. Initially, our goal was to obtain two model lines with
different degeneration speeds. However, degeneration
was unexpectedly fast in NOG-rd10 mice in comparison
with rd10 mice. In these NOG backgrounds, immune cells
such as T cells, B cells, and NK cells were markedly reduced,
whereas microglia were similarly present compared with
non-NOG mice. We did not observe infiltration of these
T, B, or NK cells in the retina during the photoreceptor
degeneration in either rd1-2] or rd10 mice, even though
these mouse lines both possess an intact immune system.
There are controversial reports about the role of microglia
in retinal degeneration (Arroba et al.,, 2011; Jin et al.,
2016; Peng et al., 2014). We observed microglia infiltration
into ONL after the detection of initial apoptosis marker
appearance in photoreceptor cells, both in NOG-rd10 and
rd10 mice. Although some reported that T cells could influ-

ence microglia to be neurotoxic or neurotrophic (Gonzalez
etal., 2014), the lack of T cell infiltration argues against this
mechanism. The pro-inflammatory phenotype of micro-
glia indicated by CD68 staining was similarly observed in
both rd10 and NOG-rd10 mice. It was reported that
different inbred strains showed markedly different sensitiv-
ities to light (LaVail et al., 1987). Since retinas from dark-
reared rd10 mice exhibited delayed degeneration onset
while dark rearing had no effect on rd1-2] retinal degener-
ation (Chang et al., 2007), sensitivity to light may affect
the pathology of rd10 mice. In our study, since degenera-
tion in both rd10 and NOG-rd10 mice was slowed down
when dark-reared, in addition to light effect, the immuno-
deficiency or other genetic differences between the
different strain backgrounds may have also accelerated
the degeneration.

We experienced difficulties in observing maturation of
hESC retinas in rd1 mice even with immunosuppression,
but with NOG-rd1-2] mice the transplanted hESC retinas
consistently developed mature ONL with rod and cone
opsins. Furthermore, graft photoreceptors show signs of
developing IS/OS structures as evidenced by electron mi-
croscopy. However, we had not yet shown any function
by hESC/iPSC retina following transplantation. In the pre-
sent study, light-responsive RGC activities were detected
in 3 of 8 retinas over the grafts by MEA recording from
28-week-old or older NOG-rd1-2] mice (20 weeks or
more after transplantation). At such advanced stage of
retinal degeneration or even younger NOG-rd1-2], no re-
maining cone activity was observed in the proximal retina
where the grafts usually lay. Although we could not
completely deny the rescue effect on the host’s remaining
cones by grafts, some of the light responses recorded after
transplantation were clearly distinguished by their prox-
imity to the disc and location directly over the graft.
These responses were not sparsely covering only a few
electrodes as in the non-transplanted retina but were de-
tected in clusters covering multiple electrodes directly in
the grafted area, suggesting that they are more likely

RGCs showing normal and hypersensitive responses, respectively. The proximal retina (<1 mm from disc) is indicated in pink, and the area
covered by the graft is shown in light green.

(D) Spatial distribution of the RGC numbers (spike sources) shown as normal (red bars) or hypersensitive (blue bars) in accordance with the
64 electrodes, ranging from 1 to 2 cells per channel. Electrodes covered by the graft are shown in yellow.

(E) Histogram of total RGC cluster numbers in electrodes covering grafted (on graft) or non-grafted (off graft) areas. RGC with normal
responses (red) in grafted areas increased along with stimulus intensity and were abolished in the presence of L-AP4. Hypersensitive
responses (blue) in non-grafted areas were insensitive to L-AP4. Stimulus intensities are shown in log photons/cm?/s.

(F) Overview of the retinal sheet after MEA recording shown in (B). Transplanted grafts were distributed in the subretinal area (orange
arrowheads).

(G) Magnified view of a light-responsive area (yellow box in F, around channel 12 in C). Yellow arrowheads mark the potential synaptic
connections between host rod bipolar cells (PKCa-positive) and graft Crx::venus-positive photoreceptor cells expressing synaptic ribbon
proteins (CTBP2-positive).

Scale bars, 150 um (F) and 20 pum (G).
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Figure 6. Light Responses in the Proximal Retinas of hESC-Retina Transplanted NOG-rd1-2J Mice

Examples of the other two transplanted retinas with light-driven RGC responses detected by MEA recording. Light responses are marked by
arrows in red for normal and blue for hypersensitive responses. Red dotted boxes indicate the electrode areas. The proximal retina (within
1 mm from disc) is indicated in pink shadow, and the area covered by graft in green shadow.

(A) A sample with evident light responses. The response was evident only after L-AP4 washout against mesopic light stimuli (12.84 log

photons/cm?/s).

(B) Another sample with RGCs with light responses before and after 9-cis-retinal and L-AP4 treatment with mesopic light stimuli.

Scale bars, 150 pm.

driven by the graft photoreceptors rather than remaining
cones.

Hypersensitive response patterns were initially observed
in the degenerating retinas, preferentially to a bright light
stimulus but barely with our regular light stimuli at 0.45
log cd/m?/s (Mandai et al., 2017). After transplantation,
however, many RGCs, usually located in and around the

grafted area, were classified as “light-responsive hypersensi-
tive” even to the regular light stimuli. Some of the hyper-
sensitive responses were rather ambiguous as they cannot
be clearly distinguished from the normal patterns, such
as whether to be sustained ON or ON-hyperactive. We pro-
pose that these patterns represent either degenerating or re-
generating processes and may possibly originate from the
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Figure 7. mERG and RGC Responses Elicited in NOG-rd1-2J Mice after miPSC-Retina Transplantation

(A) mERG recordings and representative peri-stimulus time histogram after L-AP4 washout and spike sorting are presented along with
images of miPSC retina transplants mounted on the MEA probe (60MEA200/30iR-Ti-gr, n = 4). Electrodes with light-responsive RGCs are
indicated by arrows. Recording areas are indicated by red dotted line boxes. The proximal retinas (within 1 mm from disc) are indicated in
pink, with the areas covered by the grafts in green.

(legend continued on next page)

1070 Stem Cell Reports | Vol. 10 | 1059-1074 | March 13,2018



immature host-graft synaptic connections or cells associ-
ated with the circuitry formation. No OFF responses were
detected upon L-AP4 block, suggesting that the OFF
pathway may not yet have been recovered. The L-AP4-
insensitive hypersensitive activities may be partly derived
from intrinsically photosensitive RGCs, despite the use of
Opsinamide. Alternatively, these responses may suggest a
wrongly or immaturely rewired circuitry tethered to the
rather excitable RGCs in degenerating retina (Euler and
Schubert, 2015). It is noteworthy that we obtained light re-
sponses in one sample even before the 9-cis-retinal treat-
ment (Figure 6B), which indicates that graft photoreceptors
were readily functional with functional visual pigments
in vivo, even though the rosette formation dampens
normal contact with RPE cells.

In the present study, we did not detect full-field ERG
response after transplantation. Since detectable ERG
response is estimated to require more than 150,000-cell
integration (Pearson et al., 2012), our host-graft integra-
tion is not considered to be sufficient. However, consid-
ering that a patient with non-recordable full-field ERG
still has a limited visual field, the absence of in vivo full-
field ERG does not indicate total blindness. For the
ex vivo recording, although the evident mERGs were eli-
cited in miPSC retina grafts at 5 weeks after transplanta-
tion, we did not detect mERG in hESC retina grafts to
the same 10-ms flashlight (1/100 photons compared
with the multiunit recordings of RGC). Since the mERG
responses in miPSC were mostly abolished by L-AP4,
the wave components likely represented the postsynaptic
bipolar cells and RGCs of either graft or host rather than
the properly oriented photoreceptors of limited amount
inside the graft rossettes (Fujii et al., 2016). The lack of
mERG wave components but not RGC multiunit re-
sponses in hESC retina suggests that the graft photore-
ceptors did not convey a strong enough response to the
weaker stimulus. Still, we obtained RGC responses in 3
of 7 retinas with a substantial hESC transplant, which
suggests the presence of functional hESC retinal photore-
ceptors, although RGC responses were detected in all
samples from miPSC retina-transplanted NOG-rd1-2]
mice. The lower responsiveness of hESC retina compared
with miPSC retina in NOG-rd1-2] mice may be attributed
to (1) fewer functional photoreceptors in hESC retina
than in miPSC retina, (2) the advanced and aged host
environment at the time of synaptic integration of
hESC retinas, since hESC retina takes a longer time to

reach synaptogenesis stage than does miPSC retina, and
(3) inefficient synaptic formation in xenotransplantation
compared with allotransplantation as suggested by Laver
and Matsubara (2017). However, this incompatibility of
hESC/iPSC retina would not be an issue in human host
retinas. Finally, (4) the Crx::venus ESC graft we have
used here may have negatively affected synaptogenesis,
since functional maturation is reportedly delayed in
Crx*'~ mice (Furukawa et al., 1999).

In summary, by introducing immune-deficient end-stage
rd mouse models, we were able to integrate hESC retinal
sheets in the transplanted retinas for an extended
period. These grafts showed signs of photoreceptor matura-
tion including light-responsive IS/OS formation and
synaptogenesis, and tentative functional integration
with host retina, albeit to an extent less than with
allotransplantation. This study supports the use of these an-
imals in preclinical studies, as well as the competency of
hESC retina for future clinical applications in RP patients.

EXPERIMENTAL PROCEDURES

All animal experiments were conducted in accordance with local
guidelines and the ARVO statement on the use of animals in
ophthalmic and vision research. All experimental protocols were
approved by the committee of the RIKEN Center for Develop-
mental Biology.

Development of NOG-rd1-2] and NOG-rd10 Mice

To establish two types of NOG-rd transgenic mice, we used marker-
assisted screening methods (Figure 1A). Details are described,
with genotyping information, in Supplemental Experimental
Procedures.

hESC-Derived Retina Differentiation and Subretinal
Transplantation

Human ESCs (KhES-1 line) were cultured in accordance with the
hESC research guidelines of the Japanese government. The hESC
reporter line (Crx::venus) was maintained and differentiated as
previously described with a slight modification (Kuwahara et al.,
2017; Nakano et al., 2012; Shirai et al., 2015). Human ESC retinal
sheets were transplanted at DD64-DD66 as described previously
(Assawachananont et al., 2014; Shirai et al., 2015). Details are pro-
vided in Supplemental Experimental Procedures.

Details for animal sources and methods for in vivo electroretino-
gram and ocular imaging, electron microscopy, miPSC retina
transplantation, and immunohistochemistry with antibody infor-
mation are included in Supplemental Experimental Procedures.

(B) Representative mERG in the red- and green-boxed channels in (A). L-AP4 abolished the negative wave (RGC response, red box) or the

positive wave (ON bipolar response, green box).

(C) L-AP4-sensitive ON suppression (blue) and sustained-ON responses (purple) are shown as representative RGC responses in the channels

pointed out by blue and purple arrows in (A).
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Procedures, five figures, four tables, and one data file and can be
found with this article online at https://doi.org/10.1016/j.stemcr.
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Supplemental Experimental Procedures

Animals

NOG, NOG-rdI-2J, and NOG-rd10 mice used in these experiments were provided by Central Institute for
Experimental Animals. Mice of type Rd1-2J (C57BL/6J-Pde6b™-*//T) and type rd10 (B6.CXB1-Pde6b™"/])
were obtained from the Jackson Laboratory by relocation. All mice were housed in 12-h cyclic light/dark with
white light from fluorescent tubes of approximately 2.73 to 258.44 uW/cm? (about 10 to 825 lux). Mice with
NOG background were isolated from other mice and provided with free access to food and distilled water.

Development of NOG-rd1-2J and NOG-rd10 mice

The first generation (N1) was obtained by in vitro fertilization (IVF) of male »d/-2.J or rd10 mice and female
NOG mice with embryo transfer (ET) to pseudopregnant MCH (ICR) (Figure 1). The resulting young female
N1 mice were mated with male NOD mice until the N5 generation. Marker-assisted selection was performed
on N5 mice to select the mice closest to the NOD strain, based on a previously reported protocol using 64 DNA
micro satellite markers (Table 1) (Suemizu et al., 2008). The selected male mice and NOG females were used
for IVF-ET to obtain both NOG-rd lines, which were confirmed by the genotyping procedures as described
below.

Genotyping

To performed the marker-assisted selection of desired N5 mice, the IL2Rg™!" mutations were genotyped using
2 sets of primers (Ito et al., 2002), and the SCID mutations were genotyped using Cycling Probe Technology
(Higuchi et al., 2014). 64 microsatellite markers, one for each chromosome, were also analyzed to determine
genetic backgrounds. PCR amplification of microsatellite loci was performed following the reported methods
(Suemizu et al., 2008).

Point mutations of Pde6b™% and Pde6b™'? genes were identified by PCR amplification followed by
the digestion with restriction enzymes Ncol-HF and Narl (BioLabs). The enzyme digestion with Ncol-HF
results in 2 fragments of 146 bp and 98 bp in the mutant for rd/-2J genotyping, and the digestion with Narl
results in 2 fragments of 293 bp and 297 bp in WT for »d10 genotyping. The primers are listed in Table S1.

Flow cytometry

The expression of CD4, CD8, CD19, NKp46, and CD11b on spleen cells from control rd mice (rd-2J or rd10)
and NOG-rd1-2J or NOG-rd10 mice was assessed by flow cytometry. After blocking mouse Fc receptors (1 x
10° cells were treated at 4 °C for 15 mins with anti-mouse FCRG3/FCGR2B antibodies from BD Pharmingen,
Cat. No. 553141), the cells were incubated with primary antibodies or isotype control rat IgG (see Table S3) at
4 °C for 30 min. A secondary antibody (Alexa Fluor 488-conjugated anti-rat IgG, A-11006, Thermo Fisher
Scientific) was used for cells with non-labeled primary incubation after wash at 4 °C for 30 min in the dark. All
samples were examined with a BD FACSCanto™ 11 flow cytometer (BD Biosciences), and data were analyzed
using the FlowJo 9.3.1 software package.

Differentiation of hESC-retina

Retinal differentiation by SFEB(q, subconfluent hESCs were dissociated into single cells using TrypLe Select
(Gibco) and seeded 12,000 cells per well of low-cell adhesion 96 well V bottomed plate (Sumitomo Bakelite)
in differentiation medium (growth factor free CDM; gfCDM) containing DMEM/F12 Glutamax (Gibco), 10%
KSR, 1% chemically defined lipid concentrate (Gibco), 450 uM monothioglycerol (Sigma-Aldrich), and
supplemented with 10 uM Y-27632. At differentiate day (DD) 3, recombinant human BMP4 (final concentration
= 1.5 nM; R&D systems) was added to each well. After DD 6, medium change half by half every third day. At
DD15, aggregates were transferred to a low adhesion plate dish (Sumitomo bakelite) and cultured in
DMEM/F12 Glutamax medium (Gibco) contained 1% N2 supplement (Gibco), 3 uM CHIR99021 (Wako), 5
uM SU5402 (Sigma-Aldrich) for 3 days. Aggregates were then cultured in NR-differentiation medium for long
culture containing DMEM/F12 Glutamax medium (Gibco) and 1% N2 supplement (Gibco), 10% FBS (Gibco),
0.5 uM retinoic acid (Sigma-Aldrich), 0.1 mM taurine (Sigma-Aldrich), Penicillin-Streptomycin and Fungizone.



Differentiation of miPSC-retina

Nrl-GFP transgenic miPSCs were generated from Nrl-EGFP mice (Akimoto et al., 2006; Homma et al., 2013).
The genetically modified line Nrl-EGFP/ROSA::Nrl-CtBP2-tdTomato was differentiated into optic vesicle
structures and cut into small pieces (around 0.5 mm x 2 mm) at differentiation day (DD) 13 for transplantation
as previously described (Assawachananont et al., 2014; Mandai et al., 2017).

Subretinal transplantation

For graft preparation, transparent and continuous neural retinal epithelium part of hESC-retina and miPSC-
retina was cut into 0.5-mm-wide sections. Mice were anesthetized with isoflurane using an inhalation anesthetic
system (Narcobit-E type II, Natsume Seisakusho, Tokyo, Japan). Anesthesia was maintained 2.0-5.0%
isoflurane at an O, flow rate of 1.5 L/min using a modified nosecone for mice. Pupils were dilated with Mydrin-
P® (0.5% phenylephrine + 0.5% tropicamide; Santen Pharm Co., Osaka, Japan). The graft sheets were inserted
to the subretinal space of 8-week-old NOG-rdI-2J as previously described (Assawachananont et al., 2014;
Mandai et al., 2017).

Electroretinogram (ERG)

Mice were dark-adapted overnight and placed under dim red illumination (> 650 nm). Dark-adapted mice were
anesthetized, followed by pupil dilation as aforementioned. Full-field ERG responses were sampled through a
LED contact lens using a PUREC system (PC-100; Mayo Corporation, Aichi, Japan). Data were sampled at 1.98
Hz and band-pass filtered at 0.3-500 Hz. The stimulus intensity and duration were controlled using an electronic
stimulator (LS-100, Mayo Corporation, Japan). An indifferent electrode was attached to the tongue and a ground
electrode was clipped to the tail. For the scotopic ERG, the intensity of the light stimulation was increased from
-3.0 to 2.0 log cd/m?/s, and the inter-stimulus interval was 10 s.

In vivo ocular imaging
Spectral-domain ocular coherence tomography (SD-OCT) images were obtained using the Envisu R2200 VHR
SD-OCT (Bioptigen, Inc., Durham, NC, USA). Horizontal and vertical linear scans (1.4 mm in width, 1000 A-
scans per B-scan and 100 B-scans per volume) were obtained.

Funduscopy and fluorescent imaging were performed using the Micron IV camera (Phoenix Research
Laboratories, Inc., Pleasanton, CA, USA).

Fluorescein angiography imaging was performed using a Heidelberg retina angiograph (Heidelberg
Engineering GmbH, Dossenheim, Germany) by injecting 0.1 mL fluorescein dye per 10 g body weight (1:15
dilution with physiological saline; Fluorescein Novartis 500mg/5mL, Novartis).

Electron Microscopy

Electron microscopy observation was processed as previously described (Assawachananont et al., 2014; Shirai
et al., 2015). In brief, mice eyes were fixed with a mixture of 2% glutaraldehyde and 4% paraformaldehyde
(PFA) in Phosphate Buffered Saline (PBS; pH7.4) overnight, corneas and lenses were removed, and 50-um
sections were made with a vibratome (PRO 7, DOSAKA EM Co., LTD., Japan). Retinal sections were stained
with anti-RHO to confirm the presence of graft rosettes with mature ONL. Then, sections containing the graft
were postfixed with ice-cold 1% OsO4 in 0.1M sodium cacodylate buffer, pH 7.3, for 2 h. Samples were then
rinsed with distilled water, stained with 0.5% aqueous uranyl acetate for 2 h or overnight at room temperature,
dehydrated with ethanol and propylene oxide, and embedded in Poly/Bed 812 (Polyscience). Ultrathin sections
were cut, double-stained with uranyl acetate and Reynolds’ lead citrate, and viewed with a JEM1010 or
JEM1400 transmission electron microscope (JEOL) at an accelerating voltage of 100 kV.

Multi-electrode array (MEA) recording

Animals transplanted with hESC-retina at post operation day 140 or more were dark-adapted for 1-3 days prior
to MEA recording using the MED64 system (Alpha MED Scientific Inc) as previously described (Mandai et
al., 2017). Alternatively, 12- to 13-week-old NOG-»d-2J mice with or without miPSC-retina transplants (4
weeks post operation) were recorded using the USB-MEA60-Up-System (MultiChannel Systems, Germany)
with the standard 8x8 probe (60MEA200/30iR-Ti-gr).



The animals were deeply anesthetized with sevoflurane or isoflurane inhalation, followed immediately
by decerebration and harvest of retinas. After removal of vitreous body and identification of graft area, retinas
were mounted on the electrodes with the ganglion cell side down and constantly perfused at 3-3.5 mL/min with
warmed (35 £ 0.5°C), carbogenated (95% O» and 5% CO,) Ames’ medium (A1420, Sigma-Aldrich).
Opsinamide (10 pM; AA92593, Sigma-Aldrich) was added in the perfusion medium to suppress the
melanopsin-driven RGC light responses during recording. Retinas were allowed to recover in the MEA chamber
for 10-15 min before recording while monitoring the intrinsic hyperactive RGC firing as the feature of
degenerated retina. Light responses to full-field white light stimuli in form of field potentials (microERG, or
mERG) and RGC action potentials were recorded as previously described, followed by offline spike sorting
and clustering analysis of RGC spikes. The full-field light stimuli were generated using a white LED source
with irradiance ranging from 10-13 log photons/cm?/s at the focal plane of the electrodes, which approximately
covered the low to high mesopic range. The regular light intensity used in this study (12.84 log photons/cm?/s)
was the same as the intensity used in our previous works (0.45 log cd/m?/s). RGC responses to the same set of
3 repeated stimuli for each light intensity were recorded before and after 9-cis-Retinal (100 pM; R5754, Sigma-
Aldrich) replenishment, as well as in the presence and absence of L-AP4 (20 uM; 016-22083, Wako) blockade
to confirm the reproducibility. The procedures were conducted under dim red light with peak wavelength at 690
nm. The retinas were detached from the electrodes after recording for 1-2 h fixation with 4% PFA at room
temperature for immunohistochemistry.

RGC clustering after MEA analysis

The MEA recording with either systems were sampled at 20 kHz online, then applied offline with the high pass
filter at 1 Hz and 100 Hz for field potential and spike observation, respectively. For RGC clustering, the sets of
3 repeated recordings were spike sorted and then categorized by a homemade program based on deep learning
system as previously described (Mandai et al., 2017). In brief, each RGC (spike source) was first grouped into
light responsive or not (spontaneous) according to its spike patterns, and the light responsive ones were further
clustered into 10 clusters including 3 ON patterns (transient, brisk-sustained, sustained), transient OFF, ON-
OFF and sustained ON-OFF, ON suppression, and 3 hyperactive patterns (ON, OFF, delayed). The clustering
program requires an agreement of at least 2 of 3 repeated recordings on one of these patterns, or RGCs with
inconsistent decision would be abandoned. Regarding Figure 5 and 6, normal response represents any of ON,
OFF, and ON-OFF groups and hypersensitive response represents 3 hyperactive patterns. The results of
clustering were also manually confirmed to remove the false-positive responses, if any.

Immunohistochemistry

For paraftin sections, eyes were fixed with SUPERFIX (Kurabo), embedded in paraffin (P3683; Sigma-Aldrich),
and sectioned at 10-pm thickness using an automatic slide preparation system (AS-200; Kurabo). For
cryosections, eyes were fixed in 4% PFA for | h at room temperature, cryoprotected in 30% sucrose in PBS
overnight at 4 °C, embedded in OCT compound (Tissue Tec; Sakura Finetechnical), and sectioned at 10-pm
thickness using a Leica CM3050S Research Cryostat (Leica Biosystems). Sections were blocked with 3% goat
or donkey serum for 1 h at room temperature and incubated with primary antibodies overnight at 4 °C, followed
by incubation with corresponding secondary antibodies for 1 h at room temperature. The primary antibodies
used were listed in Table S4.

TUNEL assay was performed to detect the apoptosis of photoreceptor cells using the /n Situ Cell Death
Detection Kit, TMR red (12156792910, Roche Applied Science) according to the manufacturer's instructions.
Synaptic 3D analyses using NOG-rd mice were performed as previously described (Shirai et al., 2015). In brief,
eyes were fixed with 4% PFA and processed for cryostat sectioning at 50-um thickness. The samples were pre-
incubated with 5% goat serum and 3% Triton X-100 in PBS at 4 °C overnight, then incubated with primary and
secondary antibodies at 4 °C for 2 days and overnight, respectively, before mounted with 2,20-thiodiethanol
(Sigma-Aldrich).

The whole-mount retinas after MEA recording were incubated with primary antibodies at 4 °C for 7-
10 days, and subsequently incubated for 2 days with appropriate secondary antibodies. Samples were mounted
using VECTASHIELD Antifade Mounting Medium (H-1000, Vector) and kept at 4 °C for long-term
preservation.



Images of both sections and whole-mount preparations were acquired with a Leica-TCS SP8. 3-
dimensional (3D) imaging was performed as previously described with mild modification (Assawachananont
et al.,, 2014; Mandai et al., 2017). Series of XY optical sections at system-optimized intervals was taken
throughout the 50-pm section and reconstructed to obtain 3D sectional images using Imaris software (Bitplane).
For the whole-mount retinal immunostaining, z-stack images were taken across the full sample depth and tiled
automatically to cover the grafted and neighboring areas.

Histological analysis

Measuring the ONL thickness and counting the number of microglia in the ONL were performed in the retina
at 0.5 mm to 1.5 mm from the optic nerve disc. Three retinal sections of one eye (n = 4-10 eyes for each time
point) were included. We collected samples at the following time points: Rd1-2J mice; P7 (n= 5, 8 eyes), P14
(n=35, 7 eyes), P21 (n =5, 8 eyes), NOG-rdI-2J mice; P7 (n =15, 7 eyes), P14 (n =4, 6 eyes), P21 (n=3,6
eyes), P23 (n= 2, 2 eyes), Rd10 mice; P9 (n=4, 6 eyes), P12 (n=2, 4 eyes), P14 (n=2, 4 eyes), P16 (n=5, 8
eyes), P18 (n=3, 6 eyes), P21 (n =3, 6 eyes), P23 (n =5, 8§ eyes), P30 (n =5, 8 eyes), NOG-7d10 mice; P9 (n
=3, 6 eyes), P12 (n =3, 6 eyes), P14 (n =3, 6 eyes), P16 (n =5, 8 eyes), P23 (n =5, 8 eyes), P30 (n=4, 6
eyes), dark-reared rd10 mice; P23 (n =2, 4 eyes), P30 (n=3, 5 eyes), dark-reared NOG-rd10 mice; P23 (n= 3,
6 eyes), P30 (n =2, 3 eyes).

Modeling the ONL thickness
We modeled the ONL thickness using a hierarchical Bayesian framework, and Markov Chain Monte Carlo
(MCMC) sampling to estimate the model parameters. We performed this sampling using Stan 2.14.1 (Stan
Development Team, 2016a), the RStan library 2.14.1 (Stan Development Team, 2016b), and R 3.3.2 (R
Development Core Team, 2016).

The ONL thickness of a certain strain of mouse, y um, was modeled as a function of the rate of
degeneration, a, the half-life period of ONL thickness degeneration, b days, the initial ONL thickness, ¢ pm,
and the observed time post birth, x days:

3 c
~ 1+aex?

y (1)

To describe the variance in ONL thickness among individual mice, we modeled individual ONL
thickness, y,, pm, as a positive real parameter that was Gamma-distributed, with scale parameter 6,,:

Ym~Gamma (61 Gm) )

m

Finally, the observed ONL thickness for each mouse, yos, Which is a positive real number, was also
modeled as Gamma-distributed, with scale parameter 6,s:

Vi
yobs~Gamma (6m 'Hobs) (3)
obs

Combining equations (1) through (3) with our experimentally obtained ONL thickness data, we
estimated the posterior distribution of all parameters for each strain via MCMC sampling. The following priors
were used for each parameter. Sampling was restricted to positive ranges.



a A Student-¢ distribution with the 4 degrees of freedom, mean 0, and
variance 1.

b A uniform distribution from 0 to 100.

c A normal distribution with mean 60 and variance 10.

On A uniform distribution from 0 to infinity.

Oobs A uniform distribution from 0 to infinity.

To test the potential of our model, we have simulated the ONL thickness over time by giving various
values for a and b. The results showed that our model can describe a variety of degeneration patterns (or lack
thereof) (Figure S2A). Figures S2B and S2C show the results of these analyses.

Estimating the effect of strain and environmental light conditions to ONL thickness
The effect of strain and environmental light conditions on the ONL thickness was estimated by fitting a model
with a hierarchical Bayesian framework. For parameter estimation, the same method used in modeling the ONL
thickness was applied.

The ONL thickness of the i mouse was modeled as a function of the strain and the light condition
with the individual random effect. The explanatory variables were the categorical fixed effects fsiain, i and fiign;,
i» and the random effect »;. With the parameters, Ysain, igne can be modeled as:

YVstrainlight = exp(bo + blfstrain + bzflight + ri) “4)
Foorain = {0, when Nog-rd10 mouse
strain = {1 when rd10 mouse

Fione = {O, when cyclic light-reared
light = |1, when dark-reared
r,~Normal(0,0?)

The observed ONL thickness y,»s was also modeled as Gamma-distributed, with the mean Vs ain iigh: and
scale parameter G,

)

ystrain,light 0
»Yobs

Vops ~Gamma (
eobs

Combining equations (4) and (5) with our experimentally obtained ONL thickness data, we estimated
the posterior distribution of all parameters at P23 and P30 via MCMC sampling. Uniform distribution was used
for prior distribution for each parameter. Sampling was restricted to positive ranges for o and .
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Figure S1. Characterization of immunodeficient state of NOG-rd1-2J and NOG-rd10 mice (related to Figure 1)

FACS analysis of the spleen cells of 4 mouse lines. CD4*, CD8*, CD19*, and NKp46* cell ratios were markedly lower
in both NOG-rd1-2J and NOG-rd10 mice, in contrary to that in their counterparts, »d/-2J and rd10 mice, respectively.
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Figure S2. Hierarchical Bayesian modeling of degeneration time course (related to Figure 2 and
Experimental Procedures)

(A) Retinal thickness was simulated for a range of model parameters (a: 0.008 to 5; b: 0.4 to 250). The model
was able to describe a wide variety of degenerative and non-degenerative patterns.

(B and C) Estimated distributions of the model parameters in rd/-2.J (B) and rd10 (C). All parameters are from
converged simulations. Delta_a and delta b show the distribution of parameters a and b with or without NOG
background.
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Figure S3. Apoptosis, infiltration or activation of immune cells and glial cells in the retina in NOG-rd1-2J and NOG-
rd10 (related to Figure 2)

(A) AIF1 (Iba-1; green) and TUNEL (apoptotic nuclei marker; red) staining in rd10 and NOG-rd10 mice.

(B) Comparison of the ONL thickness in cyclic light-reared (L/D; data from Figure 2C) and dark-reared (D/D) NOG-rd10 and
rd10 mice at P23 and P30. The ONL thickness is drawn in the box-and-whisker plot, with the upper and lower whiskers
extending to the largest or smallest value no further than 1.5 times of inter-quartile range from the box edges. To evaluate the
light effect, the ONL thickness was mathematically modeled with the parameter of light condition. From the estimation, at P23,
the possibility of rd10 (dark) > rd10 (cyclic light) was 99.2% and 99.9% in NOG-rd10 and rd10, respectively. At P30, the
possibility of #d10 (dark) > rd10 (cyclic light) was 98.2% and 98.7% in NOG-rd10 and rd10, respectively.

(C) Immune cells in the retina of 4 mouse lines at around the peak of inflammation (P14 for »d/-2J and NOG-rd1-2J, P23 for
rd10, and P16 for NOG-rd10. Spleen cells as positive controls). Left to right: B cells, NK cells, neutrophils, cytotoxic T cells.
(D) GFAP (glial fibrillary acidic protein, green) expression in 4 mouse lines co-stained with GLUL (glutamine synthetase; red).
INL, inner nuclear layer; ONL, outer nuclear layer; also indicated by side bars for sectional views similarly in panel C, D.
Scale bars, 20 um (panel A, C), 50 um (D).
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Figure S4. Long term survival and maturation of transplanted human ESC-derived retinal sheets in NOG-rdI-2J mouse
(related to Figure 4)

(A-D) Immunohistochemistry of transplanted retina. PRKCA (PKCa; gray) (A) and CALB2 (Calretinin; gray) positive cells (B)
were observed among the HuNu-positive graft cells. Some AIF1 (Iba-1) positive microglia (red) were observed both in the host
retina and inside the transplants with ramified, non-active morphology (white arrows), and also inside the rosette (yellow arrow)
next to isolated Crx::Venus positive cells (C-C’). (D) Miiller glia were stained with GFAP (gray) and GLUL (glutamine
synthetase; red). No gliotic barrier was observed between graft cells and host INL.

(E-E”) A microglia-like cell was also observed inside the rosette by electron microscopy (yellow arrow). Magnified views show
many oblique sectioned disc-like structures inside the rosette suggestive of outer segment formation by graft photoreceptors
(orange arrowheads) (E’), and some of the disc fragments are engulfed by this microglia-like cell (orange arrows) (E”).

Scale bars, 20 pm (panel A-D), 5 um (E), 2 um (E’) and 1 pm (E”).
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Figure S5. Remaining cones and light-responsive activities in NOG-rd-2J mice (related to Figures 5-7)

(A) ARR3 (Cone Arrestin) is localized in the cone outer segments of C57BL/6 wild type retina as shown in the whole-
mount staining with the orthogonal view reconstructed from z-stack confocal images.

(B) In 8-week-old NOG-rd1-2J, a few ARR3-positive cells were observed in the proximal retina (~1 mm from the optic
nerve disc) and more in further peripheral retina (~2 mm from the disc) (n=4).

(C) ARR3-positive cells were still found in 12-week-old NOG-rd1-2J retina but extremely few in the proximal area.

(D) A few light responses were seen with MEA recording after recovery from L-AP4 in 12- and 13-week-old NOG-rd-2J,
but not in areas within 1-mm distance (indicated as pink shadow) from the disc (n=4). Normal and hypersensitive light
responses were marked with red and blue arrows, respectively.

ONL, outer nuclear layer. INL, inner nuclear layer. Scale bars, 20 pm (panel A-C).



Table S1. Primer list, related to figure 1

Gene Primer sequence (5'-3') Modification
IL2Rg"I-WT-F CTGCTCAGAATGCCTCCAATTCC
IL2Rg"-WT-R GATCCAGATTGCCAAGGTGAGTAG

IL2Rg""-Mut-F
IL2Rg"I-Mut-R
Pde6brd1-2)-F
Pde6bri'-2-R
Pde6b10-F
PdeBbr10-R
Prkdc-1PrimerF
Prkdc-1PrimerR
Prkdc-1Probe-scid
Prkdc-1Probe-wild

CTGCTCAGAATGCCTCCAATTCC
CCTGCGTGCAATCCATCTTGTTCAAT
GGATTAGACAGAGTAGGCCCTGAGAG
TCTATGTCTACTGAGGGCTCTGCCCA
AGGCATCAAATTCCCAAGGGCTGTTC
AGAAGGCAGTGGTTAAAGGGGATGTG

GCTAGAGAGCTGTTCCAGTT

TTTGAACACACACTGATTCTG

ACGCTAAGC 5-Eclipse/3’-ROX
CGCTATGCT 5-Eclipse/3’-FAM

*The underlined nucleotides indicate the position of the RNA

Table S2. Distribution of parameters, related to figure 2

rd1-2J mean se_mean sd 25% 25% 50% 75% 97.5% n_eff Rhat
al 0.27 0.00 002 023 025 027 028 0.31 2245  1.00
a2 0.29 0.00 002 025 027 029 0.30 0.34 2560  0.99
b1 10.14 0.01 065 899 966 1011 10.58 11.49 1847  0.99
b2 10.24 0.01 064 9.10 978 1021 1065 11.62 2004 1.00
c 87.71 0.13 588 7571 836 87.87 9199 98.34 1787  1.00
e_Y 0.63 0.00 0.09 047 057 062 069 0.82 2618  1.00
6_Ym 0.51 0.00 025 017 034 046 063 1.13 2061 1.00
Delta_a  0.02 0.00 0.02 -002 0.00 0.02 0.03 0.07 2560  1.00
Delta_b  0.09 0.00 048 -088 -0.19 010 0.39 1.00 2595  1.00
rd10 mean se_mean sd 25% 25% 50% 75% 97.5% n_eff Rhat
a1 0.25 0.00 002 019 023 025 027 0.31  2668. 0.99
a2 0.21 000 002 016 019 021 0.22 0.26 2668. 1.00
b1 15.10 0.01 085 13.37 1454 1510 1565 16.77 2276. 0.99
b2 19.40 002 1.02 17.35 1873 1943 2007 2142 2506. 0.99
c 78.18 0.10 561 68.09 7423 7796 8189 8998 2618. 0.99
8_Y 0.66 0.00 006 054 061 065 0.70 0.80 2668. 0.99
8_Ym 2.41 0.01 058 153 201 233 269 3.81  2668. 1.00
Delta_a  -0.03 0.00 0.03 -0.10 -0.06 -0.04 -0.01 0.03  2668. 1.00
Deltab 0.25 0.00 002 019 023 025 027 0.31 2668. 0.99

se_mean; Standard Error of the mean, sd; Standard Deviation, n_eff;
effective sample size, Rhat; potential scale reduction statistic.



Table S3. Antibodies used for flow cytometry, related to Figure S1

Antibody Name Clone Color Vendor Catalog Number
Anti-mouse CD4 H129.19 PE BD Pharmingen 553652
Anti-mouse CD8a 53-6.7 APC BiolLegend 100711
Anti-mouse CD19 6D5 Non-labeled BiolLegend 115501
Anti-mouse CD335 (NKp46)  29Al1.4 Non-labeled BiolLegend 137601
Anti-mouse CD11b M1/70.15.11.5 APC Miltenyi Biotec 130-091-241
Isotype control rat [gG2a, RTK2758 Non-labeled BiolLegend 400501

Table S4. Antibodies used for immunohistochemistry, related to Figure 1-5 and S3-S5

(Projein Symboyy A1tIbody (common name) Species_Pactor V410" Number
RHO anti-Opsin (RET-P1) Mouse  1:1000  Sigma-Aldrich 04886
OPNIMW anti-Opsin, Red/Green (M/L cone opsin) Rabbit ~ 1:1000  Merck Millipore AB5405
OPNISW anti-Opsin, Blue (S cone opsin) Rabbit  1:1000  Merck Millipore AB5407
AIF1 anti-Iba-1 Rabbit  1:1000 Wako 019-19741
CD68 anti-mouse CD68 Rat 1:200 BioLegend 137001
CD19 anti-mouse CD19 Rat 1:100 BioLegend 115502
NCR1 anti-mouse CD335 (NKp46) Rat 1:100 BioLegend 137601
LY6G anti-mouse Ly-6G/Ly-6C Rat 1:100 BioLegend 108402
CD8A anti-CD8 Rabbit  1:100 abcam ab203035
GLUL anti-Glutamine Synthetase (GS-6) Mouse  1:1000  Merck Millipore MAB302
GFAP anti-Glial Fibrillary Acidic Protein Rabbit  1:500 Dako 70334-29-2]
PAX6 anti-Human Pax-6 Mouse  1:1000  BD Pharmingen 561462
VSX2 anti-Chx10 Sheep 1:1000  Exalpha X1180P
RCVRN anti-Recoverin Rabbit  1:1000  Merck Millipore ABS5585
RARG anti-RXRy Rabbit  1:500 Santa Cruz sc-555
GFP Anti-GFP Rat 1:500 nacalai tesque 04404-84
POU4F1 Anti-Brn-3 Goat 1:200 Santa Cruz sc-6026
ISL1 anti-Islet-1 homeobox Mouse  1:500 DSHB 40.2D6
CALBI anti-Calbindin D-28K Rabbit  1:1000  Merck Millipore AB1778
CALB2 anti-Calretinin Rabbit  1:1000  Merck Millipore AB5054
HuNu anti-Nuclei (anti-Human Nuclei) Mouse  1:500 Merck Millipore MABI1281
PRPH2 anti-Peripherin 2 Rabbit  1:500 Proteintech 18109-1-AP
PRKCA anti- Protein Kinase Ca Rabbit  1:1000  Sigma-Aldrich P4334
CTBP2 anti-CtBP2 (RIBEYE) Mouse  1:500 BD Transduction Laboratories 612044
ARR3 anti-Cone Arrestin Rabbit  1:500 Merck Millipore AB15282




Data S1. Stan script for ONL thickness modeling (related to Figure 2)
# Stan code for ONL thinckness modeling

data {
int<lower=1> N; // number of data (>0)
int<lower=1> M; // number of animal (>0)
int<lower=1> N2M[N]; // animal-id for every data
real<lower=0> Y[N]; // observed ONL thickness
real<lower=0> Xm[M]; // time for every animal-id
int X_est_max;
real X_est[X_est_max];
int<lower=0, upper=1> F[M]; // is NOG (1) or not (0)
}

parameters {
real<lower=0> a[2];
real<lower=0, upper=100> b[2];
real<lower=0, upper=100> c;
real<lower=0> theta_Y;
real<lower=0> theta_Ym;
real<lower=0> Ym[M];

model {

a~student_t(4,0,1);
c~normal(60,10);

for (i in 1:M){
# gamma(alpha, beta): alpha=, mu/theta, beta=1/theta
Ym[i]~gamma(c /(1+exp(a[F[i]+1]*(Xm[i]-b[F[i]+1])))/theta_¥m,
1/theta_¥Ym);
}

for (i in 1:N){
Y[i]~gamma(Ym[N2M[i]]/theta_Y, 1/theta_Y);
}

}
generated quantities {

real delta_a;

real delta_b;

real Y_est[2, X_est_max];

real Y_mean_est[2, X_est_max];

delta_a=a[2]-a[l];
delta_b=b[2]-b[1];
for (i in 1:X_est_max){
for (3 in 1:2){
Y_est[j, il=gamma_rng(c /(1+exp(aljl*(X_est[i]l-b[j])))/theta Y,
1/theta_Y);
Y_mean_est[j, il=c/(l+exp(aljl*(X_est[i]-b[j1)));
}
}
}
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