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ABSTRACT

Human daylight vision depends on cone photoreceptors and their degeneration results in visual
impairment and blindness as observed in several eye diseases including age-related macular
degeneration, cone-rod dystrophies, or late stage retinitis pigmentosa, with no cure available.
Preclinical cell replacement approaches in mouse retina have been focusing on rod dystrophies,
due to the availability of sufficient donor material from the rod-dominated mouse retina, leav-
ing the development of treatment options for cone degenerations not well studied. Thus, an
abundant and traceable source for donor cone-like photoreceptors was generated by crossing
neural retina leucine zipper-deficient (er_/_) mice with an ubiquitous green fluorescent protein
(GFP) reporter line resulting in double transgenic tg(Nrl~/~; aGFP) mice. In Nrl~/~ retinas, all
rods are converted into cone-like photoreceptors that express CD73 allowing their enrichment
by CD73-based magnetic activated cell sorting prior transplantation into the subretinal space of
adult wild-type, cone-only (Nrl™/7), or cone photoreceptor function loss 1 (Cpfl1) mice. Donor
cells correctly integrated into host retinas, acquired mature photoreceptor morphology,
expressed cone-specific markers, and survived for up to 6 months, with significantly increased
integration rates in the cone-only Nrl=/~ retina. Individual retinal ganglion cell recordings dem-
onstrated the restoration of photopic responses in cone degeneration mice following transplan-
tation suggesting, for the first time, the feasibility of daylight vision repair by cell replacement
in the adult mammalian retina. STEM CELLS 2015;33:79-90

Proof-of-concept studies demonstrated the fea-
sibility of rod photoreceptor transplantation

INTRODUCTION

Human vision depends mainly on daylight
vision and degeneration of the responsible
cells, cone photoreceptors, leads to severe vis-
ual impairment. Several retinal diseases affect-
ing cones such as age-related macular
degeneration (AMD), cone-rod dystrophies, or
late-stage retinitis pigmentosa (RP) result in
clinical pathophysiology characterized by pro-
gressive loss of cone photoreceptors. Cone
photoreceptors mediate daylight and color
vision, visual acuity, and their degeneration
ultimately leads to blindness with no treat-
ments established [1, 2]. The adult mammalian
retina, including humans, does not intrinsically
regenerate and thus dying photoreceptors
result in permanent vision loss. Several thera-
peutic approaches are currently being devel-
oped to treat retinal degenerative diseases [3,
4]. However, most require the existence of tar-
get cells and despite indications for visual
improvements a continuous degeneration of
photoreceptors was observed [5].

Cell-based therapies aiming to replace lost
photoreceptors represent a promising alterna-
tive and potentially general treatment strategy.

STEM CELLS 2015;33:79-90 www.StemCells.com

into the adult mouse retina leading to correct
integration of donor photoreceptors and resto-
ration of visual function in RP mouse models
[6-8]. However, these preclinical studies are
mainly focused on rod photoreceptor degener-
ations [9-18] due to the availability of suffi-
cient donor material from the rod-dominated
mouse retina.

Therefore, very little is known about cone
photoreceptor transplantation [19] and its
potential for functional rescue. In the mouse
retina only ~3% of all photoreceptors are
cones [20], representing a limited source of
donor cells for transplantation. Interestingly,
deficiency in the transcription factor neural
retina leucine zipper (erf/f) in mice results
in the generation of rod-depleted retinas con-
taining solely cone and cone-like photorecep-
tors [21]. The Nrl™/~ mouse was characterized
in detail showing that cone-like cells resemble
blue (s-) cones at the morphological and func-
tional level [21, 22].

Here, using Nrl ™/~ mice as an abundant
source of donor cells, we demonstrated the fea-
sibility of cone-like photoreceptor enrichment
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and transplantation into the adult mouse retina. Transplanted
cone-like photoreceptors showed correct integration and matu-
ration within the host tissue, expression of cone-specific
markers, and survival for up to 6 months. Importantly, inte-
grated donor cells restored daylight responses after transplan-
tation into a mouse model of cone degeneration. These results
emphasize the feasibility of cell replacement strategies for reti-
nal degenerations affecting cone photoreceptors.

MATERIALS AND METHODS

Animal Experimentation

Adult age-matched (6-9 weeks) wild-type (C57BL/6J), Nrl =/~
[21], and cone photoreceptor function loss 1 (Cpfll) [23]
mutant mice were used as recipients for cell transplantation.
A donor cell source was generated by crossing Nrl-deficient
(Nrl™/7) mice with an actin-green fluorescent protein (GFP)
mouse line [24]. The resulting mouse line, tg(NrIf/f;aGFP),
was used as a donor cell source after detailed characteriza-
tion. Donor cells were obtained from P1 to P8 tg(NrIf/f;
aGFP) mice. All animal experiments were approved by the
ethics committee of the TU Dresden and the Landesdirektion
Dresden (approval number: 24D-9168.11-1/2008-33). All regu-
lations from European Union, German laws (Tierschutzgesetz),
the ARVO statement for the Use of Animals in Ophthalmic
and Vision Research and the NIH Guide for the care and use
of laboratory work were strictly followed for all animal work.
Experimental animals were housed in the animal facility at
the Medical Theoretical Center of the Technische Universitat
Dresden.

Semiquantitative RT-PCR

RNA from tg(NrIf/f; aGFP) and C57BL/6J retinas was isolated
using RNeasy Minikit (Qiagen, Hilden, Germany, www.giagen.
com/) according to the manufacture instructions. cDNA was
generated using reverse transcriptase Superscript I RT kit
(Qiagen) according to the manufactures instructions. Primers
and respective annealing temperatures used are described in
Supporting Information Table S1.

Electroretinogram

Electroretinogram (ERG) recordings were performed in
9-week-old C57BL/6J, Cpfll mutant, and Nrl ™/~ mice using a
Supercolor Ganzfeld Q450SC (Roland Consult, Brandenburg an
der Havel, Germany, www.roland-consult.de) and all mouse
handling was performed in a dark room under dim red light.
Experimental animals were dark-adapted (>12 hours), anes-
thetized with an intraperitoneal injection of medetomidine
hydrochloride (0.01 mg/10 g b.wt., Dormitor, Pfizer, Berlin,
Germany, www.pfizer.de) and ketamine (0.75 mg/10 g b.wt.;
Ratiopharm, Ulm, Germany, www.ratiopharm.de), pupils
dilated with 2.5% phenylephrine/0.5% tropicamide solution
(TU Dresden Pharmacy, Dresden, Germany), and placed in the
recording stage. A reference electrode was introduced under
the skin and a ground electrode in the mouse’s mouth, fol-
lowed by gold-ring electrodes (Roland Consult) in close con-
tact to the cornea. Visidic (Dr. Mann Pharma/Andreae-Noris
Zahn AG, Berlin, Germany, www.bausch-lomb.de) was applied
to the eye to ensure good electrical transmission and to keep
the eye hydrated. Single-flash responses were recorded under
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dark-adapted (scotopic) and light-adapted conditions (pho-
topic). Single flash ERG was performed as follows: five single-
flash stimuli with increasing intensities were presented to the
experimental animal with 5 seconds (0.0003, 0.001, 0.003,
0.01, 0.03, 0.1 cd/m?), 10 seconds (0.3 cd/m?), or 17 seconds
(1.0, 3.0, and 10.0 cd/mz) interval between light-flash inten-
sities. Light adaptation was performed using background illu-
mination of 25 cd/m? for 10 minutes. The averaged
recordings for each light stimulus were processed offline using
a 50 Hz filter.

Magnetic-Activated Cell Sorting and Subretinal
Transplantation into Mice

tg(NrI_/_; aGFP) retinas were isolated at different develop-
mental stages (P1, 4, 6, and 8), magnetic-activated cell (MAC)-
sorted using CD73 antibody (BD Pharmingen, Heidelberg, Ger-
many), and 1 pl of MACS buffer containing 200,000 cells was
injected into the subretinal space of host retinas as previously
described in detail [25]. Briefly, mice were anesthetized with
an intraperitoneal injection of medetomidine hydrochloride
(0.01 mg/10 g b.wt., Dormitor, Pfizer) and ketamine (0.75mg/
10g body weight; Ratiopharm) and pupils were dilated with
2.5% phenylephrine/0.5% tropicamide (TU Dresden Phar-
macy). Following fixation in a head holder (Leica, Wetzlar,
Germany, www.leica-microsystems.com/), a hole was made in
the ora serrata with a sharp 30-gauge needle (VWR, Dresden,
Germany, www.vwr.com). A blunt 34-Gauge needle connected
to a 5 pl Hamilton syringe was then transvitreally inserted
into the eye under visual control, placed nasally in the subre-
tinal space, and the cell suspension was slowly injected.
Experimental eyes showing obvious damage of the retina
and/or bleeding were discarded from further analysis. Control
rod photoreceptor transplantation into Cpfll recipients was
performed as described above but with donor cells isolated
from Nrl-GFP mice [26]. For flow cytometry analyses, 300,000
cells from unsorted, CD73-positive and CD73-negative frac-
tions were incubated with donkey anti-rat antibodies
conjugated with APC Fluorophore (BD Biosciences, Heidelberg,
Germany, www.bdbiosciences.com), washed in MACS buffer,
spun down, resuspended in fluorescence-activated cell sorting
buffer, and analyzed by LSR flow cytometer (BD Biosciences).

Tissue Processing and Immunohistochemistry

Experimental animals were sacrificed by cervical dislocation.
Enucleated eyes were immediately washed in 70% ethanol
solution and transferred to a Petri dish containing sterile
Hank’s Balanced Salt Solution (Life Technologies, Darmstadt,
Germany, www.lifetechnologies.com). Using a sharp 30-Gauge
1/2” needle (BD Microlance 3, VWR), a hole was made in the
ora serrata in the temporal region of the eye. Eyes were
immediately transferred to a 4% paraformaldehyde (PFA) solu-
tion (Sigma-Aldrich, Munich, Germany, www.sigmaaldrich.com)
for 1 hour at 4°C. The anterior region of the eye was then
removed and the posterior part cryopreserved in a 30%
(wt/vol) sucrose solution overnight at 4°C. Eyes were cut in
two halves, embedded in NEG50 (Thermo Scientific, Schwerte,
Germany, www.thermoscientific.com), and cryo-sectioned with
20 pum thickness using a microtome (Micron HM560, Thermo
Scientific). Frozen retinal sections were air-dried for 1 hour at
room temperature (RT) and hydrated for 30 minutes in phos-
phate buffered saline (PBS) followed by blocking using 0.3%
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Triton X-100 solution with 1% bovine serum albumin (BSA)
and 5% donkey serum for 1 hour at RT. Specimen were incu-
bated overnight at 4°C with the following primary antibodies:
blue-opsin (1:200, SantaCruz, Heidelberg, Germany, www.scbt.
com), cone arrestin (1:500, kindly provided by Wolfgang
Baehr), peanut agglutinin (PNA) (1:500, Vector Laboratories,
Peterborough, UK, www.vectorlabs.com), recoverin (1:5,000,
Millipore, Schwalbach, Germany, www.merckmilipore.com),
synaptophysin  (1:1,000, Sigma-Aldrich), bassoon (1:1,000,
Stressgen, San Diego, CA, www.stressgen.com), CD68 (1:500,
Abcam, Cambridge, UK, www.abcam.com), secretagogin
(1:2,000, Biovendor, Heidelberg, Germany, www.biovendor.
com), calbindin (1:1,000, Abcam), and GFP (1:800, Abcam).
Excess of primary antibody was removed by washing three
times for 10 minutes in PBS. Corresponding secondary anti-
bodies coupled to the fluorescent dyes Alexafluor 488, Alexa-
fluor 546, Cy2, Cy3, or Cy5, at a dilution of 1:1,000, were
incubated for 1 hour 30 minutes at RT together with 4',6-dia-
midino-2-phenylindole (DAPI; 1:20,000; Sigma). Immunocyto-
chemistry for CD73 was performed on unfixed dissociated
retinal cells plated on laminin-coated coverslips as previously
described [13]. Retinal sections and plated cells on coverslips
were preserved following immunochemistry using AquaPoly-
mount (Polysciences, Heidelberg, Germany, www.polysciences.
com) and further imaged using a Zeiss Apotome ImagerZl
(Zeiss, Heidelberg, Germany, www.zeiss.de).

Quantification of Integrated Cone-Like Photoreceptors

Transplanted animals, in which there was less than 25% reflux
after transplantation, were selected for further analysis and
quantification. Host eyes were processed and stained for GFP
and photoreceptor-specific markers. Every fourth serial section
from whole experimental retinas was used to quantify the
total amount of integrated photoreceptors. A transplanted
cell was considered an integrated photoreceptor if it displayed
one of the following morphological features: (a) cell body
properly located in the outer nuclear layer (ONL) with projec-
tions ending in an inner segment (IS) and synaptic terminal;
(b) cell body properly located in the ONL with IS or synaptic
terminal; (c) cell body with one process toward the outer lim-
iting membrane and one process toward the outer plexiform
layer (OPL). Following the quantification of the integrated
photoreceptors, the resulting value was multiplied by four to
estimate the total amount of integrated donor cells per
retina.

Correlative Light and Electron Microscopy

Transplanted Cpfll retinas were fixed with 4% PFA in 0.1 M
phosphate buffer (PB, pH 7.4), cut into small pieces under a
fluorescence dissection microscope (Leica MZ10F), and proc-
essed for Tokuyasu cryo-sectioning as described [27, 28].
Briefly, the tissue pieces were washed several times in PB,
infiltrated stepwise into 10% gelatin, and cooled down on ice.
The blocks were incubated in 2.3 M sucrose/water for
24 hours at 4°C, mounted on Pins (Leica), and plunge frozen
in liquid nitrogen. Sections (70 nm) were cut on a Leica
UC6+FC6 cryo-ultramicrotome and picked up in methyl cellu-
lose/sucrose (1 part 2% methyl cellulose [MC], Sigma-Aldrich,
25 cP + 1 part 2.3 M sucrose). To facilitate the identification
of GFP-labeled cells, sections were stained for correlative light
electron microscopy [29, 30]. Grids with sections were placed
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upside down on drops of PBS in a 37°C-incubator for 20
minutes, washed with 0.1% glycin/PBS (5 X 1 minute), blocked
with 1% BSA/PBS (2 X 5 minutes), and incubated with primary
antibodies for 1 hour (anti-GFP: TP 401, Torrey Pines, Secaucus,
New Jersey, www.chemokine.com/ 1:100). After washes in PBS
(4 X 2 minutes), the sections were incubated with Protein A
conjugated to 10 nm gold for 1 hour, washed in PBS (3 X 5
seconds, 4 X 2 minutes), and postfixed in 1% glutaraldehyde
(5 minutes). Subsequently, the sections were incubated with
goat-anti-rabbit Alexa 488 for the identification of cone-like
cells in the fluorescence microscope. After staining, sections
were washed in PBS (4 X 2 minutes), stained with 1 pg/ml
DAPI for 10 minutes, washed in water (10 X 1 minute),
mounted in 50% glycerin/water between two coverslips, and
imaged with a Keyence BZ8000 fluorescence microscope (Keyence,
Neu-Isenburg, Germany, www.keyence.de). Then, sections were
demounted, washed several times in water, and stained with
neutral uranyl oxalate (2% uranyl acetate [UA] in 0.15 M
oxalic acid, pH 7.0) for 5 minutes, washed shortly in water,
and incubated in MC containing 0.4% UA for 5 minutes. Grids
were looped out, the MC/UA film was reduced to an even
thin film, and air dried. Finally, the sections were analyzed on
a Philips Morgagni 268 (FEI, Eindhoven, The Netherlands,
www.fei.com) at 80 kV and images were taken with the
MegaView lII digital camera (Olympus, Soft-Imaging Solutions,
Minster, Germany, www.olympus-sis.com/).

Statistical Analyses and Image Processing

The resulting data were presented with mean = SEM for at
least three independent biological replicates. Statistical signifi-
cance was calculated using a paired, two-tailed Student’s
t test or one-way ANOVA. Statistical significance was repre-
sented in the figures as follows: *, p <.05; **, p<.01; ***,
p <.001; ****  p<.0005 n.s.: not-statistical significant.
Images and graphs were processed and generated using
Image J (National Institutes of Health), FlowJo, Axiovision Soft-
ware (Zeiss), Adobe Photoshop CS5 (Adobe Systems Incorpo-
rated), and Microsoft Office 2011 (Microsoft Corporation).

Recording of Retinal Ganglion Cells

Extracellular recordings of retinal ganglion cells (RGCs) spiking
activity were performed using planar and transparent
microelectrode arrays (MEA; Multi Channel Systems, Reutlin-
gen, Germany, www.multichannelsystems.com/) as recently
reported [31]. Briefly, retinas of dark-adapted mice were iso-
lated from the eye cup under dim red light illumination, cut
in half, and placed ganglion cell side down on an electrode
array comprising 252 electrodes (electrode diameter: 10 pm,
electrode spacing: 60 pum). During recordings, the retina was
continuously perfused with carbogenated Ames’ medium
(Sigma-Aldrich) and maintained at 35°C. Extracellular voltage
traces were recorded using the filter settings of 0.3-3 kHz.
The offline analysis of the high-pass filtered voltage traces
comprised as a first step detection of threshold crossings
(5 X electrode rms) and subsequent assignment of the
extracellular waveforms to ganglion cells using Klustakwik
[32]. The retina was stimulated using a LED (Luxeon, 505 nm)
focused through the transparent MEA onto the photoreceptor
layer. Periodic flashes were produced by switching the LED
every 500 milliseconds between two light levels. For all stimu-
lus protocols, the contrast was 0.97. Contrast was calculated
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as (lon = loft)/(Ion T log). The overall light level was set by a
customized circuit driven by a stimulus generator (Multi Chan-
nel Systems). Recordings at three different light levels (10, 66,
and 280 mW/m?) were performed in the order of increasing
intensities. For technical reasons, the lowest light intensity
was 10 mW/mz. For each light level, a 10-15-minute adapta-
tion period at constant illumination preceded the recordings.

RESULTS

Generation and Characterization of Cone-Like
Photoreceptor Reporter Mice

By crossing Nrl™/~ mice with the ubiquitous reporter line actin-
GFP (aGFP) [24], a double transgenic mouse line tg(NrI’/’;
aGFP) was generated as a source of labeled cone-like photore-
ceptors for transplantation studies. Adult tg(NrI_/_; aGFP) mice
displayed all hallmarks of the Nrl =/~ phenotype with rosettes
located in the ONL, expression of cone-specific genes (PNA,
s-opsin, and cone arrestin) in virtually all photoreceptors, and
no expression of rod-specific genes like Nrl or rhodopsin (Sup-
porting Information Fig. S1). ERG measurements revealed the
lack of rod-mediated responses under low light (scotopic) condi-
tions and similar b-wave amplitudes under cone-mediated
bright light (photopic) conditions, however, with significantly
increased latencies under mesopic and photopic conditions in
tg(NrIf/f;aGFP) when compared with Nrl™/~ mice (Supporting
Information Fig. S2).

Enrichment of Cone-Like Photoreceptors by
CD73-Based MACS

Ecto-5'-nucleotidase (Nt5e or CD73) was identified as a marker
of photoreceptors including rod and cone precursors beside
mature rods and is transcriptionally located downstream of the
cone-rod homeobox gene (Crx) [33]. Its usefulness as a cell sur-
face antigen to enrich rod photoreceptors for transplantation
studies was recently demonstrated [13, 17]. Published microar-
ray data predicted the expression of CD73 also in cone-like
photoreceptors of Nrl™/~ mice [26]. Thus, the expression of
CD73 in retinas of the newly generated tg(NrIf/f; aGFP) mice
was evaluated for subsequent enrichment of photoreceptors
via MACS. Immunostaining of dissociated and plated postnatal
day 4 (P4) tg(Nrl ™/ ;aGFP) retinas revealed that
31.21% *+ 1.85% (n = 3; mean * SEM) of cells expressed CD73,
displaying a membrane-like pattern (Supporting Information
Fig. S3A, S3B). Next, using CD73-based MACS, P4 tg(NrIf/
~;aGFP) retinal cells were sorted and the resulting fractions,
that is, CD73-positive (CD73*ve) and CD73-negative (CD73 ve)
fractions, were analyzed by flow cytometry and RT-PCR. A sig-
nificant enrichment of cone-like photoreceptors in the CD73"ve
fraction (78.8% * 1.3% [n=3] [mean * SEM]) was observed
when compared with the input fraction (60.4% * 0.5% [n = 3]
[mean £SEM]). In the CD73 ve sorted fraction only
3.9% +0.8% (n=3) (mean=SEM) CD73ve cells were
detected (Supporting Information Fig. S3C, S3D). Additionally,
increased expression of photoreceptor-specific genes including
Crx and s-opsin was observed in CD73"ve fractions in compari-
son to CD73 ve or unsorted fractions (Supporting Information
Fig. S3E), confirming the feasibility of cone-like photoreceptor
enrichment by CD73-based MACS. All subsequent transplanta-
tions were further performed using CD73 "ve cell fractions.
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Cone-Like Photoreceptors Integrate in an
Age-Dependent Fashion and Express Cone-Specific
Markers

Nrl-deficiency leads to conversion of rods toward cone-like
photoreceptors without disruption of overall retinal develop-
ment. Thus, the peak of cone-like photoreceptor generation is
not shifted toward embryonic stages, when cones are nor-
mally born, but remain at similar stages as for rods, that are
mainly developing postnatally, Therefore, cone-like photore-
ceptors were isolated at different postnatal developmental
stages (P1, P4, P6, and P8) and enriched using CD73-based
MACS to identify the best developmental stage for integration
following subretinal transplantation. Subsequently, CD73*ve
cells were transplanted into adult wild-type (C57BL/6J) mouse
retinas and the integration efficiency was quantified 2 weeks
postinjection (Fig. 1A, 1B). Cone-like cells integrated into the
ONL of host retinas generating morphologically mature photo-
receptors with properly located cell bodies in the ONL, api-
cally located inner segments, and synaptic terminals in the
OPL (Fig. 1B). Integration efficiency occurred in an age-
dependent manner, with a peak when integrated donor cells
were isolated at P4 and reduced integration levels at P1, P6,
and P8 (P1: 257 £51 [n=6]; P4: 893 *+314 [n=7]; P6:
665 *+245 [n=28]; P8 197*+28 [n=7]) (mean = SEM)
(Fig. 1C). Although not significantly different, donor cells were
isolated at P4 for all further experiments to reduce variability.
Furthermore, integrated donor cells expressed the cone-specific
markers s-opsin, cone-arrestin, PNA, the pan-photoreceptor
marker recoverin (Supporting Information Fig. S4A-S4H), and
the presynaptic markers bassoon and synaptophysin (Support-
ing Information Fig. S4l, S4J). All future studies were performed
using CD73-based MAC-sorted P4 tg(NrI_/_;aGFP) cells.

Cone-Like Photoreceptors Integrate into a Cone
Degeneration Model and in a Rodless Mouse Retina

To evaluate whether cone-like photoreceptors have the capa-
bility to integrate also into retinas characterized by cone pho-
toreceptor degeneration, an achromatopsia mouse model, the
cone photoreceptor function loss 1 (Cpfll) mutant, was used.
Cpfll mice result from a spontaneous occurring point muta-
tion in the phosphodiesterase 6C gene (PDE6C), impairing
cone function from 3 weeks onwards [23] (Supporting Infor-
mation Fig. S2). Four weeks after transplantation, cone-like
photoreceptors had properly integrated into the ONL of adult
Cpfll hosts, forming nuclei with multiple heterochromatin
foci, inner- and outer-segments, and synaptic terminals
(Figs. 2A, 3), in similar numbers to the integration into wild-
type hosts (Cpfll mutant: 1,359 =207 [n= 11]; wild-type:
804 = 137 [n=8] [mean = SEM]) (Fig. 1D). The majority of
transplanted cone-like photoreceptors expressed the cone-
specific markers s-opsin, cone arrestin, PNA, besides the pan-
photoreceptor marker recoverin (Fig. 2B-2l), and generated
synaptic terminals that displayed synaptophysin and bassoon
positivity (Fig. 2J, 2J(a), 2K). Additionally, the synaptic termi-
nals of transplanted cone-like photoreceptors were located in
close proximity to the dendrites of secretagogin-positive cone
bipolar and calbindin-positive horizontal cells (Supporting
Information Fig. S5). Ultrastructural evaluation of integrated
donor cells by correlative light and electron-microscopy
revealed a mature photoreceptor morphology (Fig. 3). Donor-
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Figure 1. Transplantation of cone-like photoreceptors into different host retinas. (A): Overview of the retinal area containing trans-
planted donor cells. The remaining areas of the retina lack transplanted cone-like photoreceptors. Scale bar (A) 100 um. (B): Morpholog-
ical characterization of integrated cone-like photoreceptors 2 weeks following transplantation into the adult retina of wild-type mice.
Integrated cone-like cells acquired the morphology of mature photoreceptors with their cell bodies (star) located in the ONL, apical
inner segments (arrow), and synaptic terminals within the OPL (arrowhead). Scale bar (B) 10 pm. (C): Cone-like cells integrated in an
age-dependent fashion with a peak of integration when isolated at postnatal day 4 (P4). (D): The integration rate of cone-like photore-
ceptors was quantified and compared 4 weeks following transplantation into wild-type, Cpfll mutant, and Nrl™/~ hosts. While in wild-
type and Cpfll mutant mice retinas showed similar integration rates of cone-like photoreceptors, a significant ~13-fold increase of inte-
grated donor cells was observed in Nrl™/~ hosts (n = number of eyes; *, p value <.05 or Cpfll retinas ***, p value <.001, Student’s t
test, paired, two-tailed). Abbreviations: DAPI, 4’,6-diamidino-2-phenylindole; GFP, green fluorescent protein; INL, inner nuclear layer; 1S/
0S, inner segment/outer segment; ONL, outer nuclear layer; OPL, outer plexiform layer.

derived inner segments contained mitochondria and multive- pure cone photoreceptor environment such as the human
sicular bodies (Fig. 3E—=3G) and outer segments were filled macula. Thus, transplantations into cone-only Nrl™/~ mice
with regular, well-aligned disc membrane staples (Fig. 3H, 3l). were performed and the integration efficiency of cone-like

Cone-like photoreceptors correctly integrated into the rod- photoreceptors was accessed after 4 weeks. Interestingly, a

dominated Cpfll environment, which does not relate to a significant increase in the number of integrated donor cells
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Figure 2.

N IS/0S

ONL

Integrated cone-like cells express cone-specific markers. Following transplantation into the Cpfll mutant mouse retina, cone-

like photoreceptors integrated into the ONL (A-K, arrows; E is a merged image of B, C, D and DAPI [blue]) and expressed cone-specific
markers including cone arrestin (B, E), blue opsin (C, E), PNA (I), and the pan-photoreceptor marker recoverin (F-H) ((H) is a merge
image of F, G and DAPI (blue)). Synaptic terminals of integrated cone-like photoreceptors expressed synaptic markers such as the ribbon
marker bassoon (J, J(a)), displaying the characteristic horseshoe shape (J(a)), and synaptophysin (K). Scale bar in (A) 10 pum; (E) (for
B-E), (H) (for F=H) 20 pm; (1) 10 um; (J), (K) 5 um; (a) 1 um. Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; GFP, green fluorescent
protein; IS/0OS, inner segment/outer segment; ONL, outer nuclear layer; PNA, peanut agglutinin.

(10,829 + 2,446 [n=7] [mean = SEM]) was observed when
compared with wild-type (*, p value <.05) or Cpfll (***,
p value <.001) hosts (Fig. 1D). Integrated cone-like photore-
ceptors showed cone morphological features (Supporting
Information Fig. S6) and expressed cone-specific markers (Sup-
porting Information Fig. S7). Moreover, we observed that
donor cells integrated in a patchy manner showed by the
integrated donor cells in column-like organization (Supporting
Information Fig. S6B). Interestingly, nonintegrated donor cells
remaining in the subretinal space had a highly polarized mor-
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phology, projecting processes toward the outer limiting mem-
brane (OLM) (Supporting Information Fig. S6C, S6C(a)).

CcD68*ve Cells Do Not Limit Cone-Like Photoreceptor
Integration into Cpfll Mice

In spite of cone-like cells’ ability to integrate into different
hosts, in both wild-type and Cpfll mice, the integration rates
were low (<1%). In fact, the presence of monocytes and mac-
rophages (CD68"ve cells) was frequently observed in the sub-
retinal space of transplanted retinas (Fig. 4A-4C) [34],
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Figure 3. Ultrastructure of transplanted cone-like photoreceptors. Cone-like photoreceptors isolated from P4 tg(NrI_/_;aGFP) retinas
were transplanted into adult Cpfll hosts and analyzed after 4 weeks by correlative light and electron microscopy. Donor cells were iden-
tified on ultrathin cryo-sections by immunohistochemistry using anti-green fluorescent protein (GFP) antibodies followed by labeling
with fluorochrome-conjugated secondary antibodies (green in A, B, and D) for visualization by fluorescence microscopy and gold-
conjugated Protein A (red dots in E-l) for visualization by electron-microscopy. Donor photoreceptors displayed cell bodies and cellular
compartments, reminiscent of inner- and outer-segments, within and apically to the host ONL (green in A, B, D; C is the corresponding
EM picture of B and D; B is the dashed box area in A). Ultra-structural analysis revealed the generation of mitochondria-containing
inner- (E-G) and discs-filled outer- (H, 1) segments. Letters in A and B indicate the cellular structures that are displayed in E-I by
electron-microscopy. Scale bar in (A) 20 um; (B-D) 5 um; (E-I) 0.5 um. Abbreviations: IS, inner segment; m, mitochondria; mvb, multive-

sicular body; ONL, outer nuclear layer; OS, outer segment.

indicative for an immune response that might influence donor
cell integration. Using the same animal cohort of transplanted
Cpfll mice, CD68*ve cells were quantified and correlated to
the total number of integrated cone-like photoreceptors. No
correlation between the number of CD68*ve cells and inte-
grated cone-like photoreceptors was observed, suggesting that
the presence of monocytes and macrophages did not inter-
fere with the integration of cone-like photoreceptors (Fig. 4D).

The Number of Donor Photoreceptors Within the Host
Retina Decreases Over Time

Long-term survival of donor cone-like photoreceptors was
evaluated in wild-type and Cpfll hosts. Experimental animals
were transplanted with CD73-based MACS tg(NrIflf;aGFP) P4
cells and the number of integrated cone-like cells was quanti-
fied 1, 3, and 6 months following injection. Integration effi-
ciency and survival dynamics of donor cells were similar in
both, wild-type and Cpfl1, hosts (Fig. 4E). The total number of
integrated cone-like photoreceptors significantly decreased
over time from 1 month (Cpfll: 1,359 = 207 [n = 11]; wild-
type: 804 +£137 [n=38]), to 3 months (Cpfll: 561 *+ 138
[n=19]; wild-type: 424 =129 [n=7]) and 6 months (Cpfll:
336 =94 [n=9]; wild-type: 277 =30 [n=7] [mean = SEM])
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in both mouse lines. Taken together, although cone-like photo-
receptors can survive for prolonged time periods (at least
6 months) after transplantation in the host tissue their num-
bers significantly decrease over time.

Transplanted Cone-Like Photoreceptors Functionally
Integrate into the Cpfll Retinal Circuitry

To evaluate the functional integration of cone-like photorecep-
tors 4 weeks after transplantation into Cpfl1 mutants, the light-
mediated spiking activity of individual RGCs was recorded by
microelectrode arrays. Therefore, light flashes of different inten-
sities were presented to explanted wild-type (C75BL/6J) retinas
(as an experimental reference of a healthy retina; Fig. 5A) and to
Cpfll retinas in different experimental conditions: nontrans-
planted, sham-injected (MACS buffer), and transplanted with
rod- or cone-like photoreceptors (Fig. 5; Supporting Information
Fig. S8). Light-mediated responses were determined by stimulat-
ing the retina with three increasing light intensities (10, 66, and
280 mW/m?) to separate rod (scotopic) and cone (photopic)
function. Both, wild-type (Fig. 5A) and untreated Cpfll (Fig. 5;
Supporting Information Fig. S8A) retinas, showed robust
responses to low and medium light stimuli with 10 and 66 mW/
m?, respectively. All classes of RGCs (ON, ON-OFF, and OFF)
were detected in all measurements. In contrast, at high light
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Figure 4. Host response to integrated transplanted cone-like cells and their long-term survival. Immunohistochemical labeling of

CcD68" cells (A, C, arrows; C is a merged image of A and B plus DAPI [blue]) in transplanted Cpfll retinas revealed the presence of
monocytes/macrophages in the subretinal space in close proximity to integrated donor cells (A-C, arrow). Some CD68-positive mono-
cytes/macrophages contained internalized GFP particles (B, C). Correlation analysis between the number of integrated cone-like photore-
ceptors and the number of CD68" cells in the host retinas revealed that CD68" cells did not interfere with the integration rate of
donor cells (n = 7) (D). Integrated cone-like photoreceptors survived for up to 6 months following transplantation in wild-type and Cpfll
mutant hosts (E), but their number significantly decreased over time with similar dynamics in both analyzed mouse lines (****,
p <.0005; ** p<.01; one-way ANOVA) (E). Scale bar in C (for A-C) 20 pum. Abbreviations: DAPI, 4',6-diamidino-2-phenylindole; GFP,

green fluorescent protein; IS, inner segment; ONL, outer nuclear layer; OS, outer segment.

intensities (photopic, 280 mW/m?) only wild-type (Fig. 5A) but
not untreated Cpfl1 (Fig. 5; Supporting Information Fig. S8A) ret-
inas responded to the light stimuli, demonstrating impaired
cone photoreceptor function. Similarly, following sham-injection
(Fig. 5B, 5D) or transplantation with P4 rod photoreceptor pre-
cursors (Supporting Information Figs. S8B, S9), Cpfll retinas
showed robust RGC responses to low and medium light inten-
sities but no response to stimuli with high light intensities. Spe-
cifically, all recorded RGCs in the referred conditions responded
at each of the 15 stimulus repetitions at low light intensity but
none at high light intensity (Fig. 5; Supporting Information Fig.
S8). In contrast, light-induced spikes from RGCs in Cpfll retinas
transplanted with cone-like photoreceptors were detected at all
the three tested light intensities (Fig. 5C). In fact, out of 54
recorded RGCs 20 (37%) responded to high (photopic) light lev-
els and all major cell classes (ON, ON-OFF, and OFF RGCs) were
identified in Cpfll retinas containing transplanted cone-like pho-
toreceptors (Fig. 5C, 5D). No statistical comparison was per-
formed for the electrophysiological recordings as in control
photopic conditions the number of responsive cells was zero.

DiscussioN

The development of therapeutic interventions to restore day-
light vision is of prime importance given the high incidence of
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retinal diseases characterized by cone photoreceptor loss, such
as late stage RP, cone-rod dystrophies, and AMD. In fact, AMD
is the leading cause of blindness in industrialized countries. The
evaluation of cell replacement therapies for such conditions is
impeded due the lack of sufficient numbers of cone photore-
ceptors for detailed preclinical transplantation studies. There-
fore, cone-only retinas of Nrl™/~ mice were used as a
comprehensive source of donor cells to establish a proof-of-
concept for functional rescue of daylight responses following
cell transplantation into a cone photoreceptor degeneration
mouse model.

The generated cone-like photoreceptor reporter line,
tg(Nrl~/~; aGFP), displayed all the hallmarks of the Nrl™/~
phenotype at the histological and physiological level demon-
strated by the expression of cone-specific markers within
virtually all photoreceptors and the lack of rod-mediated light
responses with preserved cone photoreceptor function.
Additionally, CD73 was identified as a cell surface antigen
expressed in cone-like photoreceptors as described in previ-
ously published microarray analysis [26], allowing MACS-based
enrichment as previously established for rod transplantation
[7, 13]. CD73-based MAC-sorting resulted in cell fractions con-
taining ~80% cone-like photoreceptors, representing a lower
purification rate than for CD73-based MAC-sorted rods (~90%
[13]) and might result from reduced expression levels of CD73
in cone-like photoreceptors [26], which is supported by the
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Figure 5.

Functional integration of cone-like photoreceptors into Cpfll retinas. Representative microelectrode array (MEA) recordings

performed on RGCs of wild-type (C57BL/6J) (A) and Cpfll retinas 4 weeks following sham injection (B) or transplantation of cone-like
photoreceptors (C) are shown. Each tick represents the occurrence of one action potential (spike). RGC spiking was recorded on MEAs
during stimulation with repetitive light flashes of 500 milliseconds duration. The flickering (1 Hz) stimulus was presented 15 times at
each of three different light intensities. At low and medium light intensities, robust responses characteristic for ON, ON-OFF, and OFF
RGCs were detected in wild-type (A), sham-injected (B), and cone-like photoreceptor transplanted (C) Cpfll retinas. During the presenta-
tion of high light intensity (photopic) flashes, an increase in spontaneous activity but no specific stimulus-driven responses, as seen in
wild-type retinas (A), were detectable in sham-injected Cpfll retinas (B, D). In contrast, Cpfll retinas, containing transplanted cone-like
photoreceptors (C), showed characteristic stimulus-driven responses in ON, ON-OFF, and OFF RGCs under high light intensity conditions.
(D): Summary of the recorded RGC subtypes for each light intensity in Cpfll-untreated (Supporting Information Fig. S8), sham-injected
Cpfll, and cone-like transplanted Cpfll retinas. At high light intensity RGC responses were recorded in cone-like transplanted Cpfll reti-
nas only. n= number of retinas; N = number of cells. Abbreviation: RGC, retinal ganglion cell.

suggested low CD73 expression in neonatal primary cone pho-
toreceptor precursors [33].

Following transplantation, a fraction of donor cone-like
photoreceptors properly integrated into the ONL of hosts,
presenting the morphology of mature photoreceptors includ-
ing inner- and outer segments, nuclei with several heterochro-
matin foci, and synaptic terminals beside the expression of
pan-photoreceptor (recoverin) and cone-specific markers
(cone arrestin, PNA, and s-opsin). Integrated cone-like photo-
receptors expressed the presynaptic markers bassoon and syn-
aptophysin and their synaptic terminals were located in close
proximity to the dendrites of cone bipolar and horizontal
cells, presumptive evidence for functional synaptic terminals.
Cone-like photoreceptors displayed a similar integration mode
as primary rod- [6, 7, 9-13, 17, 18] or cone photoreceptors
[19]. The mature photoreceptor morphology of cone-like cells
was observed following transplantation into all transplanted
mouse lines. Interestingly, the size of synaptic terminals of
integrated cone-like photoreceptors was often similar to rod
spherules and only sometimes resembled large cone pedicles
(Figs. 1B, 2A). This observation might be explained by the s-
cone phenotype of Nrl~/~ photoreceptors as cone photore-
ceptors solely expressing s-opsin also display a smaller cone
pedicle size in comparison to the other cone photoreceptor
subtypes [35].

Mis-localization of s-opsin throughout the cell body was
observed in integrated cone-like photoreceptors, however,
without affecting their function as demonstrated by RGC
recordings. Furthermore, although the majority of integrated
donor photoreceptors expressed cone-specific markers, some
integrated cone-like photoreceptors showed no/low expres-
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sion of PNA or cone arrestin, which might be indicative for
incomplete maturation of donor cells, as they were isolated
during development at P4. Alternatively, some donor photore-
ceptors might have started to degenerate, a condition charac-
terized by mis-expression/-localization of opsins as seen in
several inherited or induced retinal disease models. Indeed, a
decrease of integrated donor cells was observed in our long-
term studies. However, virtually all donor photoreceptors that
had integrated into the ONL of wild-type or Cpfll recipients
displayed a mature photoreceptor morphology including
proper inner- and outer segments. In contrast, within N/~
retinas endogenous photoreceptors showed a slightly dis-
rupted morphology with the presence of shorter inner- and
outer segments (OSs) containing atypical disks [22, 36]. These
observations suggest that the formation of proper photore-
ceptor morphology is not intrinsically impaired in cone-like
photoreceptors but instead is highly influenced by environ-
mental factors.

Interestingly, nonintegrated cone-like photoreceptors
remaining in the subretinal space of Nrl™/~ hosts displayed a
highly polarized morphology, a feature not observed in wild-
type or Cpfll hosts. The Nrl~/~ retinal architecture may con-
tribute to this phenotype as photoreceptor OS-retinal pigment
epithelium (RPE) contacts are significantly reduced in Nrl™/~
mice when compared with wild-type mice [36], in which
endogenous photoreceptors display OSs tightly packed, cylin-
drically arranged, and with proper contacts to the RPE [21,
22, 36]. Following cell transplantation, this retinal architecture
might promote a solid reattachment between photoreceptor
OSs and RPE microvilli, resulting in clusters of nonintegrated
and nonpolarized cells lying in the subretinal space. Thus, in
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the Nrl ™/~ hosts reduced OS-RPE contacts [36] may contrib-
ute to a weaker retinal reattachment with reduced physical
constrains allowing donor cells to achieve a polarized mor-
phology with oriented projections toward the OLM.

The integration rates into the ONL of both, wild-type and
Cpfll mutant mice, were low (<1%) representing a major
hurdle for cell replacement approaches. Such low integration
rates were also observed following transplantation of rod
photoreceptors [9, 10]. However, several factors have been
identified that influence integration success including the
outer limiting membrane, extracellular matrix, or reactive
gliosis and modulation of these components positively
affected the integration rate of donor rods to up to 10% [6,
11, 12, 18]. Furthermore, an immune response following pho-
toreceptor transplantation might also represent a limiting fac-
tor for donor cell integration. However, no direct correlation
between the low number of integrated cone-like photorecep-
tors and the high number of CD68*ve macrophages and
monocytes present in the subretinal space 1 month after
transplantation was observed. This data are in accordance
with previous results using rod photoreceptors, demonstrating
that macrophage and monocyte invasion are a consequence
of the transplantation process and not a limiting factor for
integration. Nonetheless, long-term survival of donor photore-
ceptors might be restricted due to rejection mechanisms of
the host [34]. In fact, we observed a decrease of the total
number of integrated cone-like photoreceptors from 1 to 3
and 6 months both in wild-type and Cpfll mutant mice. This
decline might not be fully attributed to the host response,
since Nrl™/~ mice also show a transient photoreceptor
degeneration [37]. Additionally, mis-localization of opsins to
the photoreceptor cell body might trigger apoptosis of trans-
planted donor cells, as a recent study showed that accumula-
tion of rhodopsin in the cell body of rods triggers
photoreceptor death [38]. Thus, the exact cause for the
decrease of integrated cone-like photoreceptors over time
remains to be clarified.

Transplanted donor cells displayed similar integration effi-
ciencies in wild-type and Cpfll hosts but a ~13-fold higher
integration rate in the ONL of Nrl ™/~ mice. Nrl™/~ retinas
have a disrupted outer limiting membrane [39] and display
transient photoreceptor degeneration [37], conditions that
were previously shown to facilitate integration of rod photo-
receptors [11, 18], confirming that the host environment is
crucial for the integration rate of subretinally transplanted
photoreceptors. Additionally, the cell bodies forming the ONL
are less tightly packed in Nrl™/~ mice [22] than in wild-type
or Cpfll retinas and might represent a more permissive envi-
ronment for donor photoreceptor integration.

Correct integration of donor photoreceptors into the host
neural circuitry and restoration of visual function represents
the ultimate goal of cell replacement approaches in the ret-
ina. Indeed, recent studies demonstrated some improvements
in visual function following transplantation of rod photorecep-
tors into mouse models of RP, based on visual-stimulated
reflexive or behavioral tests [6, 7, 18]. However, the low num-
ber of integrated donor photoreceptors within the host tissue
is still a major barrier for the evaluation of significant visual
improvements by standard ophthalmology functional tests like
ERG [6] and indeed we could not detect changes in ERG
amplitudes in Cpfl1 mice transplanted with cone-like photore-
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ceptors (data not shown). Therefore, microelectrode arrays
were used in this study to record multiple individual RGC
responses upon light stimulation, allowing to investigate func-
tional consequences also by small numbers of integrated pho-
toreceptors. Indeed, in the cone-depleted retinas of Cpfll
mice responses to photopic stimuli were undetectable. How-
ever, following transplantation of cone-like photoreceptors
robust responses were measured in Cpfll retinas following
presentation of photopic light stimuli, providing the first evi-
dence for functional integration and connection of daylight-
sensing photoreceptors into the retinal circuitry of a cone
degeneration mouse model. A neuroprotective effect of donor
cells on remaining endogenous cones, as a theoretical alterna-
tive explanation for the observed photopic light responses,
seems unlikely, given the age of experimental Cpfll mice at
the time of transplantation, that was considerably after the
detection of any cone functionality [23]. Additionally, trans-
plantation of rod photoreceptors did not lead to functional
improvements. Actually, protective effectors for the reactiva-
tion of cones impaired by mutations in a key factor of the
light transduction cascade, that is, PDE, have not been
described so far [40].

Analyzing functional integration of transplanted photore-
ceptors by microelectrode arrays further allows the evaluation
of their contribution to ON and OFF pathways. Indeed, similar
numbers of ON and OFF RGCs with reduced numbers of
ON-OFF RGCs were detected following transplantation, repre-
senting a pattern similar to the wild-type retina [35, 41].
These results emphasize the importance for detailed analysis
of generated connections by donor photoreceptors to endoge-
nous neurons, once correct retinal circuits are essential for
the proper processing and transmission of visual stimuli
within the retina and to the brain. Further in depth investiga-
tions at the cellular level will help to determine the exact
cell-type to which transplanted photoreceptors are synapti-
cally connected and whether cell-cell communication is estab-
lished to neighboring photoreceptors. Such approaches would
provide insights into the correct re-establishment of the
degenerated retinal circuitry, fulfilling the ultimate objective
of photoreceptor replacement therapies.

CONCLUSIONS

Replacement of photoreceptors by transplantation represents
a promising strategy for the treatment of incurable retinal dis-
eases. Here, we provide the proof-of-concept for restoration
of daylight vision following transplantation of cone-like photo-
receptors into a mouse model of cone degeneration. As pri-
mary and genetically engineered photoreceptors isolated from
the developmental retina do not represent a reliable donor
cell source in a clinical setting, the establishment of an in
vitro expandable cell source for providing transplantable cone
photoreceptors will be mandatory. In fact, the successful in
vitro generation of photoreceptors from mouse and human
induced pluripotent- and embryonic stem cells [8, 16, 42-50]
represents a major step toward the availability of sufficient
donor material for transplantation studies. However, the
development of techniques for the efficient differentiation of
stem cells along the cone lineage and identification of cone-
specific cell surface markers for their enrichment will be vital
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for bringing photoreceptor replacement strategies closer
toward clinical application with the aim to treat cone
retinopathies.
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