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SUMMARY

Photoreceptor degeneration is a leading cause of untreatable sight loss. Previously, we showed that human pluripotent stem cell-derived
cone photoreceptors (hCones) can rescue retinal function in the Rd1 mouse model of rod-cone dystrophy. However, retinal degenerations
display markedly different severities and concomitant remodeling of the remaining retina; for photoreceptor replacement therapy to be
broadly effective, it must work for a variety of disease phenotypes. Here, we sought to rescue the Aip/1~/~ model of Leber congenital amau-
rosis, a particularly fast, severe condition. After transplantation of hCones, host cone bipolar cells underwent extensive remodeling and
formed nascent synaptic-like connections. Electrophysiological recordings showed robust rescue of light-evoked activity across visually
relevant photopic intensities, and treated mice exhibited visually evoked optokinetic head-tracking behavior. Thus, human cone photo-
receptor replacement therapy is feasible even in very severe cases of retinal dystrophy, offering promise as a disease-agnostic therapy in

Leber congenital amaurosis (LCA) and in other advanced retinal degenerations.

INTRODUCTION

In the later stages of retinal degeneration, patients suffer
near-complete loss of photoreceptor cells and, conse-
quently, blindness. To date, there are few treatment options
for such advanced disease. We reported rescue of mouse
models of rapid retinal degeneration using gene supple-
mentation therapy (Nishiguchi et al.,, 2015). However,
the speed of these degenerations offers only a short treat-
ment window (before post-natal day [P]13 in mice). In pa-
tients with mutations in the AIPL1 gene, the degeneration
is typically nearly complete by 3 years of age, making early
diagnosis and treatment essential but challenging (Tan
etal., 2012). Consistent with this, a recent report indicated
that, for effective gene therapy-mediated rescue of CNGBI-
mediated photoreceptor degeneration, treatment must
occur while >50% of photoreceptors remain (Scalabrino
et al., 2023). Moreover, most gene therapy approaches are
necessarily gene specific, and there is a need for disease-
agnostic approaches (Klymenko et al., 2024). Alternative
strategies for treating end-stage disease include electrical
implants, which have demonstrated modest efficacy in
clinical trials, and optogenetic approaches targeting the re-
maining retinal neurons, which have yielded promising
pre-clinical results but presently lack photosensitivity
within the normal physiological range (Parnami and Bhat-
tacharyya, 2023), limiting their clinical utility.

Photoreceptor replacement therapy offers a physiolog-
ical approach and has the potential for treating early-onset
and/or severe diseases after photoreceptor loss. We have
previously explored murine photoreceptor transplantation
in several models of retinal degeneration (Barber et al.,
2013; Gonzalez-Cordero et al., 2017; Pearson et al., 2012,
2016). More recently, we demonstrated that transplanted
human stem cell-derived cones (herein referred to as
“hCones”) can form new contacts with retinal neurons in
recipient Rdl mice that were backcrossed to FoxNInu
(Rd1/FoxN1™) to create an immunodeficient model suit-
able for receiving human cells and restore light-evoked
retinal responses (Ribeiro et al., 2021). Such rescue was
not necessarily expected. Rapid and extensive degenera-
tion presents significant challenges: the inner retina un-
dergoes substantial remodeling, including reduction or
loss of both pre- and postsynaptic proteins at the outer
plexiform layer and retraction and/or sprouting of inter-
neuron axons and dendrites (Marc et al., 2003; Strettoi
et al., 2003). Reactive gliosis is also common (Hippert
et al., 2015; Matsuyama et al., 2022). Importantly, the
extent of remodeling and concomitant glial scarring can
differ markedly in different models of retinal degeneration
impeding contact between donor and recipient retinal neu-
rons (Barber et al., 2013; Hippert et al., 2015). Thus, it
cannot be assumed that photoreceptor replacement can
rescue all advanced diseases.
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To support the wider applicability of photoreceptor
replacement therapy, we sought to determine if it can affect
meaningful functional rescue in an Aipll~/~/FoxNI1™
mouse model of LCA. The Aipl1~/~ line is notable as it pre-
sents extremely rapid and widespread photoreceptor
degeneration, beginning shortly after photoreceptors are
born (Ramamurthy et al., 2004). Indeed, degeneration is
so rapid that it affects the expression of postsynaptic
markers, suggesting a failure or abnormal development of
photoreceptor-bipolar cell (BC) synapses during synapto-
genesis (Singh et al., 2014), presenting a particularly severe
case for rescue.

RESULTS

Inner retinal remodeling after photoreceptor loss in
the Aipl1~/~ mouse retina
The broad pattern of degeneration in the Aipl1~/~ model
has been reported previously (Ramamurthy et al., 2004).
Here, we backcrossed to Fox1Nu mice to create an immuno-
deficient model (herein called Aipl1 ~/7) and characterized
itin more detail, particularly regarding any remaining pho-
toreceptors, pre- and postsynaptic proteins, and inner nu-
clear layer (INL) integrity at 3 (age at transplantation) and
6 months of age (age at assessment, 3 months post-trans-
plantation) (Figures 1A-1L). Immunohistological examina-
tion of Rhodopsin confirmed that all rod photoreceptors
had degenerated in the 3-month Aipl1~/~, except for the
very occasional cell body (Figure 1H), and mouse-specific
Cone Arrestin (mCar) showed that all cone photoreceptors
had degenerated within the central-mid retina by 3 months
(Figures 1B and 1C), with very rare cell bodies observed in
the periphery (Figures S1A and S1E). No labeling for
S-opsin (Figures 1E and 1F); L/M-opsin (Figures 1H and
10); or the structural outer segment protein, Peripherin-2
(Prph2; Figures 1K and 1L) was seen in the central-mid
retina at either 3 or 6 months. The rare peripheral cones
observed at 3 and 6 months lacked any discernible outer
segment-like structures but retained some S- or L/M-opsin
in the cell bodies (Figures S1B-S1D and S1F-S1H). Thus,
the central retina of the Aipl1~/~ is devoid of photorecep-
tors at the time of transplantation.

We next assessed the impact of this rapid outer nuclear
later (ONL) loss on inner retinal neurons (Figure 2). Protein

kinase C alpha (PKCa) labels both rod and cone ON BCs,
while secretagogin (SCGN) labels cone (ON and OFF) BCs
only (Puthussery et al., 2010). Both PKCa+ (Figures 2A-
2C) and SCGN+ (Figures 2D-2F) dendrites exhibited sub-
stantial retraction in both 3- and 6-month-old Aipl1~/~
mice. Notably, both PKCa+ and SCGN+ BCs maintained
their axonal projections and synaptic pedicles, despite
the absence of photoreceptor input. Calbindin+ horizontal
cell (HC) dendrites (Figures 2G-2I) were also retracted, and,
increasingly, their cell bodies appeared “flipped,” posi-
tioned apical, rather than basal, to the outer edge of the
INL (Figure 2I, arrow). Amacrine (AC) and retinal ganglion
cells (RGCs) were visualized by immunolabelling for Calre-
tinin (Figures 2J-2L). In the WT, this label reveals evenly
spaced ACs and three well-defined synaptic sub-lamina in
the inner plexiform layer (IPL) (Figure 2J). Even at
3 months, several weeks after photoreceptors have died,
the Aipl1~/~ retina still contained remarkably well-defined
Calretinin+ sub-lamina, but this starts to break down by
6 months (Figures 2K and 2L). Lastly, we assessed reactive
gliosis, as shown by upregulation of glial fibrillary acidic
protein (Gfap). As expected, Miiller glia exhibited extensive
Gfap expression, with ramified, hypertrophic apical pro-
cesses extending along the outer limits of the INL by
3 months, persisting at 6 months (Figures 2M-20).

The INL appeared thinner in Aipl1~/~ mice, compared
with the WT, and a previous report had indicated loss of
PKCa+ BCs from 1 month onwards (Singh et al., 2014).
We found that the number of PKCa+ BCs was slightly
reduced in Aipl1~/~, although this was not statistically
significant, compared with age-matched WT controls
(Figure 2P). SCGN+ BCs also decreased slightly by
6 months, but again this was not statistically significant
(44.7 + 2.8 vs. 38.6 = 0.8, WT vs. Aipl1~/~; two-way
ANOVA; Figure 2Q). Calbindin+ HCs underwent signifi-
cant loss by 6 months (2.9 + 0.4 vs. 2.5 = 0.4, WT wvs.
Aipl1~/~ at 3 months and 3.2 = 0.1 vs. 1.9 + 0.3 at
6 months; p < 0.05, two-way ANOVA; Figure 2R).

We next assessed synaptic protein expression in the outer
plexiform layer (OPL). Pre-synaptic Ribeye is essential for
the formation of ribbon synapses and presents a horseshoe
pattern of labeling in WTretina (Figure 2S). By 3 months, it
is virtually undetectable in the Aipl1~/~ retina (Figure 2T);
very occasional puncta were detected, mis-localized to

Figure 1. Photoreceptor degeneration in the Aipl1~/~ retina

Representative confocal maximum image projections (MIPs) for WT and 3- and 6-month Aipl1 ~/~ (A-C) Mouse cone arrestin (green) and
rhodopsin (red) staining of cone and rod photoreceptors, respectively.

(D-F) S-Opsin (green) and rhodopsin (red).
(G-I) M/L Opsin (green) and rhodopsin (red) immunostaining.
(J-L) Outer segment protein, Peripherin-2 (Prph2; orange).

Scale bar 50 um, except ROIs of (D-H), 10 um. ONL, outer nuclear layer; INL, inner nuclear layer; mCar, mouse cone arrestin; Prph2,

Peripherin-2; WT, wild type. DAPI, nuclear label.
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Figure 2. Inner retinal cell loss and dendritic remodeling in the Aipl1~/~ retina

(A-0) Representative confocal MIPs of, from left to right in each row, 3-month-old WT, 3-month-old, and 6-month-old Aipl1 /™ mice,
immunostained for (A-C) PKCo-positive ON BCs, (D-F) Secretagogin (SCGN)-positive ON and OFF cone BCs, (G-I) Calbindin+ HCs, (J-L)
Amacrine cells (ACs), stained for calretinin, and (M-0) reactive Miiller glia and astrocytes. At both 3 and 6 months, both types of BCs and
HCs show retraction of dendritic arborizations in the Aip{1~/~. Some HCs “flip” the orientation of their soma toward the apical surface
(white arrow, I). ACs show limited changes, with some disorganization of IPL sub-laminae by 6 months.

(legend continued on next page)
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the cytoplasm (Figure 2T, yellow arrow). No Ribeye was seen
at 6 months. The postsynaptic receptor, mGIuR®6, is ex-
pressed in BC dendrites and seen close to ribeye puncta
in the WT (Figure 2S). mGluR6 is downregulated as photo-
receptors die in degeneration (D’Orazi et al., 2014; Ribeiro
et al., 2021), and expression was almost undetectable in
Aipl1~'~ by 3 months, seen only in the cell bodies of a
few BCs, but this was not correlated with Ribeye expression
(Figure 2T, arrowheads).

Transplanted human cones repopulate large areas of
the Aipl1~/~ host retina and mature to express
phototransduction machinery

Previously, we transplanted 100,000 hCones/eye into the
non-immunocompromized Aipl1~/~ model and examined
them 3 weeks post-transplantation; we observed fair donor
cell survival but limited evidence of connectivity (Gonza-
lez-Cordero et al., 2017). In a more recent study in the
Rd1/FoxN1™ mouse, we increased donor cell number to
500,000/eye and examined rescue at 3 months post-trans-
plantation, finding good survival and maturation of donor
cells and rescue of light-evoked retinal and behavioral re-
sponses (Ribeiro et al., 2021). We therefore followed the
same approach here, transplanting 500,000 hCones/eye
in 3-month-old immunocompromized Aipll1~/~ mice
and examining 3 months post-transplantation. Human
cones were pre-labeled in the organoid using adeno-associ-
ated virus (AAV)-ShH10(Y445F) containing GFP under the
control of the 2.1 L/M-opsin promoter (L/M-opsin.GFP)
(Gonzalez-Cordero et al., 2017, 2018; Ribeiro et al., 2021)
and sorted before transplantation.

L/M-opsin.GFP+ hCones exhibited good survival and
formed a layer of variable thickness, but typically 10-15
cell bodies thick, immediately adjacent to the host INL
(Figures 3A-3H). The area covered varied between trans-
plants but averaged 2.48 mm? (+0.36; n = 4 eyes), based
on flat-mount preparations. We confirmed these cells
were of human origin by staining for human nuclei antigen
(HNA) (Figure 3A) and measuring nuclei size, which were
significantly larger than mouse cone nuclei, as determined
by measuring GFP+ cones within adult Chrnb4.eGFP mice
(Figure 3C). The HNA+ cells also widely expressed hu-
man-specific cone arrestin (hCAR) (Figure 3A), and many
PRPH2+ buds were observed within the cell mass
(Figure 3B).

The host inner retina undergoes substantial
remodeling, and cone BCs make synapse-like contacts
with transplanted human cones

We examined how Aipll1~/~ inner retinal neurons re-
sponded to the presence of healthy hCones. PKCa+
(ON) BCs re-elaborated extensive dendritic arborizations,
sending them throughout the donor cell mass (Figure 3E),
a feature seen exclusively in areas where hCones were pre-
sent (Figures S2A-S2Aii). Notably, some PKCa+ cell bodies
were also seen within the donor cell mass, apparently
migrated from the INL (white arrowheads, Figures 3D-
3Dii). Despite many studies being interested in cone-
mediated rescue, few (including our own) have examined
interactions between donor cones and host cone BCs spe-
cifically. SCGN+ cone BCs also re-extended dendrites into
the donor cell mass (Figures 3D, 3F, and S2B); qualita-
tively, this appeared less extensive than PKCo+ dendrites
(compare with Figure 3Ei), although this may reflect stain-
ing differences. Of note, SCGN+ cone BC cell bodies rarely
migrated into the donor cell mass, unlike the PKCa+ pop-
ulation, suggesting this might be a rod BC-specific
response.

The response of HCs to transplantation has received only
very limited exploration to date (Akiba et al., 2024). Calbin-
din+ HCs also showed dendritic elaboration (Figures 3G
and S2C), while calretinin+ ACs and RGCs appeared
broadly unchanged (Figure 3H), compared with controls.
Finally, since cones can recycle their visual pigments via
Miiller glia, we examined how host glial cells interacted
with hCones. Co-staining with HNA showed that Gfap+
Miiller glial processes originated from the host retina and
were not contaminants from donor cell sorting; these pro-
cesses were clearly visible throughout the host retina and
extended into the donor cell mass. Indeed, in many in-
stances, they appeared to delineate the apical-most bound-
ary, this time above the transplanted hCones (Figure S3),
thus incorporating them within the host neural retinal
structure.

Next, we examined the expression of synaptic markers.
Punctate labeling for the ribbon synapse protein, RIBEYE,
was seen through the cell mass (Figure 4), including within
processes extending toward the host inner retina. Both
SCGN+ cone BCs and PKCa+ ON-type rod and cone BCs
showed widespread re-expression of the postsynaptic
marker, mGluR6 (Figure 4). Careful examination of RIBEYE

(P-R) quantification of PKCa+, SCGN+, and Calbindin+ cells in WT and in 3- and 6-month-old Aipl1~/~. *p < 0.05, 2-way ANOVA, mean = SD.
(S-Sii) Immunostaining for pre-synaptic Ribeye (red) and postsynaptic mGLuR6 (white). Ribeye exhibited a typical “horseshoe” pattern and

co-localizing with mGluR6 (MIP of 3 z sections).

(T-Tii) By 3 months of age in Aipl1 ™/~ retinas, mGLuR6 is translocated back to the cell bodies of BCs (white arrows), and no Ribeye labeling

was detected in central retina (MIP of 3 z sections).

Scale bars: (A-0), 50 um; (S and T), 50 um; and (Si, Sii, Ti, and Tii), 10 um. WT, wild type; INL, inner nuclear layer; SCGN, secretagogin;

Gfap, glial fibrillary acidic protein.
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Figure 3. Human cones survive, mature, and promote re-extension of inner retinal neuron dendrites in the Aipl1™/~ host retina
Representative confocal MIPs of Aipl1~/~ retina 3 months post-transplantation.

(A) Large numbers of GFP+ hCones (green) could be seen in the subretinal space of 6-month Aipl~/~ mice. These cells labeled for (Aii)
human nuclear antigen (HNA; labeled hNuclei; gray) and (Aiii) human cone arrestin (hCAR; red). (Aiv) All cells in cell mass were positive for
HNA and hCAR staining, and all GFP+ cells labeled for both markers.

(B) GFP+ hCones co-localized with PRPH2+ bud-Like structures, indicative of nascent segments (Bi and Bii white arrows).

(C) Quantification of the maximum diameter of murine cone (m)Nuclei, assessed in Chrnb4.Gfp mice, compared to hNuclei showed a
significant difference in size (6.6 + 1.1 um vs. 8.6 + 0.95 um, N =3 retina; n =127 and N = 3, n = 110 nuclei respectively, ****p < 0.001,
Mann-Whitney test, mean + SD).

(D-Di) Some PKCo+ ON BCs migrated into the cell mass (white arrows), while (Dii) SCGN+ cone BCs remain positioned in the INL.

(E-H) INL remodeling after hCone transplantation. Both PKCa+ and SCGN+ BCs and Calbindin+ HCs show extensive neurite elongation
toward the transplanted cell mass.

Scale bars: (A-H), 50 um; (Bi, Bii, Ei, F, Gi, and Hi), 10 um. PRPH2, Peripherin-2; SGCN, Secretagogin, DAPI, nuclear label.
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Figure 4. Human cones promote re-expression of postsynaptic mGluR6 and form nascent synaptic-like contact points with host

BCs

Representative confocal MIPs of Aipl1 ™/~ retina 3 months post-transplantation.

(A) Punctate labeling for mGluR6 (gray) was present throughout the area of transplant (ROI). RIBEYE+ (red) structures, present in
transplanted GFP+ hCones (green), could be found near mGluR6+ structures (ROI).

(B) SCGN dendrites extend toward the cell mass, invaginating into the transplanted cones (Bi and Bii).

(C) IMARIS 3D reconstruction of cell surfaces of SCGN+ cells and transplanted cones highlight the contact made by SCGN+ dendrites to cone

cell bodies (Ci, Gii, and Ciii).

Scale bar: (A and B), 50 um; ROI, 10 um; (Bi, Bii, and Biii), 20 um. SCGN, Secretagogin, DAPI, Nuclear label

and mGluR6 revealed putative synaptic contacts (Figure 4,
regions of interest [ROIs]); interestingly, 3D reconstruction
of host dendrites and donor hCones indicated axo-somatic
and dendro-somatic, as well as more typical axo-dendritic,
contact points (Figures 4B and 4C and Video S1). Together
these histological analyses show that hCones mature
within the host Aipl1~/~ environment, develop nascent,
if imperfectly formed, structures required for phototrans-
duction and synaptic transmission, and show morpholog-
ical evidence of integration with the interneurons of the
recipient retina.

Transplanted human cones rescue optokinetic head
tracking but not ERG function in the Aipl1~/~ model of
advanced degeneration

Electroretinography (ERG) provides a gross measure of light-
mediated trans-retinal function, averaged across the whole
retina. Three Aipl1~/~ mice receiving transplants underwent
full-field photopic light flash (from dark) ERG recordings at
3 months post-transplantation. No repeatable, measurable
response was seen, like uninjected Aipl1 /= control eyes
(N = 3 animals). Positive controls were Gnatl ™/~ mice (N =
3 animals), which lack rod a-transducin, rendering rods
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Figure 5. Transplantation of human cones restores optokinetic head-tracking behaviors and generates widespread mERGs and
light-evoked spiking activity in the Aipl1 /"~ retina

(A) Schematic of OptoDrum optokinetic head-tracking setup.

(B) Scatterplot of all acuity measurements for untreated and hCone-transplanted Aip{1~/~ eyes. Gnat1~/~ and (57Bl/6 WT mice are shown
for comparison.

(C) Representative untreated Aipl1 ™/~ retina on the MEA. (Ci) There were no discernible light-evoked mERGs nor (Cii) light-responsive
spiking activity across the retina. Red boxes in (Ci and ii) indicate the representative trace magnified in (Ciii) mERG for 10 individual trials
of a 15 light pulse with the mean (+SD) below, and (Civ) the raster plot for MU spiking activity (top) and PSTHs (below) show no response to
stimulus presentation. N.B. Photoelectric effect present at t = 0 in mERGs is due to the thinness of the AiplI ™/~ retina.

(legend continued on next page)
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non-functional but viable, and all photoreceptor-driven
light responses are cone derived (Calvert et al., 2000). As ex-
pected, these presented robust responses to light flashes in
the photopic range (Figure S4). This indicates that, if func-
tional, a patch of transplanted hCones covering an area of
~6mm? (average detachment diameter is 2.5-2.8 mm), is
insufficient to drive a reproducible full-field ERG response
in mice.

To address whether transplantation can bring about
changes in light-evoked behavior, we next measured
optomotor head-tracking responses to arotating grating (Fig-
ure 5A) (Pearson et al., 2012). The OptoDrum is a fully auto-
mated system, which permits independent visual threshold
measurements from both eyes. Mice were assessed at
6 months of age (3 months post-transplant, where relevant).
Each mouse was tested on 3-4 separate occasions within one
week. Individual mice received injections to both eyes, or an
injection to one eye only, or no injection. No head-tracking
behavior was mediated by any uninjected Aipl1~/~ eyes (N =
9), creating a very clean baseline. However, after transplanta-
tion, visual thresholds were measurable in 8/15 hCone-in-
jected eyes, although these were not detectable in every
recording session (e.g., visual threshold measurements may
be determined in some but not all trials for a given mouse).
Therefore, Figure 5B shows the distribution of all recorded
thresholds across all treated and untreated eyes; there was a
significant difference in the acuity thresholds measured in
eyes receiving hCones, compared with uninjected Aipl1~/~
eyes (p = 0.016, unpaired t test). Responses from WT and
cone-only Gnat1~/~ mice are shown for comparison.

Transplantation of human cones restores light-evoked

mERGs and spiking activity in the host Aipl1 " retina

After optomotor and ERG recordings, mice were euthanized
and the retinas were carefully dissected prior to multi-elec-
trode array (MEA) recording. Light responses were evoked
using a 1 s uniform light step from darkness, and microERG
(mERG) and multi-unit (MU) spiking activity were recorded
from the ganglion cell layer (GCL) (Figures 5C-5SE). Un-
treated Aipl1~/~ retinas exhibited no discernible mERG in

response to the light step and no change in firing rate
following light onset or offset when observing the peristi-
mulus time histogram (PSTH) (Figures SC-5Civ; N = 3 ret-
inas). In comparison, Gnatl~/~ retinas (Figures 5D-5Div;
N = 4 retinas) showed a large-amplitude mERG with both
a discernible a- and b-wave, in response to light. MU firing
also demonstrated a diverse array of fast transient light re-
sponses at both light onset and/or offset. The same light
stimulus was presented to hCone-transplanted Aipl1~/~
(Figures SE-5Eiv; N = 4 retinas) and in all cases yielded
robust and reproducible mERGs from the electrodes imme-
diately under the GFP+ hCone donor cell mass. This corre-
lated strongly with fast transient increases in MU firing,
which were time locked to stimulus onset and/or offset
and restricted to regions under the cell mass.

Sensory characteristics of visual responses

We determine the sensory characteristics of RGC responses
using spike sorting. Human cone-transplanted Aipl1~/~ ret-
inas showed a significantly higher proportion of light-
responsive units (53.4% + 9.9%), compared with untreated
Aipl1~'~ retinas, (3.7% = 0.7%; p = 0.0015); not unexpect-
edly, this was lower than that found in fully intact Gnat1 /'~
retinas (88.5% = 2.0%; p = 0.0074) (Figure 6A). We next clas-
sified the single units based on their PSTH in responsetoa 1s
light step, as previously described (Ribeiro et al., 2021). The
mean (+SEM) PSTH of these 10 classifications is shown for
Gnatl~'~, Aipl1~'~ + hCones and untreated Aipl1~/~ (Fig-
ure 6B). Comparing the cohorts (Figures 6C and 6D), the
greatest proportion of responses observed were ON re-
sponses (increased firing rate at light onset) (65% in Aipl1 /'~
+hCones, compared with 23% in Gnatl ~/7), and fewer were
ON-OFF responses in Aipl1~/~ + hCones transplanted ret-
inas, compared with Gnatl ~/~ controls (21%vs. 61%, respec-
tively), although the overall proportion of OFF-only re-
sponses remained similar between the two genotypes (10%
and 11%, respectively). Of the few channels responding to
light in untreated Aipl1~/~ mice, all classified as slow sus-
tained responses, typical of the deafferented retina (Procyk
etal., 2015).

(D) Representative Gnat1~/~ retina on the MEA. (Di) Most channels exhibit large-amplitude light-evoked mERGs with a clearly defined a-
and b-wave. (Dii) MU spiking activity was observed across the spatial extent of the array with a wide variety of increases and/or decreases
at light onset and/or offset. (Diii) Magnified trace from the red box in (Di) and (Dii) shows reproducible mERG across individual trials and
mean (+SD) (bottom), which are time locked to stimulus onset and offset. (Div) The same channel shows transient, large-amplitude
changes in firing rate at light onset and/or offset in both the raster plot and PSTH across 10 individual trials.

(E) Representative transplanted retina. (Ei) mERGs are seen on large proportion of channels and correlate with position of GFP* cell mass
(green overlay). (Eii) PSTH of MU spiking activity demonstrated a wide variety of increases and/or decreases at light onset and/or offset on
channels correlating with the position of the GFP* cell mass (green overlay). Magnified trace of red box within the cell mass in (Ei) and (Eii)
shows (Eiii) discernible and reproducible mERG time locked to stimulus onset/offset and (Eiv) the raster plot and PSTH for a channel that

shows increases in firing rate at both light on/offset.

Scale bars: (C-E), 500 um; (Ci, Di, and Ei), 200 uV and 2 s; (Cii, Dii, and Eii), 400 spikes/s and 4 s. Gray bars denote 1 s light pulse in (Ciii),

(Civ), (Diii), (Div), (Eiii), and (Eiv).
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We next examined peak response amplitude and latency.
Unsurprisingly, given the histological indications of limited
outer segment extension, the average response amplitude
was significantly lower for both the ON and OFF responses
in Aipl1~’~ + hCone-transplanted retinas, compared with
Gnat1~'~ cone-only controls (p < 0.001 for both; unpaired
t test) (Figures 6E and 6F). Importantly, however, the peak
response latency in Aipl1~/~ + hCone-transplanted retinas
for both ON and OFF responses was similar to Gnatl ™/~
(Figures 6G and 6H; p = 0.306 and p = 0.29 for ON and
OFF, respectively; unpaired t test), indicating that the trans-
mission of visual information from the transplanted human
cones to the host RGCs is within the normal range.

Light-evoked RGC responses are mediated via
glutamatergic transmission from transplanted human
cones

To confirm that the light-evoked responses recorded in
hCone-transplanted retinas originate from the hCones via
glutamatergic transmission, we repeated the 1 s light stim-
ulus protocol before, during, and after exposure to synaptic
blockers (L-2-amino-4-phophonobutyric acid, L-AP4; 6,7-di-
nitroquinoxaline-2,3-dione, DNQX; and D-2-amino-5-
phosphonopentanoate, D-APS). These drugs block transmis-
sion of all known visual information at the photoreceptor/
BCsynapse (Wongetal., 2007; Zhaoetal., 2014). Application
of synaptic blockers reversibly eradicated both the mERG
and all fast, transient responses at light onset and/or offset
in both Gnatl~/~ retinas and hCone-transplanted Aipl1~/~
retinas. Representative mERGs and PSTHs are shown for
each genotype under each condition in Figure S5, while
the mean (+SEM) PSTH for all ON and ON-OFF single unit re-
sponses before, during, and after drug application is shown
in Figure S6, together with peak response amplitudes.

Transplanted human cones demonstrate increased
response amplitude and latency at behaviorally
relevant light levels

Finally, we sought to characterize the sensitivity of the
observed visual responses, compared to normal photopic

vision. We presented transplanted retinas with 100 ms
flash stimuli across 7 log units of illumination. We identi-
fied 723 units that showed a significant increase in firing
rate following light onset at the highest irradiance in the
Gnatl~'~ population and 380 units in the Aipll ™/~ +
hCone population. The mean (+SEM) PSTH of all light-
responsive units at each irradiance is shown in Figure 7A
along with the respective channels mERG (Figure 7A, inset).
Figures 7B and 7C show the mean (+SEM) mERG a- and
b-wave amplitudes at increasing irradiance, while the
maximum change in firing rate and time to peak response
are shown in Figures 7D and 7E, respectively. The trans-
planted Aipl1~/~ retinas showed significant changes in
peak firing rate over a wide range of light levels, like
Gnatl™'~ retinas, demonstrating that, within the trans-
planted area, hCones are operating across a substantial
range of physiologically relevant irradiances. The trans-
planted retinas closely tracked the irradiance/response
relationship of Gnatl~'~ preparations up to 10'* pho-
tons/cm?/s, showing a reduced change in firing rate there-
after. Combined, the increase in a-wave amplitude demon-
strates that the donor hCones can amplify and encode light
information with increasing irradiance, while the increases
in b-wave amplitude and RGC spiking show that the host
BCs and RGCs retain the ability to encode and transmit
this visual information through the remnant neural retina
following remodeling.

DISCUSSION

Photoreceptor replacement therapy is proposed as a poten-
tially disease-agnostic treatment for reversing sight loss in
advanced retinal disease. To fulfill this potential, photore-
ceptor replacement therapy must be shown to be effective
in multiple models of advanced retinal degeneration. Here,
expanding on our previous report examining the RdI
model (Ribeiro et al., 2021), we chose a particularly severe
form of LCA, the Aipl1~/~ mouse, which shows photore-
ceptor loss even before the first synapse with second-order

Figure 6. Transplanted human cones drive an array of fast, large-amplitude visual responses in the Aipl1~/~ retina

(A) Percentage of light-responsive units in Aipl1 ~/~ + hCone-transplanted retinas (N=4) was lower than Gnat1 /= (N= 4) but significantly
higher than untreated Aipl1~/~ retinas (p < 0.001; one-way ANOVA).

(B) Average PSTH of single units categorized into 10 quantitatively defined types based on their response to a 1 s light step in Gnat1~/~,
Aipl1~/~ + hCone and untreated Aip{1~/~. Time bin, 0.1 s; gray bars illustrate duration of light pulse.

(C and D) (C) Distribution of light-response types as percentage of all single units and (D) as percentage of all light-responsive units.
Response types are color coded, as in (B).

(E and F) Violin plots of response amplitude in Aipl1 ~/~ + hCone retinas (E) for ON-type responses (16.70 = 0.5 spikes/s; n = 410) and (F)
OFF-type responses (11.65 + 0.7 spikes/s; n = 156) were significantly smaller than in Gnat1 =/~ retinas (22.42 + 0.6 spikes/s, n =621 and
23.61 + 0.8 spikes/s, n = 525; p < 0.0001 for both; unpaired t test).

(G and H) Violin plots of latency to peak response for ON and OFF components of light responses. Latency for ON-type responses in
Aipl1™/~ + hCone retinas (236.0 + 8.3 ms) was not significantly different compared with Gnat1~/~ retinas (246.4 + 6.1 ms; p =0.31,
unpaired t test) or for OFF-type responses (179.1 + 7.8 ms versus 188.1 + 4.1 ms; p = 0.29, unpaired t test).
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Figure 7. Increasing irradiance increases response amplitude in Aipl1~/~ + human cones transplanted retinas

(A) Mean + SEM PSTH of light responses in Gnat1~/~ (black; N = 4) and Aipl1 ™/~ + hCone-transplanted (green; N = 3) retinas across 9
increasing irradiances with (inset) corresponding mean + SEM mERG of light-responsive channels (n = 480 and n = 281 channels,
respectively).

(B and C) Mean + SEM of mERG (B) a-wave and (C) b-wave amplitudes increase with increasing irradiance for both, from approximately 10*2
photons/cm?/s (vertical gray dotted line). Gnat1~/~ showed a larger amplitude at each of the measurable irradiances above this level
(p < 0.001).

(D) Mean + SEM peak response amplitude of light-responsive units increases in both Gnat1~/~ (n = 723 units) and Aipl1~/~ + hCone-
transplanted retinas (n = 380 units) above approximately 10*? photons/cm?/s. Above this range, Gnat1~/~ retinas demonstrates a

(legend continued on next page)
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neurons is formed (Ramamurthy et al., 2004). This allowed
us to directly address a key concern around whether a sub-
stantially remodeled inner retina can accept new inputs
from healthy photoreceptors (Marc et al., 2003; Strettoi
et al., 2003).

At the anatomical level, the untreated Aipl1 '~ retina ex-
hibited rapid and widespread photoreceptor loss; substan-
tial downregulation of postsynaptic mGluR6 and dendritic
retraction by rod and cone BCs in the INL; and a slow, pro-
gressive loss of those same cells over time. Other studies
have indicated the potential for BCs to remodel after acute
photoreceptor loss. In rabbit retina, laser ablation of photo-
receptors leads rod BCs, but not cone BCs, to remodel to
form new synapses with healthy photoreceptors outside
the lesion (Beier et al., 2017), while, in adult primate retina,
the dendrites of ON and OFF midget BCs at the border of a
laser-induced scotoma also rewired to surviving photore-
ceptors (Akiba et al., 2024). Here, in the Aipl1~/~ mouse
retina, we find that, even several months after photore-
ceptor loss, both rod and cone BCs responded to the intro-
duction of healthy human cones, with both PKCa+ and
SCGN+ BCs re-extending previously retracted dendrites
into the donor cell mass to form new contacts and re-ex-
press mGluR6. This indicates retention of a significant de-
gree of anatomical plasticity by the remaining inner retinal
neurons.

Retinal electrophysiology, as assessed using MEA record-
ings, yielded a wide variety of visual response types (ON,
OFF, and ON-OFF), indicating that parallel processing path-
ways are still functional, consistent with the histological
analysis. It is notable that a greater proportion of the re-
sponses observed were ON responses, and fewer were ON-
OFF responses in transplanted retinas, compared with
Gnatl~'~ cone-only controls, while the overall proportion
of OFF-only responses remained similar between the two
genotypes. This may reflect the anatomical observations
made recently by Wong and colleagues (Akiba et al.,
2024), indicating that the midget ON pathway was main-
tained for longer than the OFF pathway in the region of
laser ablation in the primate retina. One caveat is that the
stimulus used in these experiments involves a light step
from darkness, which may bias toward us finding ON-
type responses. In future, challenging the transplanted
retina with more naturalistic visual stimuli, such as steps
of increasing and decreasing contrast from light-adapted
backgrounds, may help identify a wider range of temporal
response profiles, including OFF and suppressed responses,

which would support the idea that the transplanted retina
can encode a variety of both increases and decreases of irra-
diances at different light levels.

Whether the connections formed between transplanted
donor photoreceptors and host inner retinal neurons repre-
sent a classic ribbon synapse has yet to be fully determined.
The inevitable disorganization of where connections are
made in such transplants makes it difficult to rely on
anatomical location for validation. It is possible that the
contacts made are nascent versions of a synapse or indeed
atypical contacts; transsynaptic tracing methods could
prove very interesting in this regard and for mapping the
relative contributions of ON and OFF circuits in the
restored connectome. Nonetheless, the temporal proper-
ties of the responses, together with the pharmacology, indi-
cate a glutamatergic vesicular release-based mechanism in
close proximity to postsynaptic mGIluR6 receptors. Impor-
tantly, responses were also observed across a wide range of
irradiances that fell within normal daylight levels, and the
response times were again within the normal range for all
but the very brightest of stimuli.

In our previous study transplanting hCones into the
Rd1 model of advanced retinal degeneration, we were un-
able to assess optokinetic head-tracking behaviors as the
OptoDrum software encountered difficulties correctly de-
tecting the position of the nude mouse. Adaptations to
the software meant we were able to achieve this with
the Aipl1~/~/mouse model used here and show for the
first time human cone-mediated improvements in
optokinetic head tracking. Note that the maximum
irradiance at the platform where the mouse is
placed within the OptoDrum setup is limited to 8.8 x
10"* photons cm~? s~'. Examination of the irradiance
response curves generated from the MEA recordings (Fig-
ure 7B) shows this to be at the onset of increasing RGC
firing rates, and Gnatl~/~ cone-only mice presented
with reduced sensitivity on the optomotor, compared
to WT mice, indicating that we are stimulating at the
lower end of the cone sensitivity range. Thus, we may
expect the recordable optomotor responses of trans-
planted Aipl1~/~ animals to be improved with brighter
stimulus light levels. An important question that remains
to be determined is whether the new connections formed
by transplanted photoreceptors and the host inner
retinal neurons can faithfully reflect the spatiotemporal
receptive fields of the intact retina. An indication that
they may do comes from the optomotor data reported

significantly larger peak response amplitude, compared to Aipl1 ™/~ + hCone-transplanted retinas at each tested irradiance (*p < 0.05;

**x%p < 0,001).

(E) Response latency decreased with increasing light intensity above 10*? photons/cm?/s and was not significantly different between
Gnat1™/~ and Aipl1~/~ + hCone-transplanted retinas at any irradiances where a measurable light response was observed (p > 0.05; two-

Way ANOVA).
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here, where acuity thresholds could be determined from
transplanted eyes, while untreated animals showed no
response.

Given the MEA responses and head-tracking behaviors,
the lack of ERG responses in the same mice was disap-
pointing but unsurprising. ERGs are averaged changes in
polarization measured across the whole eye, while trans-
plantations encompass a region of ~5 mm? (comparable
to the size of the macula), compared with a surface area
of ~50 mm?. Moreover, ERG function is a fairly poor pre-
dictor of meaningful vision, with many patients presenting
with little/no ERG but being capable of significant visually
guided function (Berson, 2007).

Prior to this and our earlier study in the Rd1 mouse (Ri-
beiro et al., 2021), we shared the concern of others as to
whether inner retinal neurons retain sufficient plasticity
to accept new photoreceptor inputs, and/or whether glial
scarring might prove an impenetrable barrier, in advanced
disease (Hippert et al., 2015, 2021). However, we now have
promising evidence of the host inner retina being able to
remodel and form new connections with human cones to
bring about retinal and visual function within normal
ambient light levels in two different models of advanced
disease. Together, these support the notion that photore-
ceptor replacement therapy is a viable, potentially dis-
ease-agnostic, strategy for the treatment of advanced
retinal degeneration.

METHODS

Detailed methods can be found in the supplemental
information.

Animals

Aipl1~'=, Aipl1~'~ [FoxN1™™ (generated in-house), Gnat1~/~,
and C57BIl/6 (Charles River) WT animals were maintained
in accordance with the UK Animals (Scientific Procedure)
Act of 1986 and Policies on the Use of Animals and Humans
in Neuroscience Research.

Human embryonic stem cells

The human H9 embryonic stem cell (ESC) line (WAQ9, fe-
male, ID/registry: WAe009-A (hPSCreg); Lot RB66492,
P30) was acquired from WiCell and used in accordance
with the International Society for Stem Cell Research
(ISSCR) Standards for Human Stem Cell Use in Research.

Retinal differentiation culture and photoreceptor
transplantation

ESCs were differentiated into retinal organoids and trans-
duced with ShH10.2.1L/M-Opsin.GFP virus, and GFP+
hCones were isolated at 17-21 weeks of differentiation.
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500,000 hCones/2pL were transplanted subretinally under
direct visual control, as previously described (Gonzalez-
Cordero et al., 2017; Ribeiro et al., 2021).

Histology and immunohistochemistry
Immunohistochemistry was performed as previously
described (Ribeiro et al., 2021) with some modifications.
Antibodies and staining conditions are provided in
Table S1. Samples were imaged using a Zeiss LSM900
confocal microscope. Images shown are Maximum Inten-
sity Projection images (MIPs) of xyz stacks (1 pm z-inter-
vals, unless otherwise stated) or single xy images. Zeiss
LSM image software, Imaris, Image]J, and Adobe Photoshop
were used for image processing.

Cell quantification

Images were taken of x4 ROIs from superior mid/central
retina, from 3 sections/retina from region containing the
optic nerve (Figure S7). Nuclear size was determined by
selecting cells at random and measuring the longest axis
using Image].

Retinal and visual function tests

Optomotor response

10 weeks post-transplantation, optokinetic reflexes were
assessed using OptoDrum (Striatech, Tiibingen, Germany).
A striped pattern rotated at 12°/second, and visual acuity
was tested at 99.72% contrast. Maximum irradiance at
the platform was 8.8 x 10'® photons cm?/s'. Optokinetic
responses were automatically detected in an unbiased
manner. Each eye was tested on 3-4 separate occasions
within 1 week. All individual test outcomes from all
animals assessed are shown. N = 15 Aipl1~/~ treated eyes,
N =9 Aipl1~/~ untreated eyes, N = 6 Gnatl /= eyes, and
N = 6 C57BI/6 eyes.

Electroretinogram recordings

Dark-adapted ERG recordings were made using a Celeris
ERG system with a full-field stimulator (Diagnosys, Massa-
chusetts, USA). Eyes were recorded sequentially with the
non-recorded eye acting as the reference electrode. Dark-
adapted, single-flash recordings were obtained at a range
of light intensities. 10 responses were averaged for light in-
tensities of 0.001, 0.01, 0.1, and 1 c¢d s/m?, and 5 responses
for 10 and 30 c¢d s/m?; bandpass filter was set between 0.125
and 300 Hz.

Multi-electode Array recordings

MEA recordings and analysis were performed as previously
described (see supplemental methods). In brief, Gnat1 /=
(N = 4), human cone-transplanted Aipl1 /= (N = 4), and
untreated Aipl1~/~ (N = 3) mice were euthanized by cervi-
cal dislocation ~3 months post-transplantation. Eyes were



enucleated, and retinal isolation was performed in the
dark in warm carboxygenated Ames’ media supplemented
with 1.9 g/L sodium bicarbonate (Sigma-Aldrich, UK). The
retina was incised into a Maltese cross motif and mounted
onto a perforated MEA (120pMEA100/30iR-ITO; Multi
Channel Systems, Reutlingen, Germany) with the GCL
facing down onto the electrodes. For transplanted ani-
mals, GFP+ regions of the retinal cell mass were placed
centrally over the electrodes to maximize the recording
area covered by transplanted hCones.

Spike sorting

Neural waveforms were processed using Offline Sorter
(v.4.7.1; Plexon). Single-unit data were subsequently sent
to and stored in NeuroExplorer (v.5.437; Nex Technologies)
and analyzed by custom written MATLAB codes, and
neuronal responses were classified as described in Ribeiro
et al., 2021.

Statistical analysis

All values are presented mean + SD (standard deviation) un-
less otherwise stated; N, number of animals, retinas, or in-
dependent experiments performed; n, number of cells, im-
ages examined, or single units. Statistical significance was
assessed using GraphPad Prism software and denoted as
p<0.05 =% p<0.01 =** p<0.001 =***. Appropriate statis-
tical tests were applied including 2 tailed t test (Mann-
Whitney), one-way ANOVA with Tukey’s correction for
multiple comparisons, two-way ANOVA with Bonferroni'’s
correction, and paired/unpaired t tests.

RESOURCE AVAILABILITY

Lead contact
Requests for further information and resources should be directed
to and will be fulfilled by the lead contact, Rachael A. Pearson.

Materials availability

Allunique/stable reagents generated in this study will be made avail-
able on request but may require payment and/or completed Mate-
rials Transfer Agreement if there is potential for commercial applica-
tion. Aipl1~'~/Foxn1™ mice will be provided directly; in the event of
high demand, and presuming the strain will be accepted, the lead
contact will deposit the strain with Jackson Laboratory.

Data and code availability

Datasets supporting the current study have not been deposited in a
public repository; the authors are undertaking further analysis,
and any outputs arising from these will be published in due course
but are available on reasonable request. The codes used have been
reported previously and will be shared by the lead contacts upon
request.
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