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Purrose. The California National Primate Research Center contains a colony of rhesus
macaques with a homozygous missense mutation in PDEGC (R565Q) which causes a cone
disorder similar to PDEGC achromatopsia in humans. The purposes of this study are to
characterize the phenotype in PDE6C macaques in detail to determine the onset of the
cone phenotype, the degree to which the phenotype progresses, if heterozygote animals
have an intermediate phenotype, and if rod photoreceptor function declines over time.

MerHops. We analyzed spectral-domain optical coherence tomography (SD-OCT), fundus
autofluorescence (FAF), and electroretinography (ERG) data from 102 eyes of 51
macaques (aged 0.25 to 16 years). Measurements of retinal layers as well as cone and
rod function over time were quantitatively compared.

Resurrs. Homozygotes as young as 3 months postnatal showed absent cone responses
on electroretinogram. Infant homozygotes had reduced foveal outer nuclear layer (ONL)
thickness compared with wildtype infants (P < 0.0001). Over 4 years of study, no
consistent changes in retinal layer thicknesses were found within 5 adult homozygotes.
However, comparisons between infants and adults revealed reductions in foveal ONL
thickness suggesting that cone cells slowly degenerate as homozygotes age. The oldest
homozygote (11 years) had reduced rod responses. Heterozygotes could not be distin-
guished from wildtypes in any parameters.

Concrusions. These data suggest that, like humans, macaque PDEGC heterozygotes are
normal, and homozygote primates have absent cone function and reduced foveal ONL
thickness from infancy. Cone photoreceptors probably degenerate over time and macular
atrophy can occur. Rod photoreceptor function may wane in late stages.
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chromatopsia (ACHM) affects 1 in 30,000 people in the

United States and has no current treatment.!”? Indi-
viduals with ACHM are usually legally blind (visual acuity
< 20/200), suffer from photophobia, have complete color
blindness, and absent cone-mediated electroretinographic
(ERG) amplitudes.!? Currently, there are 6 known genes
that have been linked to ACHM: CNGA3, CNGB3, GNAT2,
ATFG, PDEGC, and PDEGH.*® PDEGC encodes the catalytic
alpha subunit of the cone photoreceptor phosphodiesterase
6.478 Mutations in PDEGC are rare and its prevalence
only accounts for 2.4% in a cohort of 1074 independent
ACHM families.’> Due to the low prevalence of individuals
with PDE6C-ACHM and the lack of large animal models of
PEDGC-ACHM, no effective therapies are available.®
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In humans, PDE6C-ACHM is seen from infancy where
it presents with photophobia, nystagmus, absent color
discrimination, and poor visual acuity.*® Variants of PDEGC-
ACHM have been reported to cause both complete and
incomplete ACHM, cone dystrophy, and cone-rod dystro-
phy# This is further confirmed in ERG findings where
there is absent cone function and rod dysfunction is
occasionally observed.®® Another feature of PDE6GC-ACHM
is progressive cone cell loss beginning in early child-
hood with progressive retinal thinning as patients age.!%12
This observation contrasts with other forms of ACHM,
which are essentially stationary with cell loss and retinal
thinning occurring extremely slowly over the course of
life.!?
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In our previous 2019 study, we identified 4 related rhesus
macaques (Macaca mulatta) at the California National
Primate Research Center with suspected visual impair-
ment through behavioral observations.® Genetic sequenc-
ing confirmed a homozygous R565Q missense mutation in
the catalytic domain of PDEGC.® These primates exhibit a
clinical phenotype similar to human PDE6C-ACHM where
both species exhibit completely absent cone function with
a normal rod response by ERG.® However, in some cases,
it has been reported that rod response can decrease with
age in humans.'*'> These macaques also demonstrated thin-
ning of the foveal outer nuclear layer (ONL) with altered
foveal pigmentation which could be due to the higher visi-
bility of underlying RPE melanin.® The oldest homozygote
(11 years old) demonstrated reduced rod response when
compared to the next oldest homozygote (3 years 9 months
of age)® which suggested age-related rod functional decline.
No infant homozygotes were available at the time so we
could not confirm if the ACHM phenotype presents in
infancy as it does in humans.

After initiating our selective breeding program to obtain
homozygous infants, we sought to quantify the phenotype
in detail during infancy to determine onset of the pheno-
type. Furthermore, we also assessed the degree to which
the phenotype progresses with age, if heterozygote animals
have an intermediate phenotype, and if rod photoreceptor
function is affected.

MATERIALS AND METHODS
Study Animals

Data were collected from 102 eyes of 51 rhesus macaques
(Macaca mulatia) between 0.25 and 16 years of age.
Primates were grouped based on age and genotype. Primates
were considered infants if they were less than 12 months of
age and were considered adults if they were over 3 years of
age. We included a total of 29 infants; there were 13 male
primates and 16 female primates. Mean =+ standard deviation
(SD) age of the primates was 5.28 & 2.33 months (range = 2—
11 months and median = 5 months). There was a total of 22
adults; there were 5 male primates and 17 female primates.
Mean + SD age of the primates was 6.73 + 3.44 years
(range = 3-16 years and median = 6 years). Demographics
and genetics are summarized in the Table. A more detailed
description of demographics, genetics, and imaging done for
each primate can be found in Supplementary Table S1. All
rhesus macaques were born and sustained at the California
National Primate Research Center (CNPRC). The CNPRC is
accredited by the Association for Assessment and Accred-
itation of Laboratory Animal Care (AAALAC) International.
The study was approved by and performed according to the

TasLe. Demographics and Genetics Data
Infant Adult
(2-11 Months Old) (3-6 Years Old)
Male Female Total Male Female Total
Wildtype 3 3 6 2 6 8
Homozygous 3 9 12 1 4 5
Heterozygous 7 4 11 2 7 9

Table shows number of primates in each age, sex, and genotype
group.
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Institutional Animal Care and Use Committee (IACUC proto-
col #22508) of the University of California — Davis and the
National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals, respectively. Guidelines outlined
in the Association for Research in Vision and Ophthal-
mology Statement for the Use of Animals in Ophthalmic
and Vision Research were followed. Rhesus macaques were
sedated with ketamine hydrochloride (5-30 mg/kg), mida-
zolam (0.1 mg/kg), and dexmedetomidine (0.05-0.07515
mg/kg) intramuscularly for examinations and were medi-
cally monitored by a CNPRC veterinarian and trained
technician.

Electroretinography and Ophthalmic Imaging

While sedated, the animals’ eyes were dilated and then dark
adapted for 30 minutes in preparation for ERG acquisition.
The RETevet device (LKC Technologies, Inc., Gaithersburg,
MD, USA) was used to perform ERG to obtain implicit time
(ms) and amplitude (pV) for each eye at all examinations.
Scotopic ERG testing consisted of flash stimuli at 0.01, 3.0,
and 10.0 cd-s/m? in the dark-adapted state. Afterward, the
primates were light-adapted for 10 minutes and photopic
ERGs captured using flash stimuli of 3.0 cd-s/m? intensity; a
30 hertz (Hz) photopic flicker was also obtained at that light
intensity. Measurements were recorded and presented using
the manufacturer’s software.

Spectral-domain optical coherence tomography (SD-
OCT) images were obtained for quantitative measurements
of retinal layers using Heidelberg Explorer software (version
1.8.6.0; Heidelberg Engineering, Heidelberg, Germany). For
foveal measurements, SD-OCT images were selected based
on where the fovea displayed the greatest depth. Images
were then calibrated on Image J (National Institutes of
Health, Bethesda, MD, USA) based on the manufacturer’s
scale. We assessed retinal layer thickness at 1 mm both
nasal and temporal to the fovea and at the foveal center.
Total retinal thickness for nasal and temporal measurements
were measured from the internal limiting membrane up
to but not including the RPE. All thickness measurements
were conducted by two observers (authors M.A. and L.N.)
using Image J and averaged. Measurements for both eyes of
each animal were averaged based on the anatomic location.
Last, macaques were photographed to obtain color fundus
photography images using a Canon CF-1 Retinal Camera
with a 50 degree wide-angle lens.

Statistical Analysis

Measurements for both eyes of each animal were averaged.

Quantitative comparisons of ERG amplitudes (Fig. 1A)
were performed using ordinary 1-way ANOVA to determine
any significant variation in cone photoreceptor function
among the three infant macaque genotypes. Dunnett’s multi-
ple comparisons test was used for post hoc comparisons
to account for multiple testing. Quantitative comparisons
of ERG amplitudes (Fig. 1B) were compared using 2-way
ANOVA to determine if age and genotype had an effect on
cone photoreceptor response. Foveal retinal layer thickness
(Figs. 2A, 3A) were compared using 2-way ANOVA to ascer-
tain any significant interactions between genotype and reti-
nal layer thickness. Analysis was followed up with Tukey’s
multiple comparisons test in Figure 1B and Dunnett’s multi-
ple comparisons test in Figures 2A and 3A. Similarly, 2-
way ANOVA was used to determine any significant interac-
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Ficure 1. Homozygous primates were shown to have nearly undetectable cone responses beginning from infancy. (A) Mean + SEM
ERG amplitudes (uV: microvolts) of both a- and b-waves from infant wildtype (z = 6), homozygotes (z = 11), and heterozygotes (n = 11)
macaques was quantified and graphically depicted. Under light adapted conditions, a single flash 3.0 cdss/m? stimulus, and a flicker (30 Hz)
with the same stimulus resulted in nearly undetectable responses in homozygous macaques. Ordinary 1-way ANOVA revealed a significant
interaction between genotype and amplitude at all three stimuli, F (2, 25) = 167.7, P < 0.0001, F (2, 25) = 91.70, P < 0.0001, and F (2, 25)
= 82.11, P < 0.0001, respectively. Further post hoc analysis revealed a significant decrease (P < 0.0001) in homozygote infants (0.01 £ 0.3)
when compared to infant wildtype (27.63 % 1.7). No statistical significance was found between infant wildtype and heterozygotes. (B) Under
light adapted conditions, a single flash 3.0 cdss/m? stimulus of both a- and b-waves from electroretinogram amplitudes (uV: microvolts) of
wildtype (n = 0), heterozygote (7 = 11), homozygotes (n = 11), infants (age range = 2-11 months) and wildtype (# = 7), heterozygote (n
= 9), homozygote (# = 5) adult macaques (age range = 3-16 years old) of flicker 3.0 b-wave was quantified and graphically depicted were
amplitudes are presented as mean = SEM of ERG amplitudes. Graphs show undetectable responses in infant and adult homozygotes when
compared to their wildtype age groups. No statistical significance was found between age matched wildtype and heterozygote animals.
Two-way ANOVA did not reveal a significant interaction between age and amplitude, F (2, 43) = 1.752, P = 0.1856. But 2-way ANOVA did
reveal significance among genotype, F (2, 43) = 62.16, P < 0.0001 and among amplitude, F (1, 43) = 7.744, P = 0.0080. Data are presented
as mean £ SEM. Two-way ANOVA shows a significance among genotype is present, F (2, 43) = 107.7, P < 0.0001. Tukey’s post hoc analysis
shows significance between wildtype and homozygote infants (P < 0.0001) and between heterozygote and homozygote infants (P < 0.0001).
Similar results are seen in adult primates between wildtype and homozygotes (P < 0.0001) and between heterozygote and homozygote adults
(P < 0.0001). There appears to be a mild age-related reduction in light 3.0 b-wave amplitude between heterozygote infant (121.4 + 9.2 pv)
and adult (75.9 £ 5.9 pV) macaques (P = 0.0078).

tions between foveal retinal layer thickness and age (adult type primates were used as the control group in all relevant

and infant homozygotes; Fig. 3B) and were followed up comparisons.
with the Holm-Sidik method. Multiple paired ftests were
used to determine if there was a significant change in

REsuLTs

foveal retinal layer thickness in the same adult homozygotes
over the course of 4 years (Fig. 3C). In all cases, P values
less than 0.05 were deemed significant. Mean + SD values
in Figure 4G were from data that were previously published

Cone Photoreceptor Dysfunction Begins Near
Birth

from normal rhesus macaques in the CNPRC colony.'
Detailed statistical tests and post hoc analysis including F
and P values are included in Supplementary Table S2. Wild-

Photopic full field ERGs were performed on infant primates.
To evaluate cone-mediated responses in wildtype (n = 6),
homozygotes (n = 11), and heterozygote (nz = 11) infants at
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Ficure 2. Homozygous infants were shown to have reduced foveal ONL thickness when compared to wildtype and heterozygous infant
macaques. (A) Mean £ SEM thickness of retinal layers from spectral domain optical coherence tomography (SD-OCT) of infant wildtype
(n = 5), homozygotes (n = 12), and heterozygotes (n = 6) macaques. Foveal ONL thinning is observed in homozygous infant rhesus
macaques. Two-way ANOVA revealed a significant interaction between genotype and retinal layer thickness at total foveal thickness and at
foveal ONL thickness, F (14, 160) = 7.4, P < 0.0001. Further post hoc analysis revealed a significant decrease (P < 0.0001) in homozygote
infants (130.9 + 3.6 and 40.5 + 2.3) when compared to infant wildtype (204.3 + 12.0 and 89.9 £ 6.5) at total foveal thickness and at
foveal ONL thickness. No statistical significance was found between infant wildtype and heterozygotes. Images show a comparison of
macular regions in infant wildtype, heterozygous, and homozygous primates aged 3 to 7 months. SD-OCT scans depict normal foveal
appearance in wildtype (B) and heterozygous (F) primates but foveal thinning in homozygous infant (J). The macular area is marked with
white arrows directing attention to macular differences among wildtype, heterozygous, and homozygous primates. Fundus autofluorescence
depicting normal macular appearance in wildtype (C) and heterozygous (G) infants, but prominent foveal hyperautofluorescence is seen
in homozygous infants (K). Color fundus shows normal macular appearance in wildtype (D) and heterozygous (H) but absent foveal light
reflex in homozygous infants (L). Red free fundus photography showing normal foveal light reflection in wildtype (E) and heterozygous
(D but absent foveal light reflex in homozygous macaques (M).

light-adapted 3.0 cd*s*m™2 a-, b-, and flicker b-wave ampli-
tudes were collected. After performing a 1-way ANOVA with
Dunnett’s analysis, we saw that when compared to wild-
type infants (27.63 + 1.7, 116.2 & 11.2, and 96.2 + 9.3 pV),
homozygote infants had near-absent cone responses (0.01
4+ 0.3, 0.1 £ 0.1, and 0.8 £ 0.5 pV, P < 0.0001). We found
no statistical difference between wildtype and heterozygote
(315 £ 1.8, 121.4 £ 9.2, and 88.4 + 7.2 pV) infants (P
= 0.1439, light-adapted 3.0 cd*s*m-2 a- and b-waves, and
flicker b-waves, respectively; see Fig. 1A, Supplementary
Fig. S1).

To estimate onset of cone photoreceptor structural alter-
ations we evaluated the infant foveal retinal layer thickness
from PDEGC wildtype (n = 5), homozygous (# = 12), and
heterozygous (n = 6) rhesus macaques with SD-OCT. We

took measurements at a single point at the foveal center.
A 2-way ANOVA with Dunnett’s multiple comparisons indi-
cated that homozygote infant macaques had a significant
reduction (P < 0.0001) in total foveal thickness (130.9 &+ 3.6
pm) when compared with age-matched wildtype macaques
(204.3 £ 12.0 pm, P < 0.0001). We found no statistical differ-
ence between wildtype and heterozygotes (200.8 £+ 11.3
pm, P = 0.8932) as shown in Figure 2A and Supplemen-
tary Figure S2a. Similarly, homozygote macaques (40.8 +
2.0 ym) had a significant foveal ONL thickness reduction
(P < 0.0001) when compared to wildtype (89.9 + 6.5 pm).
Once again, we found no statistical difference between wild-
type and heterozygotes (77.2 £ 7.9 pm, P = 0.2730; see
Fig. 2A, Supplementary Fig. S2b). Thicknesses of other reti-
nal layer thicknesses did not significantly differ between
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Ficure 3. Foveal ONL thickness decreases from infancy to adulthood but remain stationary as an adult. (A) Quantification of the
foveal center thickness of adult wildtype (2 = 8), homozygous (2 = 5), and heterozygous (1 = 9) are presented in a bar graph as mean +
SEM. Two-way ANOVA revealed a significant interaction between genotype and retinal layer thickness at total foveal thickness and at foveal
ONL thickness, F (14, 152) = 19.53, P < 0.0001. Further post hoc analysis revealed a significant decrease (P < 0.0001) in homozygote adults
(116.7 + 6.9 and 18.2 £ 3.2) when compared to adult wildtype (225.2 + 10.0 and 95.3 + 6.6) at total foveal thickness and at foveal ONL
thickness. No statistical significance was found between adult wildtype and heterozygotes. (B) Comparison between mean + SEM thickness
of retinal layers from spectral domain optical coherence tomography (SD-OCT) comparing adult homozygotes (72 = 5) to infant homozygotes
(n = 12). Two-way ANOVA revealed a significant interaction between age and retinal layer thickness at foveal ONL thickness, F (7, 120) =
3.323, P = 0.003. Further post hoc analysis revealed a significant decrease (P = 0.003) in homozygote adults (18.2 £ 3.2) when compared to
homozygote infants (40.8 + 2.0). No statistical significance was found between adult wildtype and heterozygotes. (C) Comparison between
the same individual homozygote adult macaques (z = 5) over the course of 4 years showed no significant difference in any retinal layer
thickness. Data is presented as mean + SEM thickness and statistical analysis was performed with multiple paired #-test. SD-OCT scans of
the foveal center is shown from one 6-year-old wildtype adult (D) and a homozygote adult at 5 (G) and 8 (J) years of age showing macular
atrophy progression. Fundus autofluorescence shows normal macular autofluorescence of a wildtype 6-year-old adult (E) but reveals obvious
foveal hyperautofluorescence of a 5-year-old homozygote adult (H) that progresses as the primate ages (K). Fundus photography shows
normal macular appearance in wildtype adults (F) and prominent foveal pigmentation of homozygote primate that worsens with age (I, L).

genotypes indicating that reduced total foveal thickness
in homozygote infants was secondary to reduced foveal
ONL thickness. Foveal thickness did not significantly differ
between heterozygous and wildtype infants (P = 0.3; see
Fig. 2A, Supplementary Table S2). Homozygous infants as
young as 3 months postnatal demonstrated foveal thin-
ning (Fig. 2J, Supplementary Figs. S2a, S2b, S2e) as well as
foveal hyperautofluorescence and absent foveal light reflex
(Figs. 2K, 2L, 2M) when compared to wildtype (see Figs. 2B-
E) and heterozygous (see Figs. 2F-1) infant macaques.

To determine if there may be alterations in the retinal
layers involving retinal cell types not in the foveal center,
we performed measurements at other eccentricities within

the parafoveal area 1 mm nasal and 1 mm temporal to the
foveal center. Similar to the previous analyses, we used a 2-
way ANOVA nasal to the fovea and another 2-way ANOVA
temporal to the fovea with Dunnett’s multiple comparisons
where wildtype is the control group in all cases. We found
that the total retinal thickness (P < 0.0001) and ONL (P <
0.0001) at the nasal measurement are significantly reduced
in infant homozygote macaques (290.8 + 4.9 and 47.8 +
1.9) when compared to wildtype macaques (356.3 + 19.0
and 71.6 £ 4.7), respectively. Wildtype and heterozygote
macaques (356.0 £ 18.5 and 67.4 + 3.3) had no signifi-
cant difference in their total retinal thickness (P = 0.9992)
and ONL thickness (P = 0.4395), respectively. Similar results
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Ficure 4. Adult homozygote macaques are shown to have a thinner ONL and one macaque was found to have a subnormal rod
photoreceptor response. Spectral-domain optical coherence tomography (SD-OCT) images of the foveal center showing normal foveal thick-
ness in adult wildtype (A) and heterozygote (C) but foveal ONL thinning of homozygote (E) animal. Fundus autofluorescence photography
depicts normal macular appearance in wildtype (B) and heterozygote (D) animals but shows foveal hyperautofluorescence in homozygote
animal (F). (G) Electroretinogram amplitudes (uV: microvolts) of rod a-wave from homozygous (z = 5) adult primates was quantified to
compare the change in amplitude over the course of 4 years. Primate ages from their first year of imaging are listed next to their respective
symbols. Under dark adapted conditions using a 3.0 cdes/m? stimulus, the rod system was tested in 5 homozygote adults. Four out the five
primates were found to be within normal macaque amplitudes and remained stable. The oldest (11-year-old) homozygote primate was found
to have subnormal rod function. The dashed line represents the mean, and the solid line represents one SD =+ from the mean of normal

macaque amplitudes.

were also seen in temporal measurements where total reti-
nal thickness (P < 0.0001) and ONL (P < 0.0001) are signif-
icantly reduced in infant homozygote macaques (273.0 £+
4.9 and 42.9 + 1.2) when compared to wildtype macaques
(340.3 £ 17.0 and 71.3 £ 5.6). Wildtype and heterozygote
(343.8 &+ 15.9 and 61.4 + 4.3) primates have no significant
difference of total foveal thickness (Z = 0.8550) and ONL
thickness (P = 0.3209), respectively (Supplementary Figs.
S3a, S3b).

Evidence of Disease Progression

We first characterized retinal anatomy in adult animals to
subsequently discern if there was evidence of progression
in rhesus macaques with PDEGC disease. Foveal retinal layer
thickness quantification with SD-OCT in adult primates (age
= 3-16 years), using a 2-way ANOVA with Dunnett’s multi-
ple comparisons tests confirmed that homozygotes (n = 5)
had a significant reduction (P < 0.0001) in total foveal thick-

ness (116.7 + 6.9 pym) when compared with wildtype (n =
8, 225.2 £+ 10.0 ym) adult macaques. No significant differ-
ence was seen when wildtype and heterozygote macaques
(n=29,232.0 &£ 7.8 ym) were compared (P = 0.4513). Simi-
larly, homozygotes (18.16 %+ 3.2 pm) had a thinner ONL (P <
0.0001) when compared to wildtypes (95.3 £ 6.6 pm). Wild-
type and heterozygotes (89.0 £ 4.9 um) had no difference
in ONL thickness (P = 0.5030; see Fig. 3A, Supplementary
Figs. S2c-S2e).

We also measured retinal layers at the nasal and tempo-
ral area adjacent to the foveal center to assess if any other
retinal layers are affected in homozygous adults. Consistent
with infant results, a 2-way ANOVA with Dunnett’s multiple
comparisons test confirmed that adult homozygotes (261.5
+ 9.9 and 25.5 *+ 3.5) had a significant reduction of both
total retinal thickness (P< 0.0001) and of the ONL (P <
0.0001) nasal to the fovea when compared to wildtype (362.9
+ 12.0 and 71.0 & 2.9). Total retinal thickness (P = 0.1091)
and ONL thickness (P = 0.4395) did not significantly differ



Investigative Ophthalmology & Visual Science

Onset and Progression of Disease in PDE6C Mutation

between wildtype and heterozygote (375.8 £+ 11.9 and 71.2
=+ 2.6) primates. This was also seen temporal to the fovea
where adult homozygotes (241.0 + 10.1 and 23.3 £+ 3.3)
had significant reduction of both total retinal thickness (P
< 0.0001) and of the ONL (P < 0.0001) when compared
to wildtype (349.0 + 12.1 and 63.5 + 4.9). When wildtype
primates were compared to heterozygote (353.6 + 14.8, 68.1
+ 4.4) macaques, no difference was found in the total retinal
thickness (P = 0.8079) or ONL thickness (P = 0.8087; see
Supplementary Figs. S3c, S3d).

Heterozygote infants and adults had no significant differ-
ence in any foveal thickness measurements when compared
to wildtype infant and adult primates (see Fig. 2A, Fig. 3A).
Furthermore, heterozygous infant macaques (Figs. 2F-I)
appear indistinguishable from wildtype infant macaques
(see Figs. 2B-E) on clinical examination, color fundus
images, OCT, and fundus autofluorescence (FAF) images.
Heterozygous adult macaques (Figs. 4C-D) were found to
be similar to wildtype adult macaques (see Figs. 4A, 4B).

To determine if the cone phenotype worsens with age,
we compared retinal anatomy between infant and adult
macaques. A 2-way ANOVA with the Holm-Sidik method
revealed that homozygous adult macaques had a signifi-
cantly lower (P = 0.003) foveal ONL thickness (18.2 + 3.2
pm) when compared to homozygous infant macaques (40.8
=+ 2.0 pm; see Fig. 3B). We then compared retinal anatomy of
the same 5 homozygous adult macaques from their first base-
line OCT examination time point and again 4 years later. We
performed multiple paired #-tests within these five homozy-
gous adult animals and found that, as a group, there was
no significant difference in any of the retinal layer thick-
nesses, although there was a trend toward reduced foveal
ONL (see Fig. 3C). However, one adult female homozygote
macaque developed progressive macular atrophy between
5 and 8 years of age (Figs. 3G-L). When the primate was
5 years of age, the outer foveal layers were decreased and
hard to discern, such as the IS and OS (see Fig. 3G). Once
the primate reached 8 years of age, all of the outer retinal
layers in the fovea and temporal to it were no longer distin-
guishable (see Fig. 3]).

We also compared retinal function between infant and
adult macaques. Photopic ERGs (single flash and flicker)
were performed on homozygous, heterozygous, and wild-
type macaques in infancy (n = 11, n = 11, and n = 6,
respectively) and adulthood (n = 5, n = 9, and n = 7,
respectively). Homozygote macaques had a near zero ampli-
tude recorded at photopic single flash and photopic flicker
(see4 Fig. 1B). Heterozygous and wildtype photopic flicker
amplitudes were similar at infancy and in adulthood (see
Fig. 1B). However, on the single flash photopic ERG, there
was a mild age-related reduction (P = 0.0078) in b-wave
amplitude between heterozygote infant (121.4 £+ 9.2 pV) and
heterozygote adult (75.9 &+ 5.9 nV) macaques (see Fig. 1B).

Furthermore, homozygote infants and adults had non-
measurable photopic a-wave, b-wave, and flicker times.
Wildtype (13.2 £ 0.3 ms, 26.6 + 0.6 ms, and 24.3 + 0.3
ms) and heterozygote primates (14.0 + 0.4 ms, 26.7 + 0.5
ms, and 24.9 + 0.4 ms) had no significant difference after
performing a 2-way ANOVA (see Supplementary Table S2,
Supplementary Fig. S4).

Rod ERG May Decline With Age

Because the homozygotes had an absent cone response,
we used the dark-adapted bright stimulus (3.0 cdesem™2)
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a-wave recordings as a marker of rod photoreceptor func-
tion. We evaluated adult rod photoreceptor responses yearly
for 4 years. We found that the oldest homozygote (11 years
old at study initiation) presented rod photoreceptor func-
tion that fell below normal reference macaque amplitudes'®
and remained stable over the 4-year timeline. By contrast,
homozygotes between 3 years and 3 years 9 months of age
(n = 4) showed no decline in rod photoreceptor response
and stayed within the reference range over the same time
frame (see Fig. 4G).

DiscussION

In this study, we found that the cone dysfunction and
foveal structural changes are present from infancy in PDE6C
homozygous rhesus macaques. We found no functional or
morphological difference between heterozygote and control
macaques at any age. Furthermore, cone cells likely slowly
degenerate and macular atrophy was observed in one older
case. We also found that rod photoreceptor function may be
affected later in life.

Currently, there are 6 known genes that have been
linked to ACHM: CNGA3, CNGB3, GNAT2, ATF6, PDE6C, and
PDEGH.*° In human cases with CNGA3, CNGB3, GNAT2,
and PDEGC, their mean foveal thickness and mean foveal
ONL thickness are significantly lower than healthy popula-
tions.? These results correlate to our study where PDEGC
homozygote infant and adult primates had significantly
reduced total foveal thickness and foveal ONL thickness
when compared with age-matched wildtypes. Several studies
have shown that subjects who have CNGA3, CNGB3, GNAT2,
or PDEGC, will have some sort of disruption to the ellipsoid
zone, such as disruption in the inner segment ellipsoid (ISe)
or the presence of optical empty cavities at the fovea that
are visible on SD-OCT.?'117 These results contrast slightly
with our study because no optically empty cavities were seen
in PDEGC primates. However, one of our affected primates
developed macular atrophy and over time the ellipsoid zone
became disrupted. Subjects with ATF6 achromatopsia have a
different phenotype that does not appear to have foveal ONL
thickness reduction when compared with healthy controls,
CNGA3, or CNGB3.'® Furthermore, in patients with deletions
of exons 2 and 3 in the ATF6 gene, OCT images revealed
foveal hypoplasia and focal disruption in the ISe layer at the
site of the presumed foveal pit.!? When looking at PDEGH
OCT images, Kohl et al. saw that all retinal layers are identifi-
able and continuous except the inner/outer segment (IS/OS)
junction where the cone photoreceptors could not be clearly
distinguished.?®

Variants of PDEGC have been reported to cause both
complete and incomplete ACHM and cone dystrophy* and
the phenotype is first apparent in human infancy as photo-
phobia, hemeralopia, and absent cone ERG amplitudes.®®
In a study by Varela et al., they examined 1 child heterozy-
gous for PDEGC-ACHM and 1 child homozygous for PDEGC-
ACHM, and 2 adults homozygous for PDE6C-ACHM muta-
tions and found that the children had minor to no struc-
tural retinal changes and normal central foveal thickness
but the adults had macular dystrophy.'* They also found
no significant differences among children and adults regard-
ing visual acuity, color discrimination, and subjective level
of visual functioning.!* Consistent with human retinal struc-
ture, we found that infant primates as young as 3 months
postnatal showed globally normal foveal architecture with
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significantly reduced foveal thickness, and that adult animals
showed clearer signs of foveal problems.?!

Another study found that 8 adult (mean age £+ SD at
baseline OCT was 36 + 8 years) individuals with PDEGC-
ACHM (n = 7 were women, and #» = 1 was a man) had
no foveal hypoplasia or residual ellipsoid zone (EZ) at the
foveal center.* One subject had absent EZ, three subjects
had a hyporeflective zone, and four subjects had outer reti-
nal atrophy.* Their rate of progression was similar between
eyes but varied among individuals. Two younger subjects
progressed at a rate faster than two older subjects and three
subjects showed minimal if any change.? Four subjects did
not have macular atrophy and the authors observed reduced
foveal ONL thickness where the mean ONL thickness £+ SD
was 51.75 £ 6.98 um for the right eye with no further thin-
ning over time.* The results from their study are similar to
our results here where adult homozygote primates had no
further thinning over the course of 4 years, suggesting a
plateau in cone cell loss.

It is unclear whether all PDEGC-disease is progressive.
There are studies that provide evidence for both progression
and disease stability.'"-'>* The degree of progression may
depend in part on the particular mutations, genetic back-
ground, and environmental factors. In this study, we show
that PDE6C-R565Q homozygous rhesus macaques have a
cone disorder which worsens over time. We found that
adult homozygote primates had a significant decrease in
foveal ONL compared to infants suggesting that PDEGC-
ACHM in monkeys is progressive. Additionally, we observed
one homozygote 5-year-old primate develop macular atro-
phy. The disruption of the EZ line was apparent on SD-
OCT and abnormal autofluorescence was also observed
at the fovea. However, when examining SD-OCT images,
we saw that the rest of our homozygote adult rhesus
macaques did not have absent EZ or definite progres-
sive autofluorescence abnormalities, even in the oldest
adult animal. This individual variability is similar to what
was noted in other human studies, although the subjects
who had macular atrophy were older than those who did
not.H14

Rhesus macaques are not the only animal models of
PDEGC-ACHM. The ¢pfl1 mouse and the cone specific pde6
zebrafish models also exist. Several studies have shown that
the ¢pfl1 mouse mutant is a model for fast cone photore-
ceptor degeneration.??=2° The mutation (116-bp insertion)
is present in the PdeGC gene.?*~*> Mice homozygous for the
cpfl1 mutation are reported to have a normal fundus, normal
retinal structure with cone photoreceptor cell degeneration,
and normal rod-mediated responses but no cone-mediated
response.?® Vacuolization in the photoreceptor layer with
subsequent progressive depletion of cone photoreceptors
is apparent in ¢pfl1 mice as young as 3 weeks of age and
progresses until few cone photoreceptors are detected in
5-month-old mice.”® In a study comparing rd1 and cpfll
mouse models, they found that cone photoreceptor cell
death was associated with an accumulation of cyclic guano-
sine monophosphate (cGMP).”> Two studies also found that
cone degeneration progressed rapidly, peaking at around
postnatal day 24.%?° There is a similar pattern seen in
zebrafish who have a mutation in the cone-specific pde6
gene.?’ In this animal model, the pde6 mutation leads to
the rapid degeneration of all cone photoreceptors soon after
formation.”” Additionally, they found that rods also degen-
erate, but only in areas that were originally rich in cone
photoreceptors.?’ This finding may explain why our oldest
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animal had subnormal rod ERG amplitudes on the dark
adapted 3.0 cdesm™2 a-wave.

Mutations in PDEGC cause a loss-of-function in cone-
specific PDE6 which leads to elevated intracellular cGMP.28
The buildup of cGMP and unrestrained influx of Ca®* causes
photoreceptor cell death.?®-3° Thinning of the foveal ONL
suggests cone photoreceptor cell death.3'3? In ¢pfl mice,
AAV-mediated Pde6C gene delivery in very young (postna-
tal day 14) mice effectively restored cone function.>® This
study and others suggest that early intervention targeted
to cone photoreceptors to prevent progressive cell death
may be beneficial. Treatment of homozygote macaques with
adeno-associated virus carrying rhesus PDEGC should occur
in infancy to maximize therapeutic efficacy for this disease.
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