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Purpose: To understand consequences of reconstituting cone photoreceptor function in congenital binoc-
ular blindness resulting from mutations in the centrosomal protein 290 (CEP290) gene.

Design: Phase 1b/2 open-label, multicenter, multiple-dose, dose-escalation trial.
Participants: A homogeneous subgroup of 5 participants with light perception (LP) vision at the time of

enrollment (age range, 15e41 years) selected for detailed analyses. Medical histories of 4 participants were
consistent with congenital binocular blindness, whereas 1 participant showed evidence of spatial vision in early
life that was later lost.

Intervention: Participants received a single intravitreal injection of sepofarsen (160 or 320 mg) into the study
eye.

Main Outcome Measures: Full-field stimulus testing (FST), visual acuity (VA), and transient pupillary light
reflex (TPLR) were measured at baseline and for 3 months after the injection.

Results: All 5 participants with LP vision demonstrated severely abnormal FST and TPLR findings. At
baseline, FST threshold estimates were 0.81 and 1.0 log cd/m2 for control and study eyes, respectively. At 3
months, study eyes showed a large mean improvement of e1.75 log versus baseline (P < 0.001), whereas un-
treated control eyes were comparable with baseline. Blue minus red FST values were not different than 0 (P ¼
0.59), compatible with cone mediation of remnant vision. At baseline, TPLR response amplitude and latency
estimates were 0.39 mm and 0.72 seconds, respectively, for control eyes, and 0.28 mm and 0.78 seconds,
respectively, for study eyes. At 3 months, study eyes showed a mean improvement of 0.44 mm in amplitude and a
mean acceleration of 0.29 seconds in latency versus baseline (P < 0.001), whereas control eyes showed no
significant change versus baseline. Specialized tests performed in 1 participant confirmed and extended the
standardized results from all 5 participants.

Conclusions: By subjective and objective evidence, intravitreal sepofarsen provides improvement of light
sensitivity for individuals with LP vision. However, translation of increased light sensitivity to improved spatial
vision may occur preferentially in those with a history of visual experience during early neurodevelopment. In-
terventions for congenital lack of spatial vision in CEP290-associated Leber congenital amaurosis may lead to
better results if performed before visual cortex maturity. Ophthalmology Science 2022;2:100133 ª 2022 by the
American Academy of Ophthalmology. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Supplemental material available at www.ophthalmologyscience.org.
Retinal photoreceptors transduce light energy into chemical
energy and drive a complex synaptic signaling cascade
within the retina, through the optic nerve, and to the brain,
culminating in visual perception. Low-level features such as
spatial contrast, colors, and motion as well as high-level
features such as object recognition combine to form
typical vision. Importantly, attainment of visual perception
is a gradual process driven by visual experience over many
months to years of life during early postnatal neuro-
development. In nonhuman animals, lack of visual
ª 2022 by the American Academy of Ophthalmology
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/). Published by Elsevier Inc.
experience in the early postnatal period is known to result in
major deficits in neuroanatomic features and neurochemistry
that are only partially reversible when vision is regained
beyond a critical period.1e4 Translation of these experi-
mental findings to human vision loss and later recovery has
been studied extensively in amblyopia with early monocular
visual impairment and in congenital bilateral dense cataracts
with early binocular blindness.5e7 Treatment of severe vi-
sual deprivation must be corrected during the first 4 months
of life to restore near-normal vision. For less severe visual
1https://doi.org/10.1016/j.xops.2022.100133
ISSN 2666-9145/22

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
http://creativecommons.org/licenses/by-nc-nd/4.0/
<ce:italic>www.ophthalmologyscience.org</ce:italic>
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xops.2022.100133&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.xops.2022.100133


Ophthalmology Science Volume 2, Number 2, June 2022
deprivation, treatment before 9 years of age during a win-
dow of cortical plasticity is usually necessary for good
outcomes. The relevance of a similarly limited window of
successful treatment for Leber congenital amaurosis (LCA)
is less studied. Leber congenital amaurosis, caused by > 20
distinct monogenic diseases,8 tends to result in early
binocular blindness originating from molecular defects
within rod and cone photoreceptors, which contrasts with
normal photoreceptors in individuals with congenital
cataracts or typical amblyopia.

Until recently, LCA was not treatable and questions
regarding structural and functional changes at the visual
cortex resulting from congenital blindness and the potential
to regain vision were academic.9e13 However, one genetic
form of LCA has already become treatable,14,15 and
promising interventions are being evaluated for other
genetic forms of LCA.16e19 Improvement of partially
retained vision seems to be possible, at least for some of the
treatment methods and some of the individuals. What is
least known is the recovery potential of visual perception for
the most severe forms of LCA undergoing successful
reversal of the molecular defect within photoreceptors. Do
congenitally blind individuals start seeing when photore-
ceptor function improves as an adult?

Blindness resulting from LCA covers a very wide spec-
trum from impaired visual acuity (VA) with reduced light
sensitivity and limited visual field to complete blindness, or
no light perception (NLP).9,20e24 Toward the most severe end
of this spectrum are eyes that can detect light, but lack any
ability to distinguish spatial pattern or directionality of light;
the clinical label is light perception (LP) without projection.
Individuals with centrosomal protein 290 (CEP290) muta-
tions associated with LCA (CEP290-LCA) tend to include
the largest proportion of those with severe blindness in the LP
or NLP category as compared with LCA with different mo-
lecular causation.25 The current study focused on 5
participants with CEP290-LCA and binocular severe
photoreceptor blindness who were treated monocularly with
sepofarsen, which is an intravitreal antisense
oligonucleotide that has shown preliminary evidence of
vision improvement.16,17,19
Methods

Participants and Intervention

Eleven individuals with CEP290-LCA participated in the phase 1b/
2 trial of sepofarsen (ClinicalTrials.gov identifier, NCT03140969;
European Union Drug Regulating Authorities Clinical Trials
Database identifier, 2017-000813-22). All participants harbored
biallelic mutations in CEP290, at least 1 of which was the common
c.2991þ1655A/G allele. Some of the results from the trial have
been previously published.16,17,19 The current work provides
additional details in a subset of 5 participants (age range, 15e41
years) who formed a homogeneous cohort of special interest
having LP vision binocularly at the time of treatment
(Supplemental Table 1). The participants selected for the current
work have been previously published16,17,19 identified as patients
P1, P2, P6, P9, and P10, and the same nomenclature is retained
here for ease of comparability. Importantly, participants were
enrolled at different centers and tested by different investigative
2

groups: patients P1 and P6 in Iowa (United States), patients P2
and P10 in Philadelphia (United States), and patient P9 in Ghent
(Belgium).

Sepofarsen is an antisense oligonucleotide designed for poten-
tial treatment of the vision loss experienced by those with LCA
resulting from the CEP290 c.2991þ1655A/G/p.(Cys998*) mu-
tation.26 Sepofarsen is thought to bind to the exonic splicing
enhancer sequence at intron 26 of the CEP290 pre-mRNA and to
modulate the RNA splicing process, blocking access to the active
cryptic splicing site and restoring preference for the wild-type
splicing sites. A resulting increase of wild-type mRNA transcript
is predicted to lead to an increase of functional CEP290 protein. An
open-label study was designed to evaluate the safety and tolera-
bility of sepofarsen administered via unilateral intravitreal
injection.

This study adhered to the tenets of the Declaration of Helsinki
and was approved by the institutional review boards of the Uni-
versity of Pennsylvania, University of Iowa, and Ghent University.
Adult participants provided informed written consent, whereas
children provided informed written assent, with the parents
providing informed written consent. Contemporaneous with the
clinical trial, patient P10 was enrolled in additional research studies
that were approved by the University of Pennsylvania institutional
review board. These specialized, noninvasive assessments
provided further details of visual function and retinal structure that
expanded the findings from the clinical trial protocol.
Visual Acuity and Rudimentary Spatial Vision

The cohort of 5 participants had clinical LP vision (with no light
localization, also known as LP with no projection) at the time of
enrollment. It is important to note that LP, bare LP, and NLP
designations in the clinic tend to overlap. Depending on the
amount of light, attention, and effort used, it is not uncommon for
some NLP eyes to be renamed as LP or vice versa. Best-corrected
visual acuity measurements with ETDRS and tumbling E charts
were attempted as part of standard protocol at all visits throughout
the trial. In addition, the Berkeley rudimentary vision test27 was
used to allow more precise measurement and categorization of
remnant spatial vision.

Light Sensitivity

Sensitivity to chromatic light flashes with full-field stimulus testing
(FST) was specifically developed for participants with severe
vision loss and lack of oculomotor control.28e31 Full-field stimulus
testing provides a measure of best light sensitivity retained across
the retina, and use of chromatic stimuli allows estimation of the
photoreceptor source. In all 5 participants, per clinical trial
protocol, chromatic FST was performed with dark adaptation with
commercial software using a binary thresholding algorithm and an
unconstrained response-acceptance window.32,33 In addition,
patient P10 underwent chromatic FST as a specialized
assessment under dark-adapted and light-adapted conditions us-
ing a 4/2-dB staircase with 2 response reversals and a limited
response-acceptance window to minimize the effect of extraneous
responses not synchronized with the stimulus presentation.16e18,30

The homogeneous white 10 cd/m2 background for light-adapted
FST was provided by a light-emitting diode (EWL5FW12-P01
[Electrospell]; International Commision on Illumination chroma-
ticity coordinates, x ¼ 0.32, y ¼ 0.33) centered on a plastic bracket
fitting the Colordome (Diagnosys) filter holder. Light output was
controlled by a constant-current pulse-width modulator circuit
(TLC59711; Texas Instruments) powered by a rechargeable battery
(YB1206000-USB; TalentCell).

http://ClinicalTrials.gov
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Pupillometry

Pupillometric recordings (RETIport; Roland Consult Stasche &
Finger GmbH)were performed for all participants per protocol after at
least 40 minutes of binocular dark adaptation. An infrared-sensitive
video camera (uEye; IDS) acquired the direct pupil constriction
videos (in the stimulated eye with the contralateral eye patched) at 30
frames per second, starting from 1 second before the stimulus onset
(baseline before stimulus) for a total duration of 15 seconds. Pupil
magnification was fixed (cornea to camera distance, 0.3 m, 0.05 mm/
pixel). The pupil boundaries were detected and tracked automatically
by the commercial software from the video record (Roland Consult
version 1017.2.0.6). Full-field brief (1-second) white stimuli over a
range of increasing luminances from 0.6 to 3.6 log cd/m2 were used to
evoke transient pupillary light responses (TPLRs) similar to previous
publications.17,22,24

Transient pupillary light response amplitude was defined as the
difference between the pupil diameter at a fixed time (0.9 second)
after the onset of the stimulus and the baseline before stimulus.
Transient pupillary light response latency was defined as the time
to reach 0.2-mm criterion constriction. Typically, 2 to 4 repetitions
were attempted at each intensity. All evaluable responses were
included in analyses. Luminance response functions as defined
below were fit to all measurable responses by minimizing the re-
siduals squared and a GRG nonlinear engine (Excel; Microsoft).
For TPLR amplitude, the following formula was used:

R ¼ Rmaxð Ln

Ln þ Kn
R

Þ;

where R is the response amplitude (in millimeters) at 0.9 second
measured at each luminance (L, in candelas per square meter), Rmax

is the maximum amplitude (in millimeters), KR is the luminance (in
candelas per square meter) to reach half Rmax, and n is the exponent
defining the steepness of the function. Rmax was fixed to the
average of the amplitudes recorded for the highest luminance (to
avoid extrapolation), and KR and n were determined by minimizing
the error. Note that the term in parenthesis is a nonlinear function
between 0 and 1 corresponding to the extremes when L << KR and
L >> KR, respectively. Constraints used for curve fitting were 0.5
� n � 2, 10e5 � KR � 105 cd/m2. For TPLR latency, the following
formula was used:

D ¼ Dmin þ ADð Km
D

Lm þ Km
D

Þ ;

where D is the response latency (in seconds) to reach 0.2-mm
amplitude measured at each luminance (L, in candelas per square
meter), Dmin is the minimum latency (in seconds), AD is a delay
factor (in seconds), KD is the luminance (in candelas per square
meter) that delays the latency by half of AD, and m is the exponent
defining the steepness of the function. Dmin was fixed to the
average of the latencies recorded for the highest luminance (to
avoid extrapolation), and AD, KD, and m were determined by
minimizing the error. Note that the term in parenthesis is a
nonlinear function between 1 and 0 corresponding to the extremes
when L << KD and L >> KD, respectively. Constraints used for
curve fitting were 0.1 � m � 2, 0.2 � AD � 3 seconds, 10e5 � KD

� 105 cd/m2. In addition, red TPLRs were recorded in patient P10
as previously published in others with CEP290 LCA.17,24

Imaging

Spectral-domain OCT was used to obtain cross-sectional imaging
of the retina (RTVue-100; Optovue). En face imaging with near-
infrared illumination was performed with autofluorescence mode
using a confocal scanning laser ophthalmoscope (Spectralis; Hei-
delberg Engineering). For 3 of the participants (patients P1, P2, and
P6) baseline images before treatment and images obtained 1 and 3
months after treatment were published previously, and for 2 of the
participants (patients P9 and P10), baseline images before treat-
ment images and images obtained 1 month after treatment were
published previously.16 Additional imaging data for patient P10
from baseline to 3 months after treatment are included here to
estimate the treatment potential from retinal structure using an
artificial intelligence approach.17,23 In short, a cohort of patients
with retinitis pigmentosa with cone-only function in the macula
were selected, and a machine learning algorithm was trained to
predict local cone sensitivity from the local retinal structure.17,23

We applied this method to patient P10 and estimated the
treatment potential by assuming that the FST sensitivity in
patient P10 originates from the fovea. We compared measured
change in FST sensitivity with the expected treatment potential.
Statistical Analysis

A mixed-effects model was used to analyze the treatment effect
from FST data, with color (blue or red levels), visit (before and
after levels), treatment (control and treated levels), and the inter-
action of the last 2 items as fixed effects and with intercept plus
slope with respect to visit, grouping by participant identification as
random effects. Significance of the treatment effect was assessed
from the interaction term. The effect of dose was analyzed with a
similar model (with color, visit, dose with levels of 160 mg or 320
mg, and the interaction of the last 2 items as fixed effects). All
available observations were used (median number of threshold
measurements per eye, visit, and color was 17 [range, 6e27]). The
within-subject variability at baseline was assessed as � 1.96 �
standard deviation (SD), where SD is the residual SD from the
model using data from both colors and eyes, with color as a fixed
effect and participant identification or eye as nested random effects.
The TPLR data obtained with a single stimulus luminance were
analyzed similarly with a mixed-effects model. Fixed effects were
visit and treatment and their interaction for treatment effect and
visit and dose for dose effect. Only the intercept was modeled to
assess variability. Random effects were the same as for FST. The
median number of TPLR observations per eye and visit was 3.5
(range, 2e5). Analyses were conducted separately for pupillary
constriction amplitude and latency.
Results

The current study is a subanalysis in a subset of patients
who took part in the first sepofarsen trial (ClinicalTrials.gov
identifier, NCT03140969; European Union Drug Regulating
Authorities Clinical Trials Database identifier, 2017-
000813-22). Results published to date16,17,19 from 11 treated
patients with CEP290-LCA demonstrated improvements in
light sensitivity that averaged 0.85 log units at 12 months
after � 1 injections. However, distinct differences were
found among the participants enrolled regarding baseline
VA before treatment (range, 0.6 logarithm of the
minimum angle of resolution to LP), light sensitivity
(range, near normal to near 8 log10-unit deficit), number
of injections (range, 1e4), and recorded adverse events
(range, none to lenticular and retinal changes). For the
current work, we focused on a subset of 5 participants
with binocular LP vision at enrollment and considered the
first 3 months after the first injection to avoid potential
confounders such as differences in the number of
3
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Figure 1. Graphs demonstrating full-field stimulus testing (FST) results show subjective light sensitivity improvements recorded with sepofarsen treatment
in a cohort of 5 participants with light perception vision. A, Dark-adapted chromatic FST thresholds at 2 baseline visits for the control and study eyes.
Normal dark-adapted cone threshold (NCone) and normal dark-adapted rod thresholds for blue stimuli (NRod-B) are shown for reference. B, Change in
FST thresholds from mean baseline value at 3 months. Testeretest variability limits estimated from all baseline data are shown (dashed lines). Study eyes of
patients P1 and P2 received the 160-mg dose, whereas patients P6, P9, and P10 received the 320-mg dose. In all panels, each cluster of points shows
individual FST thresholds with blue (squares) and red (circles) stimuli. Boxplots (colored blue and red for respective stimuli) show the extreme of the lower
and upper whisker, lower and upper hinge, and median.
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subsequent (maintenance) doses injected after the 3-month
time point.

We first evaluated the loss of light sensitivity in the 5
severely affected LP eyes measured at 2 baseline visits
before treatment. Dark-adapted red FST thresholds ranged
from e0.2 to þ3.2 log phot-cd/m2, and blue FST
thresholds from e1.0 to þ2.3 log phot-cd/m2. Patient P6
showed the lowest thresholds (best sensitivity; Fig 1A).
Before treatment, median sensitivities from all 5
participants were worse than the normal dark-adapted
cone plateau threshold of e2.0 log phot-cd/m2 and were
substantially worse than normal dark-adapted rod
thresholds of e4.0 and e6.5 log phot-cd/m2 for red and
blue, respectively.

Photopically matched blue and red FST threshold pairs
for each eye supported the likelihood that mediation was by
cone photoreceptors. Specifically, there was no apparent
reason to suspect involvement of desensitized rods or
intrinsically photosensitive retinal ganglion cells, both of
which would have caused blue minus red differences to be
more than þ2 log10 units. Thus, despite the extremely se-
vere vision loss, 5 selected participants retained abnormally
reduced, but detectable, cone sensitivity that could poten-
tially be improved.
4

To evaluate treatment effects, FST change from average
baseline was calculated at 3 months after injection in
control and study eyes (Fig 1B). The 3-month time point
was chosen because previous data implied potential peak
effect of sepofarsen by this time and it preceded variability
in the number of maintenance injections. Previously, we
reported that the average values of FST sensitivity in-
crease16,19; however, individual estimates and their
variability were not considered. Individual FST
thresholds in uninjected control eyes tended to be similar
to baseline thresholds, whereas in injected study eyes,
FST improvement was found across all participants (Fig
1B).

Statistical analysis of all the data across the 5 participants
was performed using mixed-effects models to account for
internal correlation of the data. At baseline, variability es-
timates were �1.24 log units (95% confidence interval of
residuals), which was higher than previous estimates of
�0.40 log units in a larger population of patients that
included mostly those retaining better vision than LP.30

Increased variability of vision-based perceptual measure-
ments was expected in severely affected participants who
tended to not be visual. The model estimates for FST
thresholds at baseline were 0.81 and 1.0 log cd/m2 for



Figure 2. Graphs demonstrating transient pupillary light reflex (TPLR) results show objective light sensitivity improvements recorded with sepofarsen
treatment in a cohort of 5 participants with light perception vision. Both (A) amplitude and (B) latency of the TPLR evoked with a white 40 cd/m2 stimulus
in dark-adapted eyes are evaluated. In patient P6, a white 4-cd/m2 stimulus was used (Supplemental Fig 1). Upper panels show results at baseline and lower
panels show the change from mean baseline at 3 months in control and study eyes. Boxplots show the extreme of the lower and upper whisker, lower and
upper hinge, and median. Testeretest variability limits estimated from all baseline data are shown (dashed lines) in lower panels.
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control and study eyes, respectively. At 3 months, the dif-
ference from baseline was not significant for uninjected
control eyes (e0.22 log; P ¼ 0.3). In contrast, study eyes
showed a large mean improvement of e1.75 log versus
baseline (P < 0.001). The blue minus red differences at both
baseline and 3 months were not different than 0 (P ¼ 0.59;
range, e1.1 to 0.72 log units), compatible with cone
mediation after taking into account the higher variability in
these participants. In terms of dose, low- and high-dose
groups showed similar thresholds at baseline (P ¼ 0.44).
Improvements after treatment from baseline were e1.27
and e2.11 log units for the 160-mg and 320-mg dose groups,
respectively, but this difference did not reach significance
(P ¼ 0.44).
5



Figure 3. Images showing the retinal structure of subject P10 at baseline (BL) and months 1 through 3 (M1, M2, and M3, respectively) in the untreated
control eye and study eye, which received an intravitreal injection of 320 mg sepofarsen. En face images (square panels on left) display near-infrared
autofluorescence representing retinal pigment epithelium melanization. The brighter central ellipse is the stereotypically retained region in CEP290-Leber
congenital amaurosis, surrounded by loss of signal resulting from retinal degeneration and demelanization of the retinal pigment epithelium. The near-
infrared autofluorescence images from months 1 through 3 have been registered to the BL image of each eye to allow comparison. Cross-sectional images
(rectangular panels on right) are OCT scans along the horizontal meridian crossing the fovea. Calibration shown on lower right.
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Considering the difficulty and variability of making
perceptual FST measurements in patients with LP vision,
we next evaluated whether objective evidence of im-
provements in the visual system existed. One important
objective outcome is TPLR,31 and we previously predicted
that improvements in cone photoreceptor function of
individuals with CEP290-LCA should accelerate the
TPLR.24 Consistent with this prediction, in one
participant (patient P11), sepofarsen injection did indeed
accelerate TPLR latency, as previously shown.17 What
remained unknown was whether such objective
improvements could also be recorded with a standardized
protocol across multiple international centers, especially
in severely affected patients with LP vision and
wandering eyes, providing a severe challenge to stable
imaging of the pupil.

Families of TPLR responses evoked with 4 increasing
luminances of white stimuli in dark-adapted eyes were
quantified for response amplitude and latency and were
modeled with luminance-response functions. The raw data,
models (Supplemental Fig 1), and model parameters
(Supplemental Table 2) are provided. At baseline before
6

treatment, dark-adapted pupil diameters ranged from 3.7 to
7.5 mm, maximum constriction amplitude ranged from 0.6
to 1.8 mm, luminance at half maximum response ranged
from 0.7 to 2.9 log cd/m2, and minimum latencies ranged
from 0.4 to 0.7 seconds. Results from contralateral eyes
tended to be symmetric. It was notable that the TPLR pa-
rameters of patient P6 were distinctly better than those of the
other 4 participants, consistent with a similar trend seen in
that patient’s FST results when compared with those of the
other participants. At 3 months after the treatment, a ten-
dency was found for larger maximum constriction ampli-
tudes and faster latencies in the treated eyes (Supplemental
Fig 1).

Statistical analysis of TPLR data across the 5 participants
was performed using mixed-effects models to account for
internal correlation of the data (Fig 2). For these analyses, a
single luminance was chosen based on previous
literature,17,24 as well as to balance considerations
showing saturation at higher luminances and lack of
response at lower luminances (Supplemental Fig 1). At
baseline, variability estimates for response amplitude and
latency were �0.286 mm and �0.227 second (95%



Figure 4. Graphs showing specialized chromatic full-field stimulus testing (FST) results of participant P10 at baseline and months 1 through 3 in the untreated
control eye and study eye, which received an intravitreal injection of 320 mg sepofarsen. AeD, Full-field stimulus testing threshold changes from the baseline
mean are shown for red (A, B) and blue (C, D) stimuli under dark-adapted (DA) and light-adapted (LA) conditions. Maximum treatment (Tx) potential
predicted from artificial intelligence evaluation of patient P10’s foveal OCT data are shown for DA FST (A, C). Gray dashed line represents no change from
baseline. Symbols and error bars represent mean and �1 standard deviation. E, F, Interocular difference of mean DA and LA FST thresholds.
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confidence interval of residuals), respectively. The model
estimates for TPLR response amplitude and latency at
baseline were 0.39 mm and 0.72 second, respectively, for
uninjected control eyes, and 0.28 mm and 0.78 second,
respectively, for study eyes. At 3 months, control eyes
showed no significant mean change in amplitude or
latency (P ¼ 0.96 and P ¼ 0.88, respectively). In contrast,
study eyes showed a mean improvement in visual
function: 0.44-mm increase in amplitude and 0.29-second
acceleration in latency (P < 0.001 in both metrics,
interaction term). No evidence was found of a difference in
treatment effect related to dose on the pupillary response
parameters (P ¼ 0.7 and P ¼ 0.78 for amplitude and la-
tency, respectively). No significant correlation was found
between the magnitude of the FST changes and TPLR
changes (P ¼ 0.6 and P ¼ 0.53 for FST vs. TPLR amplitude
and vs. TPLR latency changes, respectively, Pearson’s
correlation) likely because of the FST originating from
changes at the fovea, whereas TPLR is driven by the
parafovea.17,24
7



Figure 5. Graphs showing specialized transient pupillary light reflex (TPLR) results of participant P10 at baseline and months 1 through 3 (M1, M2, and
M3, respectively) in the untreated control eye and study eye, which received an intravitreal injection of 320 mg sepofarsen. A, Traces of mean pupillary
diameter as a function of time for brief (1-second) red full-field flashes of 50 cd/m2 luminance at baseline (thick gray lines, duplicated at each panel) and at
M1, M2, and M3 after injection. Thick black traces are uninjected control eyes and green traces are injected study eyes. Evaluable TPLRs were missing at M1
for the control eye. A representative normal response (dashed line) shown for comparison. Stimulus marker and scale bar are shown. B, C, Constriction
amplitude and latency changes from mean baseline for control (black symbols) and study (green symbols) eyes. Gray dashed line represents no change from
baseline.
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Subjective (FST) and objective (TPLR) evaluation of the
visual system in participants with LP vision treated with
sepofarsen provided incontrovertible evidence of significant
improvement in the cone photoreceptors’ ability to catch
light quanta. What about improvements in spatial vision?
As previously reported, only 1 of the participants,
patient P2, showed a large increase in VA, from LP to 20/
400,16 whereas patients P1, P6, P9, and P10 showed no
evidence of VA improvements and remained at LP vision
bilaterally.16,17,19 Patients P1, P6, P9, and P10 also failed
results for the coarsest measures of spatial vision with
Berkeley rudimentary vision testing27 in both eyes at all
visits.

To better understand the potential causes of the apparent
incongruity between light sensitivity improvements recor-
ded with subjective and objective methods in all 5 partici-
pants, but VA improvement recorded in only 1 participant,
we further evaluated potential individual differences in
neurodevelopmental history (Supplemental Material).
Surprisingly, patient P2, who showed VA improvement,
8

had a medical history consistent with having spatial vision
and measurable chart acuity at least in 1 eye in early
childhood that was progressively lost after the second
decade of life. This was in distinct contrast to medical
histories of patients P1, P6, P9, and P10, who were
consistent with showing congenital binocular complete
blindness with no evidence of spatial vision from early
childhood.

To obtain potential clues for understanding the relation-
ship in retinal structure and visual function, additional
research investigations were performed in patient P10 as a
representative of the 4 participants who showed light
sensitivity improvements without spatial vision improve-
ment. Patient P10 harbored a retinal structure stereotypical
for CEP290-LCA consisting of an elliptical central island of
retained retinal pigment epithelium melanization and pho-
toreceptors as apparent on near-infrared autofluorescence
and OCT imaging in both eyes (Fig 3). Three months after a
single uniocular injection of intravitreal sepofarsen, no
changes were visible to the en face or cross-sectional
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retinal structure, thus ruling out a major loss of photore-
ceptors as a potential reason for the lack of spatial vision
response (Fig 3).

We used specialized chromatic FSTs16,17 to better
understand the magnitude and kinetics of changes in light
sensitivity after treatment. Under dark-adapted conditions,
both red and blue FSTs substantially increased by 2 and 1.5
log, respectively, in the treated eye at 1 month and remained
improved through 3 months (Fig 4A, C). A smaller increase
in the untreated eye was found such that interocular
differences increased from near 0 to > 1 log unit for both
colors (Fig 4E). Photopically matched thresholds at
baseline followed by synchronized chromatic changes
suggested that remnant cone function was the source of
this rudimentary vision and that improvement was
originating from cone photoreceptors.

The FST sensitivity improvements of patient P10 after
treatment were reasonably predictable from the retinal
structure,23 assuming the light sensitivity was originating
from the fovea (Fig 4A, C). Red FST sensitivities after
treatment were within approximately 0.5 log of prediction,
and blue FSTs were within approximately 0.2 log of
prediction. Under light-adapted conditions, FST improve-
ments in the treated eye and the interocular difference
showed smaller magnitude (Fig 4B, D, F), as previously
shown in 2 other patients treated with sepofarsen.16,17

Objective evidence of changes to the visual system in
patient P10 were then examined with TPLR using red
stimuli, which would be expected to stimulate cone photo-
receptors preferentially (Fig 5).17,18,24 At baseline, red
TPLRs were small in amplitude and slow in latency. At 2
and 3 months after the sepofarsen injection, a substantial
acceleration of the TPLR was found in the study eye
qualitatively (Fig 5A) as well as quantitatively (Fig 5B, C).
Discussion

The pathophysiology of CEP290-LCA is defined by lack of
light sensitivity in central cone photoreceptors that can
survive structurally for decades.9,20 For interventions aiming
to treat CEP290-LCA, a key efficacy outcome involves
measurement of light sensitivity. Previous results with
sepofarsen demonstrated improvements in light sensitivity
that could also be associated with clinically meaningful
and statistically significant gains in VA in some
participants, but not in others.16,17,19 Among the special
cohort of 5 participants with LP vision treated with
sepofarsen, 1 participant (patient P2) was notable for
improving acuity from LP to 20/400, whereas 4 other
participants (patients P1, P6, P9, and P10) showed
apparent light sensitivity improvements by FST without
any changes in VA.16,17,19 Why these 4 participants
differed from participant P2 was not understood. The
current work was an in-depth analysis into the data, with
standard as well as novel methods, together with examina-
tion of the neurodevelopmental history of each participant,
to better understand visual consequences of sepofarsen
injected into eyes with LP vision. Duration of analysis was
limited to the 3 months after the first injection to retain as
much experimental homogeneity as possible. After 3
months, the trial continued for 9 more months,17,19 but
different participants received variable numbers of
additional injections, thus making comparisons more
difficult. Also, the 3-month time point seemed to corre-
spond to the approximate peak of sepofarsen pharmacody-
namics based on 1 eye that received a single injection and
was followed up for 15 months.17

Light perception vision is agreed to represent one of the
most severe forms of blindness because it corresponds to the
ability to distinguish between light and dark without being
able to distinguish spatial pattern or, in many cases, direc-
tionality of light. Despite a long history of being a clinical
descriptor, the LP designation is rarely defined in detail. For
example, what is the amount of light required? Does the color
of light make a difference? What are the sources of photore-
ceptors providing LP vision? Full-field stimulus testing is a
useful quantitative technique we have developed that can
provide answers to such questions.28e31 In the case of the
current cohort of participants with LP vision, chromatic FST
results suggested remnant cone photoreceptors mediating the
light sensitivity, which would be consistent with the primary
pathophysiologic features of CEP290-LCA, in which rod
photoreceptors tend to degenerate completely within the first
decade of life and dysfunctional central cones survive.9,20 In
general, FST sensitivity for 5 participants with LP vision was
lower (worse) than 6 patients with retained spatial vision.
However, the patients with LP vision showed a wide
spectrum of light sensitivity ranging over 3 log units, and
some overlap occurred between groups. For example,
patient P6 with LP vision showed equal or better light
sensitivity than patients P3 with spatial vision of 2.5
logarithm of the minimum angle of resolution units
detectable with the Berkeley rudimentary vision test
method. It could be hypothesized that patient P2’s acuity
gain was driven by relatively better light sensitivity, but this
hypothesis was not supported because the baseline FST
results for patient P2 were not the best (or the worst) among
participants with LP vision.

The incongruence between FST and acuity improve-
ments among LP participants could have been the result of
the variability of performing a perceptual test in participants
with very little vision or driven by motivational differences
that are especially prevalent in open-label trials where the
participant knows which eye has been injected. Therefore,
we examined objective TPLR results in participants with LP
vision, as we had done previously in a different participant
receiving sepofarsen treatment.17 Participants with LP
vision showed improvements in pupillary constriction
parameters in treated eyes (Figs 2 and 5; Supplemental
Fig 1), thus providing objective support to the subjective
FST results. Importantly, TPLR provides evidence of the
function of brainstem visual pathways, but does not
provide evidence of cortical activation. Future studies
could be planned to measure cortical activation with
specific functional magnetic resonance imaging stimuli
designed for patients with severe vision loss.10e13,34

Among other choices to explain differences in outcome
among participants with LP vision was consideration of po-
tential differences in available cortical plasticity. All 5
9
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participants retained the capacity to perceive improved level
of light sensitivity, but only patient P2 retained the plasticity
to gain spatial vision. Normally, participants treated within
the first decade of life are thought to have the largest plas-
ticity, but counterintuitively, patient P2 was substantially
older at the time of the treatment than the 4 remaining par-
ticipants with LP vision, although none were treated within
the first decade of life. On careful evaluation of early visual
neurodevelopmental history, it became clear that patient P2
had a history of spatial vision in early life that was progres-
sively lost over several decades, whereas the remaining par-
ticipants with LP vision never showed evidence of spatial
vision. Assuming the results from the single patient P2 can be
extrapolated to others, our data lead to the parsimonious hy-
pothesis that a subset of (older) adult participants with LP
vision with CEP290-LCA and a developmental history of
having spatial vision may gain the most spatial vision with
sepofarsen. Additionally, adult participants with LP vision
with CEP290-LCA and no developmental history of having
spatial vision could potentially benefit from sepofarsen via
retinal sensitivity improvement, which could translate into
improvement in quality of life and potentially long-term
improvement in spatial vision. This speculation will require
evaluation of data well beyond 1 year.
10
If sepofarsen were to be approved for use in individuals
with CEP290-LCA in the future, physicians may have to
provide guidance for the expectations of a large subset of
adult patients with CEP290-LCA and LP vision regarding
the potential for dramatic gain of spatial vision versus gain
of light sensitivity without spatial vision. Early develop-
mental history of vision could help in this regard. In
addition, evaluation of oculomotor instability may also
assist in prognosis. Congenital complete binocular vision
loss tends to lead to wandering or roving eye movements,
which show large amplitude involuntary deviations from
primary gaze.21 Individuals who completely lose their
vision in later life tend to be able to control eyes closer
to primary gaze.

Hypotheses reported in this article are based on efficacy
data from a limited number of participants older than 15
years with LP vision treated with sepofarsen in a phase 1b/2
trial. Data from an ongoing study designed specifically for
participants younger than 8 years (ClinicalTrials.gov iden-
tifier, NCT04855045; European Union Drug Regulating
Authorities Clinical Trials Database identifier, 2020-
000535-45) will potentially answer questions regarding
differences in spatial vision gains as a function of age at
treatment.
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