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Purposk. To study cone photoreceptor structure and function
in patients with inherited retinal degenerations treated with
sustained-release ciliary neurotrophic factor (CNTF).

MEeTHODS. TWO patients with retinitis pigmentosa and one with
Usher syndrome type 2 who participated in a phase 2 clinical
trial received CNTF delivered by an encapsulated cell technol-
ogy implant in one eye and sham surgery in the contralateral
eye. Patients were followed longitudinally over 30 to 35
months. Adaptive optics scanning laser ophthalmoscopy
(AOSLO) provided high-resolution images at baseline and at 3,
6, 12, 18, and 24 months. AOSLO measures of cone spacing
and density and optical coherence tomography measures of
retinal thickness were correlated with visual function, includ-
ing visual acuity (VA), visual field sensitivity, and full-field
electroretinography (ERG).

ResuLts. No significant changes in VA, visual field sensitivity, or
ERG responses were observed in either eye of the three pa-
tients over 24 months. Outer retinal layers were significantly
thicker in CNTF-treated eyes than in sham-treated eyes (P <
0.005). Cone spacing increased by 2.9% more per year in
sham-treated eyes than in CNTF-treated eyes (P < 0.001, linear
mixed model), and cone density decreased by 9.1%, or 223
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cones/degree® more per year in sham-treated than in CNTF-
treated eyes (P = 0.002, linear mixed model).

Concrusions. AOSLO images provided a sensitive measure of
disease progression and treatment response in patients with
inherited retinal degenerations. Larger studies of cone struc-
ture using high-resolution imaging techniques are urgently
needed to evaluate the effect of CNTF treatment in patients
with inherited retinal degenerations. (ClinicalTrials.gov num-
ber, NCT00447980.) (Invest Opbthalmol Vis Sci. 2011;52:
2219-2226) DOI:10.1167/i0vs.10-6479

nherited retinal degenerations represent a genetically heteroge-

neous group of diseases that include retinitis pigmentosa (RP)
and Usher syndrome type 2. Retinal degenerations are character-
ized by slowly progressive death of rod and cone photoreceptors
and relentless vision loss." One of the challenges that has ham-
pered the development of treatments that may slow vision loss in
retinal degeneration is the lack of sensitive outcome measures of
disease progression.”> Objective, sensitive measures of photore-
ceptor survival may reduce the time required to identify a treat-
ment effect of an experimental therapy.

Neurotrophic factors such as ciliary neurotrophic factor
(CNTF) have shown promise in slowing the progression of
retinal degeneration.>* Recent studies suggest CNTF can pre-
vent and reverse secondary cone degeneration caused by a
mutation in rhodopsin, a rod-specific gene.”> A phase 1 study®
of CNTF delivered by intravitreal implantation of a device
containing encapsulated cells transfected with the human
CNTF gene showed promising results in 10 patients with in-
herited retinal degeneration. Two phase 2 studies were initi-
ated in patients with earlier (CNTF4; ClinicalTrials.gov num-
ber, NCT00447980) and later stage (CNTF3; ClinicalTrials.gov
number, NCT00447993) inherited retinal degeneration. The
objective of the CNTF4 study was to investigate whether CNTF
treatment slows the loss of visual field sensitivity relative to the
contralateral control eye over 24 months. However, natural
history studies of retinal degeneration predict that significant
changes in visual function may be measured reliably only after
more than 7 years,””® suggesting that significant photoreceptor
loss is necessary before changes in visual acuity function can
be measured reliably. Outcome measures with greater sensitiv-
ity than standard measures of visual function can provide are
urgently needed to assess photoreceptors during disease pro-
gression and in response to experimental treatments such as
CNTF in eyes with retinal degeneration.

Standard clinical imaging techniques cannot visualize indi-
vidual photoreceptors because of optical imperfections in liv-
ing eyes. However, adaptive optics (AO) ophthalmoscopy,
including adaptive optics scanning laser ophthalmoscopy
(AOSLO), can produce images of individual cone photorecep-
tors noninvasively in living eyes.'®”'? Direct visualization of
cones allows comparison of cone spacing and density and, in
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ideal situations, tracking of individual cones longitudinally.
Cone spacing and density have been used to characterize both
normal eyes and eyes with retinal degeneration.'"">"*° How-
ever, they have not been used to track disease progression or
response to treatment, including CNTF, in eyes with retinal
degeneration.

We present the first images of individual cone photorecep-
tors observed longitudinally in normal eyes and in patients
with inherited retinal degenerations during disease progres-
sion. We also report changes in cone photoreceptor structure
in response to CNTF therapy in three patients with inherited
retinal degenerations participating in the CNTF4 phase 2 clin-
ical trial.

MATERIALS AND METHODS

This prospective study of 3 of the 68 participants enrolled in the
CNTF4 phase 2 study was conducted at a single center where AOSLO
images were acquired. Research procedures followed the tenets of the
Declaration of Helsinki. Informed consent was obtained from all sub-
jects after explanation of the nature and possible consequences of the
studies. The study protocol was approved by the institutional review
boards of the University of California, San Francisco and the University
of California, Berkeley.

Clinical Examination

Patients were enrolled between April 13, 2007, and May 18, 2007. On
the day of surgery, one eye was randomly assigned to receive sustained-
release CNTF (NT-501; Neurotech, Lincoln, R) while the contralateral
eye received sham surgery. Additionally, patients were randomly as-
signed to receive a higher- or lower-dose implant and were masked to
both randomizations. The CNTF delivery rate of the implant was
determined before implantation by ELISA (R&D Systems, Minneapolis,
MN), with the low-dose implant secreting 5 ng/d and the high-dose
implant secreting 20 ng/d CNTF. Patients were evaluated at three
baseline visits, then at 3, 6, 12, 18, 24, and 30 months after surgery
with best-corrected visual acuity, Early Treatment of Diabetic Retinop-
athy Study (ETDRS) score, and visual field sensitivity measured with
automated perimetry using a Humphrey visual field 30 -2 test repeated
four times at each visit (HFA II 750-6116-12.6; Carl Zeiss Meditec, Inc.,
Dublin, CA). Time-domain OCT (Stratus OCT 4.0.2 software; Zeiss
Instruments, Dublin, CA) images were obtained at baseline and at 12,
24, and 30 months; central foveal thickness from the fast macular
thickness map and macular volume were analyzed. Spectral-domain
OCT images (Spectralis HRA + OCT Laser Scanning Camera System,
Heidelberg Engineering, Vista, CA) were obtained at study visits begin-
ning 12 months after surgery. Twenty-degree horizontal OCT scans
were acquired through the anatomic fovea; central foveal thickness
and volume were measured.?! Fullfield electroretinogram (ERG) re-
sponses were measured according to International Society for Clinical
Electrophysiology of Vision standards as previously described.?’
Genetic testing was performed in patient 1 at The John and Marcia
Carver Nonprofit Genetic Testing Laboratory (Iowa City, IA). Patients
were given the option to have the implant (NT-501; Neurotech) re-
moved after 24 to 30 months.

AOSLO Image Acquisition and Cone Analysis

High-resolution images of cone photoreceptors in the macula were ob-
tained as previously described.'®?° Cone spacing measures were per-
formed by two independent observers (KET and AR) who were masked to
the treatment assignment of each eye during analysis. Severe cystoid
macular edema and vitreous opacities precluded acquisition of AOSLO
images in the sham-treated eye of patient 3 (Fig. 1C). Because media
opacities, weakly reflecting cones, and blood vessels precluded visu-
alization of a contiguous cone mosaic across the AOSLO image at every
visit, we adopted three different methods to quantify the change in
cones over time: cone spacing, cone density and cone tracking. All
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analyses involved selecting regions of interest (ROIs) in which unam-
biguous mosaics of cones were seen.

Cone spacing analyses are least affected by image quality variations
because this method does not require identification of every cone
within the ROL If enough nearest neighbors are identified, a histogram
of all intercone distances within the set will reveal the average nearest
neighbor distance.'¥2%22 For cone spacing, ROIs were selected in
which unambiguous cones were visualized at each of the two baseline
visits by two investigators who were masked to treatment assignment.
ROIs selected for cone spacing analyses were 0.56° to 1.96° from the
fovea in the sham-treated eye and 0.87° to 2.42° in the CNTF-treated
eye in patient 1, 0.53° to 3.08° from the fovea in the sham-treated eye
and 0.85° to 2.19° in the CNTF-treated eye in patient 2, and 0.74° to
1.46° from the fovea in the CNTF-treated eye in patient 3. Average
cone spacing at these prospectively determined ROIs was computed at
3, 0, 12, 18, 24, and 30 months after surgery and compared with similar
locations in three age-similar normal subjects followed over 13 to 53
months.

Cone density analysis creates stricter demands on image quality
because it requires that all cones within an ROI be identified; therefore,
the power of the cone density measurement is greater than cone
spacing. The total number of cones whose centers fall within the ROI
is divided by the area to compute the number of cones/degree?. ROIs
for cone density were prospectively selected where all cones could be
identified in one of the baseline montages, and a second measurement
was taken at least 12 months later. Cone density locations were 0.51°
to 1.60° from the fovea in the sham-treated eye and 0.56° to 1.42° in
the CNTF-treated eye in patient 1; locations ranged from 1.72° to 3.00°
in the sham-treated eye and 1.31° to 2.32° in the CNTF-treated eye; in
patient 3, cone density locations were 0.97° to 1.44° in the CNTF-
treated eye. The error in cone density estimates was attributed to cone
selection (3 of 50 misidentified cones, or +6%), spectacle magnifica-
tion errors (~1%), distortion in cone images from eye motion (~1%),
and selection of ROI (~1%). Assuming the errors to be random and
independent, a conservative estimate of the error in cone density is
+06.3%.

Finally, individual cone tracking is possible when the image quality
is ideal and the cone mosaic has not changed. In an individual cone
tracking analysis, a direct cone-to-cone match is a definitive measure of
lack of progression.

Statistical Analysis

We conducted pooled linear regression for visual function and OCT
thickness measures. Time after implant, experimental status, and pa-
tient were included as regressors. Linear mixed models were used to fit
repeated-measures observations for cone spacing for each ROI over
time. We used the log cone spacing as the outcome, and we used the
following as fixed-effect regressors: distance from the fovea of each
region, patient, time, eye status (experimental, diseased control, nor-
mal), and interaction between eye status and time. A random intercept
was used for each region. The model was fit (SAS Proc Mixed, version
9; SAS Institute, Cary NC), with the Kenward-Roger®? adjustment for
degrees of freedom. The same method (and regressors) was used with
cone density observations. Postexplant times were excluded. Bonfer-
roni adjustment for multiple comparisons indicated values smaller than
0.005 could be considered statistically significant at the 0.05 level
(adjusting for 10 analyses). We conducted a sensitivity analysis for the
cone spacing data. We assumed a spatial autocorrelation between
regions in the same eye (accounting for multiple observations per
person) and a temporal autocorrelation between observations taken in
the same region. This analysis yielded results essentially identical to
those reported (P < 0.0001).

RESULTS

Clinical Characteristics

Patient 1 (autosomal dominant retinitis pigmentosa [adRP]
with a rhodopsin mutation) received a higher-dose implant that
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FIGURE 1. Retinal and AOSLO images. For each patient, fundus photographs are shown with AOSLO images and foveal horizontal spectral-domain
optical coherence tomography (OCT) scans superimposed (horizontal lines: OCT scan location; white squares on AOSLO images: ROIs where
cone spacing was analyzed in each AOSLO image over 30 months; yellow squares: retinal locations of density examples shown in Fig. 2).
(A) Sham-treated and CNTF-treated eyes of patient 1. (B) Sham-treated and CNTF-treated eyes of patient 2. Bilateral epiretinal membranes on OCT
images. (C) CNTF-treated and sham-treated eyes of patient 3. No AOSLO images were acquired in the sham-treated eye of patient 3 because of
severe cystoid macular edema and vitreous opacities (arrow points to opacity obscuring retinal detail).

was secreting 1.42 ng CNTF/d when the patient elected to
have it removed after 30 months because she wanted to be-
come pregnant and the effects of maternal intraocular CNTF
exposure on fetal development, if any, are unknown. Patients
2 (Usher syndrome type 2) and 3 (simplex RP) received lower-
dose CNTF implants. Patient 3’s implant was secreting 0.45 ng

CNTF/d when she elected to have it removed after 24 months
because she, too, wanted to become pregnant. Patient 2
elected to retain the implant at the end of the study. No ocular
or systemic adverse events as defined by the study protocol
were observed in any of the three patients during the study
period (Table 1).
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Visual Function Measures

There was no significant difference in visual acuity, ETDRS
score, foveal sensitivity, visual field sensitivity, photopic single
flash, or flicker ERG amplitude or timing over 30 months
between CNTF-treated and sham-treated eyes (Table 1). There
was no significant change in any of these measures from
baseline in either CNTF-treated or sham-treated eyes over 30
months.

Structural Measures

At baseline, foveal thickness in patient 1 was symmetric in each
eye (Fig. 1A). In patient 2, foveal thickness was symmetric and

Cone Structure in CNTF-Treated Eyes 2223

slightly increased with bilateral epiretinal membranes (Fig. 1B).
Patient 3 had cystoid macular edema in each eye at baseline
that was more severe in the sham-treated eye and that fluctu-
ated during the study (Fig. 1C). Because the cystoid macular
edema restricted our ability to identify a CNTF-related effect on
retinal thickness, OCT data from patient 3 were excluded from
analysis.

Time-domain OCT showed central foveal thickness was
16.5 (95% confidence interval [CI], 7.2-25.7) um greater (P =
0.005) and foveal macular volume was 0.43 (95% CI, 0.15-
0.70) mm? larger in CNTF-treated than in the sham-treated eyes
(P = 0.009). Spectral-domain OCT showed central foveal thick-
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FIGURE 2.

Cone photoreceptor density using AOSLO. Examples of paired AOSLO images at baseline and post-treatment in patient 1 sham (A) and

CNTEF-treated (B), patient 2 sham (C) and CNTF-treated (D), and patient 3 CNTF-treated (F) eyes in which cone density measurements were made
(yellow squares, Fig. 1). Red dots: cones identified for density analysis. (E) Cone density over time in sham (red, n = 9) and CNTF-treated (blue)
eyes (n = 12). Solid lines: patient 1; long dashed line: patient 2; short dashed lines: patient 3; gray bar: measurement error (+£6.3%).
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ness was 22.8 (95% CI, 16.8-28.9) um greater (P < 0.001) and
foveal volume was 0.21 (95% CI, 0.15-0.27) mm? larger (P <
0.001) in CNTF-treated eyes than in sham-treated eyes. Both
time-domain and spectral-domain OCT images demonstrated
increased thickness of the outer retinal layers, in which pho-
toreceptor nuclei and inner and outer segments reside, in
CNTF-treated eyes.

Cone Photoreceptor Structure Analysis from
AOSLO Images

Three methods were used to quantify the changes in cone
photoreceptors: cone spacing, cone density, and cone track-
ing.

Cone Spacing

ROIs were selected for cone spacing analyses longitudinally at
similar eccentricities in each eye imaged (Fig. 1, white boxes).
Severe cystoid macular edema and vitreous opacities precluded
acquisition of AOSLO images in the sham-treated eye of patient
3 (Fig. 1C). Cone spacing increased significantly over time in 8
of 15 (53%) ROIs in sham-treated eyes but did not increase
significantly in any ROIs (0/26) in the CNTF-treated eyes.
Taken together, cone spacing increased by 2.9% (95% CI,
1.8%-4.1%) or by 0.042 arcmin (95% CI, 0.026-0.059) more
per year in the sham-treated eyes than in CNTF-treated eyes
(P < 0.001, linear mixed model). Repeated-measures analysis
of cone spacing included three normal eyes that showed no
increase in cone spacing in 13 ROIs followed for 16 to 53
months. There was no significant difference in the rate of cone
spacing change between CNTF-treated eyes and normal eyes
(P = 0.20).

Cone Density

Cone density was measured within selected ROIs at baseline
and at least one subsequent imaging session 12 to 35 months
later (Figs. 1, 2). Cone density decreased by 9% to 24% in 5 of
6 (83%) locations in the sham-treated eye but remained stable
in 4 of 4 locations (100%) in the CNTF-treated eye of patient 1.
Cone density decreased by 12% to 21% in 3 of 3 locations
(100%) in the sham-treated eye but remained stable in 4 of 4
locations (100%) in the CNTF-treated eye of patient 2. Cone
density remained stable in 4 of 4 (100%) locations in the
CNTF-treated eye of patient 3. Overall, cone density decreased
by 9% to 24% in 8 of 9 locations (89%) in sham-treated eyes but
remained stable in 12 of 12 (100%) locations in the CNTF-
treated eyes, changing less than the range of estimated mea-
surement error (+6.3%; Fig. 2E). Within the selected regions,
cone density decreased by 9.1% (95% CI, 6.6%-11.6%) or 223
(95% CI, 158-288) cones/degree” more per year in sham-
treated than in CNTF-treated eyes (P = 0.002, linear mixed
model).

Individual Cone Tracking

When images are of ideal quality, individual cones can be
identified within a mosaic and monitored longitudinally. In a
normal eye, virtually all cones were seen, and only 8 of 1906
cones (0.4%) were not visualized when the same location was
imaged 53 months later (Fig. 3A). In the CNTF-treated eye of
patient 3, individual cones were followed without significant
change over 32 months, indicating that no measureable pro-
gression occurred at this location (Fig. 3B).

DISCUSSION

This study presents the first images of cone photoreceptors in
normal eyes monitored longitudinally and in patients with

IOVS, April 2011, Vol. 52, No. 5
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FIGURE 3. Cone photoreceptor tracking using AOSLO. (A) Individual
cones (red crosses) are visible within a mosaic in a normal subject at
baseline (fop) and 53 months later (bottom). Yellow circles: cones
(8/1906 or 0.4%) that were not seen 53 months later. (B) Individual
cones are visible within a mosaic in the CNTF-treated eye of patient 3
at baseline (fop), 20 months (middle), and 32 months (bottom) and
show no loss over 32 months.
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retinal degeneration during disease progression and in re-
sponse to CNTF therapy. Previous studies have used AOSLO to
describe cone spacing and density in normal and diseased eyes,
but have not reported changes in cone structure during retinal
degeneration or in response to treatment.'"'37>°

In the present study, we observed significant cone loss in
the sham-treated eyes of patients 1 and 2 at most retinal
locations over the 35-month study period. In contrast, in all
three patients, AOSLO images showed significantly reduced
rates of cone loss in CNTF-treated eyes compared with con-
tralateral sham-treated eyes. Cone spacing changes in CNTF-
treated eyes were not significantly different from those in
normal eyes studied over similar periods. No significant de-
crease in cone density was observed in the CNTF-treated eyes.
In some locations with ideal image quality, individual cones
were followed within a mosaic over 32 months in an eye with
retinal degeneration that received CNTF. Taken together, these
data suggest that exposure to sustained-release CNTF was as-
sociated with reduced cone loss.

Foveal thickness was significantly increased in CNTF-treated
eyes. CNTF treatment causes increased euchromatin and outer
nuclear layer thickness in animal models of retinal degenera-
tion.?* =27 We observed increased retinal thickness at the fovea
in eyes with inherited retinal degenerations treated with CNTF.
At the fovea, the retinal thickness consists of the outer nuclear
layer and the inner and outer segment layers, where the pho-
toreceptors are located. The increased thickness measured
with OCT in eyes treated with CNTF may be consistent with
the increased thickness of the outer nuclear layer and photo-
receptor inner and outer segment layers observed in histologic
studies of animal models of retinal degeneration treated with
CNTF.>*-%7 Taken together with the en face images acquired
using AOSLO, the present study demonstrates reduced cone
loss in eyes treated with CNTF, which should ultimately result
in improved outcomes for patients with retinal degeneration.

Patients in the present study showed no significant changes
in visual acuity, visual field, or ERG responses. Several factors
complicate analyses of visual function as an outcome measure
for clinical trials in patients with retinal degeneration. Retinal
degeneration tends to progress slowly over years, so severe
photoreceptor loss must occur before reliable, significant dif-
ferences are measureable in visual function.””® ERG measures
global outer retinal function and is often reduced below mea-
surable levels in this patient population, whereas visual acuity
is often preserved despite advanced retinal degeneration. Al-
though no significant changes in any standard clinical measures
of retinal degeneration were observed during the study period,
we observed significant changes in cone spacing and density in
sham-treated eyes of a patient with adRP and a patient with
Usher syndrome type 2. Our results suggest that direct obser-
vation and analysis of high-resolution images of cone structure
may provide a sensitive, objective measure of disease progres-
sion and treatment response in patients with inherited retinal
degenerations over a 2-year period.

The study is limited by the small number of eyes evaluated
and the number of retinal locations analyzed. Intraretinal vari-
ation in cone spacing and density was observed, and it is
possible that the areas analyzed were not representative of the
entire retina. Our analyses are based on regions in which cones
were visualized unambiguously and likely represent a conser-
vative estimate of the severity of retinal degeneration. How-
ever, similar locations were analyzed in both CNTF- and sham-
treated contralateral eyes to minimize the likelihood that
selection bias produced the differences observed. Cone spac-
ing measures were performed by two investigators who were
masked to the treatment assignment. However, the more sen-
sitive measures of cone density and cone tracking were devel-
oped after the cone spacing data had been analyzed, and the
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investigators were not masked to treatment assignment when
they identified regions in which every cone was visualized. The
differences in rates of change of cone spacing and cone density
between sham- and CNTF-treated eyes are larger than would be
expected because of image analysis artifact or bias. However,
as future clinical trials of CNTF are initiated, the methods
designed to quantify cone spacing, density, and tracking mea-
sures for this study should be used in a prospective, fully
masked fashion, such that the results from a larger study will
more conclusively support or refute the hypothesis that CNTF
is effective in slowing the rate of photoreceptor loss in patients
with inherited retinal degenerations.

We were unable to evaluate visual function of the cones
that were imaged on an individual cellular level. AOSLO can be
used to deliver stimuli to individual cones and measure visual
function with high resolution,'®?® but this technique is not yet
fully developed to study eyes with inherited retinal degenera-
tion. Future studies, however, could use AOSLO to evaluate
retinal function in regions in which cones are visualized lon-
gitudinally in patients with retinal degeneration.

The results suggest that AOSLO can provide a sensitive
measure of disease progression and treatment response in
patients with retinal degeneration. In this study presenting the
first images of cone photoreceptors in human eyes treated with
CNTF, the results suggest that CNTF may slow cone photore-
ceptor loss in eyes with retinal degeneration. They also provide
evidence to support the pursuit of additional, larger, prospec-
tive, masked clinical trials of CNTF using AOSLO images as an
outcome measure of disease progression and treatment re-
sponse. Further studies are urgently needed of cone structure
during retinal degeneration and in response to CNTF treat-
ment. Additional studies should evaluate larger numbers of
patients longitudinally with high-resolution measures of cone
structure using AOSLO.
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