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RETINAL DISORDERS

Multimodal assessment of choroideremia patients defines
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Abstract

Purpose Choroideremia (CHM) is a X-chromosomal disorder
leading to blindness by progressive degeneration of choroid,
retinal pigment epithelium (RPE), and retinal neurons. A cur-
rent clinical gene therapy trial NCT01461213) showed prom-
ising safety and efficacy data in a carefully selected patient
population. The present study was performed to shed light on
pre-treatment characteristics of a larger cohort of CHM pa-
tients using a high resolution multi-modal approach.
Methods In a retrospective cross-sectional study, data from 58
eyes of 29 patients with clinically confirmed CHM were
analysed including best-corrected visual acuity (BCVA), re-
fractive error, spectral-domain optical coherence tomography
(SD-OCT), fundus autofluorescence (FAF), perimetry, and
tonometry. Residual retinal volume, area of residual RPE,
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and foveal thickness were quantified to further define natural
disease progression and assess symmetry.

Results We evaluated 98 data points of BCVA [0.34+0.06
(logMAR); mean+95 % confidence interval], 80 of IOP
(14.6+£0.6 mmHg), and 98 of refraction (—2.16+1.08 spheri-
cal equivalent). Visual fields (n =76) demonstrated variable
degrees of concentric constriction (54 % <10°, 25 % 10-30°,
21 % >30°). Mean residual RPE area on FAF (n =64) mea-
sured 8.47+1.91 mm” (range 0.30-38.5 mm?), while mean
neuroretinal volume (1 =42) was found to be 1.76+0.12 mm>.
Age at examination was exponentially associated with BCVA,
while logarithmic functions best described progressive loss of
retinal area and volume. A high degree of left to right symmetry
was found in all modalities with structural markers showing the
best correlation (rzarea=0.83; rzvolume:0~75)~

Conclusion Analysis of these widely available clinical data
defines the natural disease characteristics of a relevant patient
population eligible for gene therapeutic intervention. In the
wake of preliminary reports on safety and efficacy of CHM
gene therapy (NCT01461213), this multi-modal assessment
of a cohort of CHM patients provides important evidence of
the natural rate of disease progression and degree of symmetry
between eyes.

Keywords Choroideremia - Gene therapy -
Autofluorescence - Symmetry

Introduction

Choroideremia (CHM) is a monogenic X-linked disorder
causing progressive loss of vision. The clinical entity was
recognised in the late 19th century, when a 32-year-old miller
from the Puster valley in today’s Italy (South Tyrol) presented
in Prof. Mauthner’s outpatient clinic in Innsbruck on 1 June
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1871. The patient complained of nyctalopia and visual field
constrictions, and showed all phenotypic hallmarks of the dis-
ease with centripetal atrophy of choroid, retinal pigment epi-
thelium, and outer neuroretina [1].

Cremers and colleagues characterised the underlying ge-
netic defect in the late 20th century [2—7]. In affected patients,
the CHM locus (Xq21.2) may feature either pathogenic frame-
shift mutations or even larger deletions/insertions in CHM.
Interestingly, CHM is uniquely coherent on a genetic level
in that the vast majority of CHM is caused by null mutations,
with complete absence of stable protein products [8]. CHM
encodes for Rab escorting protein 1 (REP1), an ubiquitous
enzyme important for intracellular vesicular transport
[9]. Its homologue REP2 can compensate for CHM mu-
tations in most other tissues, preventing a syndromic
phenotype [10].

Despite more than 100 years of clinical observation, it is
not entirely clear whether CHM primarily causes atrophy of
the choroidal vasculature with secondary degeneration of ret-
inal pigment epithelium (RPE) and photoreceptors, which rely
on choroidal perfusion (as suggested first by Mauthner), or
whether REP1 deficiency primarily causes death of RPE and
photoreceptors with secondary atrophy of the choroid. Studies
in mouse models of selective REP1 deficiency in photorecep-
tors, RPE, or both pointed to a potential cumulative pathogen-
ic effect from both cell populations contributing to dysfunc-
tion and degeneration [11]. This prompted the use of a ubig-
uitous promoter for proof of concept studies, leading to a
clinical safety study that would allow expression of the thera-
peutic coding sequence in all affected cell types [12].

Today, less than 25 years after the genetic cause was
characterised, the first patients have been successfully treated
in a pioneering clinical safety trial (NCT01461213) featuring
a strategy of gene supplementation by adenovirus-associated
viral vector delivery [13]. Preliminary data from this trial sug-
gests that gene therapy is able to slow if not halt progression of
degeneration in the treated eyes and possibly even reverse
some previously under-recognised functional defects in areas
not (yet) affected by the progressive atrophy associated with
deficiency of REP1 [13]. While this study sets a milestone in
the translational efforts in ophthalmology, it also highlights
the importance to continuously review patients with heredi-
tary retinal disorders (HRD) potentially suitable for future
treatment options. Key questions during pre-treatment charac-
terization of patients with choroideremia and HRDs in general
concern: 1) the precise spatial and temporal sequences of func-
tional and structural defects in the natural disease progression
to help determine windows of opportunity for intervention or
maximal discriminatory power, ii) which parameters best
serve as sensitive, specific, and robust outcome measures of
therapeutic safety and efficacy, and furthermore, iii) how sym-
metric are those findings and is the fellow eye a suitable in-
ternal control?
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This study was performed to address these questions by
multi-modal clinical analysis of a cohort of patients with con-
firmed CHM. Only relatively recent data (recorded after
January 2000) from 58 eyes (29 patients) were used in a ret-
rospective cross-sectional study. We found evidence for expo-
nential best fits for both functional and structural biomarkers
over time, reflecting the centripetal disease progression on
retinal level. Symmetry was high between right and left eyes
and most robustly assessed by objectively quantifying the area
of remaining retinal pigment epithelium in fundus autofluo-
rescence recordings.

Materials and methods
Patients

This was a retrospective cross-sectional study in 58 eyes of 29
patients with clinically confirmed choroideremia (CHM), who
were referred to the University Eye Hospital Tiibingen be-
tween 2000 and 2014. The diagnosis of CHM was established
based on a family history reflecting X-linked inheritance pat-
tern and the characteristic fundus appearance. The study was
performed in accordance with the tenets of the Declaration of
Helsinki 1975 (1983 revision). Institutional review board ap-
proval was not required for this retrospective study as regulat-
ed by the data protection law of the state Baden—Wiirttemberg,
Germany.

Molecular assessment

Study participants were recruited over 20 years from the
University Eye Hospital Tuebingen within the special day
clinic for inherited retinal diseases. This and all our studies
are performed according to the tenets of the Declaration of
Helsinki, and all genetically tested participants gave written
consent, approved by the local research and ethical review
boards. Genomic DNA was extracted from peripheral blood
samples using standard protocols. Genetic testing was per-
formed in different laboratories with different research and
diagnostic genetic setups. Recent testing in P15, P18, P20,
and P23 followed the procedure published by Furgoch et al.
[14]. All coding exons and flanking intron-exon boundaries of
CHM were PCR-amplified with the primers described therein
and sequenced. PCR fragments were purified by ExoSAP-IT
treatment (USB, Cleveland, OH, USA), sequenced using Big
Dye Termination chemistry (Applied Biosystems [ABI],
Weiterstadt, Germany), and products separated on a DNA
capillary sequencer (ABI 3100 genetic analyzer, Weiterstadt,
Germany). Sequences were assembled and analysed with the
SegMan program (DNASTAR Lasergene Co., London, UK).
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Clinical examinations

All subjects underwent slit-lamp examination, measurement
of best-corrected distance visual acuity (D-BCVA) using
Snellen charts, and visual field (VF) testing with
semiautomated kinetic perimetry (SKP) using an Octopus
900 perimeter (Haag—Streit, Switzerland) or Goldmann
perimetry as described previously [15, 16]. Briefly, the periph-
eral visual field boundary and blind spot were assessed using a
size [4e target. A minimum of twelve vectors were assessed
for the peripheral visual field inclusive of vectors offset from
the vertical and horizontal meridia moving centripetally at 5°/
sec (3°/sec for determination of the blind spot). Following
assessment, the response points along each vector were joined
to form the isopter for the I4e target. Average extend of this
isopter in each eye was categorized as <10°, 10-30° or >30°.

Retinal imaging was performed on the same day after bi-
lateral pupil dilation, and included spectral-domain optical
coherence tomography (SD-OCT) and autofluorescence im-
aging (AF) using the Spectralis™ HRA+OCT platform
(Heidelberg Engineering, Heidelberg, Germany) as described
previously [17]. Pupillary mydriasis was induced using
tropicamide eye drops 5 mg/ml (Mydriaticum Stulln,
Pharma Stulln, Germany). For SD-OCT, multiple high-speed
B-scans were recorded to assess central retinal architecture
and quantify thickness of remaining neuro-retinal tissue. To
improve signal to noise ratio (SNR), n>9 scans were averaged
for each B-scan recording, whereby SNR improved by the
square root of n (i.e., SNR was at least tripled). Non-
voluntary eye movements during averaging were corrected
using the proprietary TruTrack™ function. AF data were re-
corded in the same session and settings (averaging and eye-
tracking) using the same platform after switching from the
SD-OCT mode to the HRA mode, which essentially records
confocal scanning laser ophthalmoscopic (cSLO) images, af-
ter exciting retinal tissue at A=488 nm and introducing a bar-
rier filter to collect light above A=500 nm [18]. For ¢SLO
imaging, either the 30° or 55° optics of the Spectralis™
HRA+OCT platform was used depending on the extend of
the residual central island. Proprietary software (Heidelberg
Eye Explorer v1.6.4.0 and Spectralis Viewing Module
5.3.2.0) was used to quantify residual RPE islands and retinal
thickness values (Fig. 1). For this, the border between the
island of intact central retinal tissue and the atrophic periphery
was determined by an experienced investigator (IPS) and
reviewed by a fellow investigator (AZ), before area measure-
ments produced by the proprietary software were recorded for
statistical analysis. The border between the AF signal from
remaining RPE and atrophic periphery was usually well de-
fined and easy to delineate. In cases of any doubt, OCT scans
recorded at the same time point were used to confirm
location of the transitional zone between intact RPE/
retina and atrophic area.

Fig.1 Representative 30° autofluorescence recording from a patient with
choroideremia (CHM). A yellow line was manually drawn around the
area of remaining autofluoresecent islands of retinal pigment epithelium
using the lasso tool of the proprietary software (Heidelberg Eye
Explorer), which automatically reports the absolute area measurements.
Note that any discontinuations (e.g., the small “hole” of 0.04 mm?) within
the island were subtracted from the overall area measurement

Statistical analysis

Bivariate correlation, #-tests and linear regression analyses
were performed between modalities for cross-sectional pro-
gression analysis and between right and left eyes for symme-
try analysis using Statistical Package for Social Sciences
(SPSS) version 21 by IBM (SPSS Inc., Chicago, IL, USA)
or Microsoft Excel version 14.1.0 (Microsoft, Redmond,
Washington, USA), both for Macintosh OSX. Conversion of
decimal BCVA data into logMAR was achieved by using the
following formula: LogMAR=— Log (decimal acuity) [19].
Statistical significance was defined as p<0.05.

Results
Overall cohort characteristics

Retrospective analysis of clinical data from the University Eye
Hospital of Tiibingen digital database revealed approximately
500 data points on visual function and retinal structure from
29 clinically confirmed CHM patients recorded between 2000
and 2014. Patients were either sporadic cases or presented
with a family history consistent with X-linked inheritance.
Clinical presentation was heterogeneous with respect to
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disease severity. Age at examination ranged from 5 to 63 years.
Mean and median age at examination were 42.5 and 48.0 years
respectively.

Most patients reported about onset of nyctalopia in their
teens, while central visual acuity typically remained largely
unchanged until the fifth decade. All showed clear signs of
peripheral and/or mid-peripheral atrophy of choroid, retinal
pigment epithelium (RPE) and thinning of the retina due to
photoreceptor loss, all in line with CHM.

Genetic test results
Genetic test results confirming the clinical diagnosis CHM

were available for 25 patients at the time of publication (four
patients did not consent to molecular diagnostics and/or did

not send blood samples). A list of the recorded mutations and
their predicted effect is given in Table 1. The mutations ob-
served in our patients most likely present null alleles, as they
represent large deletions, nonsense mutations, or frame-
shifting insertion/deletion mutations resulting in premature
termination codons, all of which most likely undergo
nonsense-mediated decay. This is in line with previous re-
ports, which also show that the vast majority of CHM is
caused by null mutations with complete absence of or instable
protein products [8]. Novel mutations were observed in seven
cases. The mutation spectrum comprises three nonsense mu-
tations, two small frame-shifting deletions, three small frame-
shifting duplications, two larger deletions covering exon 1 in
patient 19 and exons 3—15 in the brothers 4 and 5, respective-
ly, and two mutations resulting in missplicing.

Table 1 Results from molecular

testing in patients with clinically Patient Hemizygote mutations in CHM Comment
confirmed choroideremia (CHM)
Nucleotide level Protein level
1 c.924 T>G p-Tyr308* van den Hurk et al. 2003
2 c.715C>T p-Arg239* Francis et al. 2005
3 c.124 133dup p-Gly45Valfs*10 novel
4 deletion of exons 3-15 null novel, brother of patient 5
5 deletion of exons 3-15 null novel, brother of patient 4
6 c.1446delA p-Gly483Glufs*15 van den Hurk et al. 1992
7 c.616dupA p-T206NfsX17 brother of patient 8
8 c.616dupA p-T206NfsX17 brother of patient 7
9 c.941-1G>T splice defect / null novel
10 c.924 T>G p-Tyr308* van den Hurk et al. 2003
11 n.a. n.a. no consent and/or no sample
12 n.a. n.a. no consent and/or no sample
13 c.314+10127 T>A splice defect / null van den Hurk et al. 2003, Hum Genet
14 na na no consent and/or no sample
15 c.1036G>T p-Glu346* novel
16 c.1531_1532delinsTCTTCT p-Thr511Serfs*8 van den Hurk et al. 2003
AAACAGCAT
17 c.924 T>G p-Tyr308* van den Hurk et al. 2003
18 c.1116_1117del p.-Leu374Valfs*43 novel
19 del Exon 1 null confirmed; extent not defined
20 c.645del p-Thr216Leufs*16 novel
21 c.715C>T p-Arg239* Francis et al. 2005
22 n.a. n.a. no consent and/or no sample
23 c.1476_1477dup p.Cys493Tyrfs*6 novel
24 c.877C>T p-R293X van den Hurk et al. 2003
25 ¢.800delT pT288Lfs*3 van den Hurk et al. 2003
26 deletion of exons 1-15 null van den Hurk et al. 1992
27 c.653C>G p-Ser218x van den Hurk et al. 2003
28 c.757C>T p-Arg253* van den Hurk et al. 2003
29 c.116C>G p-S39X van den Hurk et al. 2003
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Clinical outcome measures

Mean and 95 % confidence interval (CI) of 98 entries on
logMAR visual acuity was 0.34+0.06. Intraocular pressure
(n=80) was 14.6+0.6 mmHg, and refractive error (n =98)
calculated as spherical equivalent was —2.16+1.08 overall.
Visual fields (n= 6) demonstrated variable degrees of visual
field loss, with half of the cohort (54 %) showing severe visual
field constrictions (<10°), and two equal-sized groups (25 %
and 21 %) with 10-30° and>30° remaining fields respective-
ly. Mean residual RPE/neuroretinal area as quantified by fun-
dus autofluorescence imaging (n =64) was 8.47+1.91 mm?
(range 0.30-38.5 mm?). Residual neuroretinal volume within
the central macular area defined by the 3 mm ERTDS grid was
1.76+0.12 mm® (n=42).

Degree of intraindividual symmetry

In order to determine symmetry between right and left eyes in
CHM patients at various disease stages, we firstly compared
visual acuity measurements of the right and left eyes taken at
the same time point and by the same experienced ophthalmol-
ogist. Linear regression analysis showed a good fit (*=0.64)
indicating a rather symmetric development of visual acuity
(Fig. 2a).

The objective quantification of residual area of fundus au-
tofluorescence showed an even higher degree of symmetry
(r*=0.83) between right and left eyes of CHM patients
(Fig. 2b). Using the 3-mm ETDRS grid, quantification of
central retinal volume also showed a good degree of symme-
try (*=0.75, Fig. 2c¢).

Disease progression and age

Rate of progression was tested in a cross-sectional fashion,
correlating key biomarkers of visual function and retinal struc-
ture with age at examination in all patients. Central visual
acuity and age at examination shows a relatively poor,
exponential correlation (#2=0.23) with good visual func-
tion until the 4th decade and subsequent rapid reduction
of visual acuity as the degeneration encroaches the cen-
tral retina (Fig. 3a).

Structural disease progression was determined directly and
objectively by quantifying the residual area of intact fundus
autofluorescence (Fig. 3b), which indicates metabolically ac-
tive, viable retinal pigment epithelium. This biomarker con-
sists of an area measurement in square mm, and bivariate
correlation analysis with the linear measure age at examina-
tion indeed revealed a good logarithmic fit (*=0.67, Fig. 3).
Analysis with volumetric data from the central 3 mm showed
again only relatively poor correlation (*=0.25, Fig. 3c).
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Fig. 2 Analysis of intraindividual symmetry in patients with
choroideremia. a Best-corrected visual acuity (BCVA) as logarithm of
the minimal angle of resolution (LogMAR) show high symmetry be-
tween right and left eyes (7=0.64). b Area of residual islands of intact
fundus autofluorescence (FAF) was compared between right and left eyes
(#*=0.83). ¢ Residual neuroretinal volume within the central 3 mm also
correlated fairly well between eyes (°=0.75)
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Fig. 3 Analysis of natural disease progression in patients with
choroideremia. a Functional progression measured by best-corrected vi-
sual acuity (BCVA) in LogMAR (Logarithm of the minimal angle of
resolution ) vs age at examination describes an exponential function with
visual acuity rapidly declining in later disease stages as the fovea becomes
affected. Pearson correlation efficient 77=0.23. b Structural markers of
disease progression, such as size of the remaining island of intact fundus
autofluorescence (FAF) measured in mm? best fit a logarithmic trend line
(#*=0.69) . ¢ Volume measurements correlate with age at examination
only marginally better then BCVA (+2=0.25)
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Discussion

The advent of gene therapeutic and other promising strategies
for previously untreatable blinding disorders leads to a shift in
management of patients with HRD. While previously consid-
ered of more or less purely academic interest, providing an
accurate phenotypic and genetic characterisation now enables
patients to potentially be selected for clinical trials aimed to
help transfer the field of gene therapy into clinical reality.

Next to this, there are still a number of questions to be
addressed by careful phenotyping, genotyping, and longitudi-
nal follow up of patients with HRDs. As such, rate of progres-
sion is among the key questions, traditionally asked for prog-
nostic reasons. With the advent of supplementation gene ther-
apy and other potential strategies developed to slow or even
stop progression, detailed knowledge of rate of progression
can also provide information on the ‘window of therapeutic
opportunity’ and help define end- and timepoints with high
discriminatory power. In order to design interventional clinical
trials, these data are essential in the process of defining eligi-
bility of patients (e.g., when to treat), relevant efficacy mea-
sures, and time schedules for study visits during follow-up.
Here, knowledge on the rate of natural disease progression
and degree of symmetry becomes paramount.

This study contributes to this knowledge in CHM patients
by testing the relationship of key functional and structural
biomarkers with age of the respective patient and assessing
symmetry of these biomarkers between the right and left eye
of CHM patients. To the best of our knowledge, there is cur-
rently no quantitative analysis published on the intra-
individual symmetry of important clinical parameters, which
may serve as surrogate markers for therapeutic efficacy after
unilateral intervention in a clinical trial setting. Given that (for
example) additive gene therapy is applied locally and to the
benefit of the treated eye only, knowledge of the degree of
symmetry between eyes is of strategic value. Analysis of data
between right and left eyes showed high degrees of symmetry,
with data on area measurements of fundus autofluorescence
outperforming residual retinal volume and the psychophysical
measurement of visual acuity showing the least symmetry
(FAF: r*=0.83; volume: *=0.75; BCVA: *=0.64). This
may simply reflect the higher level of integration present in
psychophysical measures (optical media, cognition, et cetera)
compared to simple bio-morphological quantification, which
is bound to introduce more variability in the outcome
measure.

In terms of visual acuity and age at examination, our study
showed a poor linear correlation (+*=0.16) and only slightly
better fit for an exponential trend line (+*=0.23). This pattern
of VA deterioration has been described previously, and pre-
cisely reflects the non-uniform distribution of resolving power
in the retina, with the fovea being the most important contrib-
utor to Snellen visual acuity and the last to be affected in the
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centripetal course of degeneration. Rate of progression was
0.0103 logMAR per year in the linear model, which is very
similar to what Coussa et al. reported (0.0072) in a slightly
younger cohort (36+17.7) [20]. Roberts et al. found an annual
loss 0f 0.09 logMAR in a retrospective longitudinal study with
data sets from different tertiary referral centres [21]
Interestingly, Coussa et al. reported a higher annual loss of
visual acuity (0.06+£0.08 log MAR) for patients in the >50
age group, indicating a more rapid vision loss in older patients.
This supports our observation of an exponential, rather than
linear decline of VA with age. Thus, the above linear predic-
tions probably overestimate progression until ca. age 40, and
underestimate the development beyond, and differences in
reported functional progression may stem from differences
in cohort characteristics such as age. The improvement of fit
with choosing an exponential trend line reflects the known
clinical course of CHM patients, maintaining a good visual
function until approximately the 5th decade of life, with a
subsequent rapid reduction of visual acuity as the degenera-
tion starts to affect the fovea. Importantly, fundus autofluores-
cence provided a structural biomarker with a markedly closer
fit (*=0.67) with regard to the relationship to age at exami-
nation, possibly benefiting from the lack of increasing vari-
ability, which affect psychophysical outcome measures to a
greater extent in advanced disease stages [22].

These data suggest that treatment at a later stage of the
disease would give the best discriminatory power between
treated and untreated eyes, as the exponential curve is steepest
due to rapid loss of remaining retinal tissue and
disproportionally large impact on visual acuity. While this is
scientifically plausible, it poses an ethical dilemma for the
physician, who retains a safe and potentially efficacious treat-
ment from the patient with certain progression to blindness.
The study design of the phase II trial for Leber’s congenital
amaurosis (LCA) in Philadelphia addresses this problem by
allowing the treatment of the second eye after a certain time
period of following the natural disease progression (personal
communication Dr. Bennett).

This compromise follows the reasoning that the untreated
fellow eye is an appropriate internal control in LCA patients,
which is likewise true for CHM as confirmed by this study.
More specifically, our data indicate that while symmetry is
high for both structural and functional biomarkers, quantita-
tive assessment of residual RPE area might be a superior out-
come measure compared to visual acuity from a scientific
point of view. Firstly, it is easier to mask readout, as quantifi-
cation can be performed without patient interaction by experts
outside the trial unit (e.g., reading centre). In contrast, masking
strategies for BCVA assessment will always be incomplete.
Even if the examiner recording the BCVA was successfully
masked for the treatment, the patient would not be. Therefore,
one has to assume confounding effects by motivation and
expectation that may influence efficacy results.

There is ample evidence with regard to the increased vari-
ability of BCVA results in patients with low visual acuity [22].
Alas, increasing the numbers of successfully identified ETDR
S letters remains the gold standard treatment goal — especial-
ly in the pursuit of gaining market approval and complying
with the checklists of regulatory agencies.

It will remain an important challenge for clinicians and
scientists to provide a solid body of evidence supporting the
argument that interventions such as gene therapy are effica-
cious if they stop further degeneration, rather than leading to
an improvement of visual acuity. This even more so in disor-
ders similar to CHM, where patients maintain very good cen-
tral visual acuity until the very end of the disease course. We
argue that preventing the degeneration at an earlier time point
might be the more viable approach, rather than waiting for
foveal involvement, when gene therapy has only limited re-
maining therapeutic potential, as most target cells have al-
ready undergone degeneration.
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