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Abstract

Gene therapy for choroideremia using an adeno-associated 
viral vector encoding Rab escort protein 1: the REGENERATE 
open-label trial

Jasmina Cehajic-Kapetanovic ,1,2,3 Marco P Bellini ,1,3 Laura J Taylor ,1,2,3  
Imran H Yusuf ,1,2,3 Taha Soomro ,4,5,6 Lyndon da Cruz 4,5,6 and  
Robert E MacLaren ;1,2,3* REGENERATE Study Group

1Nuffield Department of Clinical Neurosciences, University of Oxford, Oxford, UK
2Oxford Eye Hospital, Oxford University Hospitals NHS Foundation Trust, Oxford, UK
3NIHR Oxford Biomedical Research Centre, Oxford, UK
4Institute of Ophthalmology, University College London (UCL), London, UK
5Moorfields Eye Hospital, Moorfields Eye Hospital NHS Foundation Trust, London, UK
6NIHR Moorfields Biomedical Research Centre, London, UK

*Corresponding author enquiries@eye.ox.ac.uk

Background: Choroideremia is an X-linked inherited retinal degeneration that begins in childhood 
with nyctalopia and loss of peripheral vision, and gradually progresses to blindness in adulthood. 
Choroideremia is caused by null mutations in the CHM gene, which encodes Rab escort protein 1.

Objective: Assessment of the efficacy and safety of a single subretinal injection of an adeno-associated 
virus serotype 2 vector encoding Rab escort protein 1 in patients with choroideremia.

Design: Multicentre open-label clinical trial of a gene therapy for choroideremia using an adeno-
associated virus serotype 2-Rab escort protein 1 vector.

Setting: This study (NCT02407678) was conducted at two NHS eye hospitals in the UK.

Participants: Males aged 18 years or above, having a clinical diagnosis of choroideremia with genetic 
confirmation of CHM gene mutation or molecular confirmation of Rab escort protein 1 protein 
deficiency and having best corrected visual acuity better than or equal to 6/60 (20/200; LogMAR 1.0).

Intervention: Adeno-associated virus serotype 2-Rab escort protein 1 vector suspension (1 × 1012 
vector particles per ml) was supplied by Nightstar Therapeutics (London, UK), now part of Biogen Inc. 
(Cambridge, MA, USA). Up to 0.1 ml of adeno-associated virus serotype 2-Rab escort protein 1 vector 
suspension, corresponding to a dose of up to 1 × 1011 vector particles, was administered to the treated 
eye by subretinal injection. Selection of treated eyes was randomised in participants having relatively 
symmetrical retinal degeneration.

Main outcome measures: The primary safety-related outcome was change from baseline in best 
corrected visual acuity in treated eyes at 24 months post treatment, with prospective efficacy 
evaluated by comparative change from baseline in best corrected visual acuity in treated and untreated 
contralateral (control) eyes. Secondary outcomes included comparative change from baseline in mean 
retinal sensitivity (microperimetry) and retinal anatomy (area of autofluorescence) in treated and control 
eyes. Visual assessments were conducted by masked assessors.
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Results: The primary efficacy-related outcome (comparative change from baseline in best corrected 
visual acuity in treated and control eyes at 24 months post treatment) was not statistically different 
between treated eyes (−2.63 letters, standard error of the mean 2.76) and control eyes (+2.67 letters, 
standard error of the mean 0.768) in all 30 participants (p = 0.08). Greater loss of visual fields, possibly 
surgery-induced, was observed in treated eyes. Six serious adverse events were reported in the treated 
eyes of four participants: one surgery-related and two inflammation-related serious adverse events 
involving clinically significant decreases in best corrected visual acuity, and three serious adverse events 
in one participant involving reduction in central retinal sensitivity, but with best corrected visual acuity 
remaining stable.

Limitations: No evidence of possible efficacy of the intervention was observed, as a meaningful 
difference in comparative change from baseline in best corrected visual acuity in treated and control 
eyes was not discernible at 24 months post treatment. As choroideremia is a very slow degeneration, 
best corrected visual acuity in control eyes did not decline significantly during the assessment period.

Conclusion: Although this study has not presented evidence that reduction in visual fields caused 
by the intervention would be justified by the possible rescue of best corrected visual acuity, a more 
definitive assessment may be provided by long-term monitoring of trial participants in an observational 
study (NCT03584165).

Trial registration: This study is registered as ISRCTN15602229 (www.isrctn.com/) and NCT02407678 
(https://clinicaltrials.gov/).

Funding: This award was funded by the National Institute for Health and Care Research (NIHR) Efficacy 
and Mechanism Evaluation (EME) programme (NIHR award ref: 12/66/35) and is published in full in 
Efficacy and Mechanism Evaluation; Vol. 11, No. 9. See the NIHR Funding and Awards website for further 
award information.

www.isrctn.com/
https://clinicaltrials.gov/
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Plain language summary

Choroideremia is a rare eye disease caused by a defective gene that prevents the cells in the retina, 
the light-sensitive layer at the back of the eye, from functioning normally. The disease usually 

affects males, although females can also develop the disease. In childhood, choroideremia patients 
initially experience ‘night blindness’, or difficulty in seeing in low light. As the disease progresses, there 
is a gradual loss in the peripheral vision, eventually resulting in ‘tunnel vision’ and finally in complete 
blindness by late adulthood.

The aim of this study was to investigate if gene therapy was able to prevent further vision loss in 
patients suffering from choroideremia. The gene therapy for choroideremia uses a modified non-
pathogenic virus, called a viral vector, to carry healthy copies of the affected gene into the retinal cells 
and thereby help the cells to function normally. Thirty male participants from two NHS eye hospitals 
took part in the study. Each participant received gene therapy in one eye, with the other eye left 
untreated for purposes of comparison. The condition and function of the treated and untreated (control) 
eyes were then monitored at regular time points over a 24-month period.

A meaningful difference in the comparative rate of vision loss in the treated and control eyes was not 
observed during the 24-month assessment period of this study. However, it should be noted that 
choroideremia is a very slow degeneration and vision loss in the control eyes did not decline significantly 
during this period. Three participants experienced worse vision in their treated eyes, including one case 
of sight loss caused by severe inflammation that did not respond to medication. Additional data are 
being collected in a follow-on observational study to track the long-term progress of retinal 
degeneration in the treated eyes and control eyes of the participants.
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Scientific summary

Background

Choroideremia is an X-linked inherited retinal degeneration, affecting approximately 1 in 50,000 people, 
that begins in childhood with nyctalopia and loss of peripheral vision and gradually progresses to 
blindness in adulthood. Null mutations in the CHM gene cause a deficiency of Rab escort protein 1 
(REP1), leading to degeneration of the retinal pigment epithelium (RPE), followed by secondary 
degeneration of photoreceptors and the choroid. As the central cone photoreceptors are generally 
preserved until the late stages of choroideremia, due to the centripetal nature of the degeneration, 
patients usually retain good visual acuity until degeneration encroaches on the fovea.

Gene therapy, a procedure whereby a disease is treated at the genetic level by intracellular delivery of a 
therapeutic transgene, is an appealing strategy for treating choroideremia. Furthermore, the eye is an 
attractive site for gene therapy for several reasons. Surgical access is relatively straightforward and gene 
therapy products can be administered directly to cells in the outer retina (photoreceptors and RPE) by 
subretinal injection. Potential adverse events can be detected and monitored directly via ocular 
examination. Therapeutic outcomes can be measured directly using non-invasive assessments of visual 
function and retinal anatomy, with an untreated contralateral eye available as a control. The risk of 
systemic immune reactions is reduced by the anatomical compartmentalisation of the eye and the 
immunological privilege provided by the blood–retina barrier. Moreover, the small tissue volume of the 
subretinal space means that the therapeutic dose required to treat the retina is several thousand times 
lower in comparison with doses required for treatment of other organs, further reducing the risk of 
systemic adverse reactions.

Most gene therapies developed thus far as potential treatments for inherited retinal diseases have 
utilised recombinant adeno-associated virus (AAV) particles as vectors to deliver therapeutic transgenes 
to target cells in the retina. This gene therapy for choroideremia uses an AAV serotype 2 (AAV2) vector 
encoding human REP1 protein (AAV2-REP1) that was first tested in human subjects in a phase I/II safety 
and dose escalation study (NCT01461213) at Oxford (UK). A cohort of six participants was initially 
treated with a dose of up to 1 × 1010 vector particles administered subretinally in one eye, followed by a 
cohort of eight participants treated with a higher dose of up to 1 × 1011 vector particles. Two serious 
adverse events (SAEs) occurred during the clinical trial, comprising a case of retinal thinning due to 
surgical complications and a case of postoperative inflammation, but otherwise the study data 
confirmed the safety and possible efficacy of the AAV2-REP1 vector for treatment for choroideremia 
(Xue K, Jolly JK, Barnard AR, Rudenko A, Salvetti AP, Patrício MI, et al. Beneficial effects on vision in 
patients undergoing retinal gene therapy for choroideremia. Nat Med 2018;24:1507–12).

An additional 18 choroideremia patients were subsequently treated with a dose of up to 1 × 1011 
particles of the same AAV2-REP1 vector administered subretinally in one eye – 6 participants in a phase 
I/II study (NCT02077361) at Edmonton (Canada), 6 participants in a phase II study (NCT02553135) at 
Miami (USA) and 6 participants in a phase II study (NCT02671539) at Tübingen (Germany). These 
studies showed that the AAV2-REP1 vector was generally well tolerated, with a subset of participants 
achieving clinically significant improvements in best corrected visual acuity (BCVA). One SAE involving a 
case of postoperative inflammation was reported in the Edmonton study (Dimopoulos IS, Hoang SC, 
Radziwon A, Binczyk NM, Seabra MC, MacLaren RE, et al. Two-year results after AAV2-mediated gene 
therapy for choroideremia: the Alberta experience. Am J Ophthalmol 2018;193:130–42). There were no 
cases of postoperative inflammation reported in the 12 choroideremia patients treated in Tübingen and 
Miami. In the Tübingen study, a pre-existing degenerative macular hole opened up in one of the 
participants during surgery but subsequently closed spontaneously (Fischer MD, Ochakovski GA, Beier 
B, Seitz IP, Vaheb Y, Kortuem C, et al. Efficacy and safety of retinal gene therapy using adeno-associated 
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virus vector for patients with choroideremia: a randomized clinical trial. JAMA Ophthalmol 
2019;137:1247–54). In the Miami study, two participants developed an atrophic retinal hole in a non-
functioning macular area (Lam BL, Davis JL, Gregori NZ, MacLaren RE, Girach A, Verriotto JD, et al. 
Choroideremia gene therapy phase 2 clinical trial: 24-month results. Am J Ophthalmol 2019;197:65–73).

In view of these satisfactory clinical outcomes, which indicated that gene therapy for choroideremia 
using the AAV2-REP1 vector demonstrated a good safety profile and sustained gains in BCVA in a 
proportion of trial participants, the REGENERATE (REP1 gene replacement therapy) phase II study 
(NCT02407678) was initiated to assess the efficacy of gene therapy (dose of up to 1 × 1011 particles of 
the AAV2-REP1 vector administered subretinally in one eye) in 30 choroideremia patients at an earlier 
stage of the disease and therefore still possessing substantial areas of surviving retinal tissue, thereby 
facilitating the measurement of area changes in order to assess the effect of gene therapy on retinal 
deterioration.

Objectives

The aim of the REGENERATE study was to investigate the efficacy and safety of a single subretinal 
injection of AAV2-REP1 in participants with a confirmed diagnosis of choroideremia over an assessment 
period of 24 months post treatment.

The primary safety-related outcome was change from baseline in BCVA in treated eyes at 24 months 
post treatment, with prospective efficacy evaluated by comparative change from baseline in BCVA in 
treated and untreated contralateral (control) eyes. Secondary outcomes included comparative change 
from baseline in mean retinal sensitivity (microperimetry) and retinal anatomy (area of autofluorescence) 
in treated and control eyes at 24 months post treatment, as well as change from baseline in safety-
related immunological and physiological indicators.

Methods

Study design
The REGENERATE study is an open-label Phase II clinical trial investigating the efficacy and safety of 
AAV2-REP1 vector-mediated gene therapy for treatment of choroideremia.

In contrast to other interventional studies, the REGENERATE study recruited choroideremia patients at 
an earlier stage of the disease and therefore still possessing substantial areas of surviving retinal tissue. 
The intention behind this study design was to facilitate the measurement of changes in the area of 
surviving RPE (determined by fundus autofluorescence) in order to assess the effect of gene therapy on 
retinal deterioration.

Whereas in changes in BCVA and other measures of visual function in the treated eye could be 
compared against baseline values, assessment of the anatomical rate of degeneration ideally required 
the untreated contralateral eye to be used as an internal control. This condition required, in turn, the 
inclusion of participants having a fairly symmetrical disease. In consequence, randomisation of treatment 
of one eye or the other was also required to avoid selection bias.

Sample size
As this was an exploratory study to assess a new end point (comparative change from baseline in the 
area of surviving RPE in the treated and control eyes, determined by fundus autofluorescence), there 
was no predetermined power calculation to determine the number of trial participants. Instead, data 
from this trial will be used for future power calculations. A sample size of 30 participants in the 
REGENERATE study was deemed sufficiently statistically powered to show a signal in the primary end 
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point of efficacy (comparative change from baseline in BCVA in the treated and control eyes) based on 
power calculations from the original phase I/II study (NCT01461213).

Study setting
The REGENERATE study was conducted at two NHS eye hospitals, namely, the Oxford Eye Hospital and 
Moorfields Eye Hospital. These sites were selected based on their expertise and prior experience in 
conducting clinical trials of retinal gene therapies and their access to specialist clinics for patients with 
inherited retinal diseases.

Participants
Participants were males aged 18 years or above, with a clinical phenotype of choroideremia, confirmed 
genetic or molecular diagnosis and having BCVA better than or equal to 6/60 (20/200; LogMAR 1.0). 
Candidates were excluded if they had an additional cause for sight loss (e.g. amblyopia) or any other 
significant ocular and non-ocular disease or disorder which, in the opinion of the investigator, might put 
them at risk through participation in the study.

Allocation for treatment
Participants in the REGENERATE study were assigned to one or both of the following cohorts:

•	 Cohort 1 included all participants and compared changes in BCVA and other measures of visual 
function in the treated eye against baseline values.

•	 Cohort 2 included the subset of participants with symmetrical disease for whom selection of the 
treated eye was randomised and compared the rate of anatomical degeneration in the treated eye 
and the untreated contralateral (control) eye.

In the participants with asymmetrical disease (and therefore not included in Cohort 2), the decision 
about which eye to treat was made on clinical grounds and the worse-affected eye was chosen.

Note that randomisation was not used for assigning treatment (vs. placebo/standard care as in 
randomised controlled trials) to participants included in Cohort 2, but solely for selection of the eye to 
be treated in these participants for whom the progress of retinal degeneration was relatively 
symmetrical between the two eyes, defined as

•	 a difference in BCVA of no more than one line of letters, as measured on an Early Treatment Diabetic 
Retinopathy Study chart; and

•	 no more than 25% difference in the area of surviving RPE, as measured by fundus autofluorescence.

Intervention
Adeno-associated virus serotype 2 vector encoding Rab escort protein 1 vector suspension (1 × 1012 
vector particles per ml) was supplied by Nightstar Therapeutics (London, UK), now part of Biogen Inc. 
(Cambridge, MA, USA). Up to 0.1 ml of AAV2-REP1 vector suspension, corresponding to a dose of up to 
1 × 1011 vector particles, was administered to the treated eye by subretinal injection. The dose varied 
slightly dependent on the amount of residual retina. Hence, in more advanced patients, 0.03–0.05 ml 
might have been sufficient to detach the target area of retina completely. The concentration of vector 
remained the same.

The surgical technique for subretinal administration of the AAV2-REP1 vector suspension has been 
described previously (MacLaren RE, Groppe M, Barnard AR, Cottriall CL, Tolmachova T, Seymour L, et al. 
Retinal gene therapy in patients with choroideremia: initial findings from a phase 1/2 clinical trial. Lancet 
2014;383:1129–37). All surgeries took place at the participating hospital sites using the standard 
BIOM® (binocular indirect ophthalmic microscope) operating system (OCULUS Optikgeräte GmbH, 
Wetzlar, Germany). The retina was detached with 0.1–0.5 ml of balanced salt solution injected through a 
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subretinal cannula connected to a vitreous injection set. A dose of up to 1 × 1011 vector particles was 
then injected into the subretinal fluid through the same entry site.

Control eyes received no intervention.

Assessments
Functional assessments included BCVA, contrast sensitivity, dark adaptometry and central visual field 
mapping (using microperimetry), while anatomical assessments included imaging techniques such as 
optical coherence tomography and fundus autofluorescence. Safety tests included assessments of ocular 
and general physical condition, as well as standard blood tests of common physiological markers. 
Biological samples were also analysed to monitor vector shedding and immunogenicity.

Cohort 1 comprised the 30 participants who enrolled in this study, of whom 28 participants had 
symmetrical disease and were therefore also assigned to Cohort 2. The statistical analyses were 
therefore performed on the total cohort comparing visual function and anatomical degeneration in 
treated versus control eyes. Summary statistics of each assessed variable was performed for treated 
eyes versus control eyes. Data involving a comparison of an assessed variable between the treated and 
untreated eyes (of each participant) were estimated as the difference between the eyes (with a 95% 
confidence interval) and simple analysis of change from baseline (paired t-test) was performed at 24 
months post treatment. As most participants (93%) had symmetric disease, analysis of covariance was 
deemed unnecessary.

Results

Clinical outcomes
Overall, BCVA remained relatively stable in treated and control eyes over the 24-month assessment 
period.

A statistically significant deterioration in visual fields was observed in treated eyes compared with 
control eyes, possibly caused by surgery-induced damage in some treated eyes as manifested by 
increased loss of autofluorescence and retinal sensitivity at the edges of surviving islands of retinal 
tissue. The treated eyes underwent retinal detachment prior to injection of the vector suspension into 
the subretinal space, and this procedure itself can lead to some degree of reduction in central retinal 
sensitivity and autofluorescence. However, the statistical significance of the comparative reduction in 
visual fields in treated and control eyes was lost when central retinal sensitivity and area of 
autofluorescence were analysed in uncomplicated cases. In eyes with no complications, retinal 
degeneration continued centripetally in both treated and control eyes.

Safety
Most adverse events were treatable, controlled and resolved without sequelae. Six SAEs were reported 
in the treated eyes of four participants: one surgery-related and two inflammation-related SAEs 
involving clinically significant decreases in BCVA and three SAEs in one participant involving reduction in 
central retinal sensitivity but with BCVA remaining stable.

Discussion

Main findings of the study
There has been no signal of possible efficacy of the intervention (in terms of comparative change from 
baseline in BCVA between treated and control eyes) over the 24-month assessment period.
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Overall, BCVA remained relatively stable in treated eyes over the 24-month assessment period. 
Therefore, in terms of the primary safety-related end point (change from baseline in BCVA in treated 
eyes at 24 months post treatment), the safety profile of the REGENERATE trial was comparable to other 
choroideremia gene therapy studies that evaluated the same AAV2-REP1 vector.

Limitations of the study
No evidence of possible efficacy of the intervention was observed, as a meaningful difference in 
comparative change from baseline in BCVA in treated and control eyes was not discernible over the 
24-month assessment period. As choroideremia is a very slow degeneration, BCVA in control eyes did 
not decline significantly during the assessment period.

Future investigations
Future investigations will include a long-term assessment of BCVA, central retinal sensitivity and area of 
autofluorescence in REGENERATE trial participants in an observational study (SOLSTICE: 
NCT03584165). Possible approaches to further the investigation of gene therapy for choroideremia 
include the optimisation of inclusion criteria for subjects still retaining a healthy central retina, which 
may be more amenable to rescue by gene therapy.

Conclusion

Although this study has not presented evidence that reduction in visual fields caused by the intervention 
would be justified by the possible rescue of BCVA, a more definitive assessment may be provided by 
long-term monitoring of trial participants in an observational study (NCT03584165).

Trial registration

This study is registered as ISRCTN15602229 (www.isrctn.com/) and NCT02407678 (https://clinicaltrials.
gov/).

Funding

This award was funded by the National Institute for Health and Care Research (NIHR) Efficacy and 
Mechanism Evaluation (EME) programme (NIHR award ref: 12/66/35) and is published in full in Efficacy 
and Mechanism Evaluation; Vol. 11, No. 9. See the NIHR Funding and Awards website for further award 
information.

www.isrctn.com/
https://clinicaltrials.gov/
https://clinicaltrials.gov/
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Chapter 1 Introduction

Background

Choroideremia is an inherited retinal disease, affecting approximately 1 in 50,000 people, which 
presents with the same symptoms as a rod–cone dystrophy – beginning in childhood with nyctalopia, 
followed by gradual loss of peripheral vision and progressive constriction of visual fields, and 
ultimately resulting in loss of central vision in late adulthood once the degeneration affects the fovea. 
Choroideremia is caused by null mutations in the CHM gene located on the X-chromosome, and thus 
has an X-linked recessive mode of inheritance. Males are therefore severely affected by this disease, 
whereas female carriers present with a range of phenotype severities dependant on the extent and 
timing of X-chromosome inactivation.1–3

As the central cone photoreceptors are generally preserved until the late stages of choroideremia, due to 
the centripetal nature of the degeneration, patients usually retain good visual acuity until degeneration 
encroaches on the fovea.4–7 Fundus examinations of patients with choroideremia reveal characteristic 
centripetal retinal degeneration (Figure 1).

The CHM gene encodes Rab escort protein 1 (REP1), which facilitates intracellular vesicular trafficking. 
Null mutations in the CHM gene cause a deficiency of REP1 protein, leading to degeneration of the 
retinal pigment epithelium (RPE), followed by secondary degeneration of photoreceptors and the 
choroid.8,9 REP1 mediates the addition of prenyl groups (prenylation) to Rab GTPases, which are needed 
to anchor the Rabs to the membranes of intracellular organelles and vesicles to enable intracellular 
trafficking between the retina and RPE.10 In choroideremia, the absence of functional REP1 causes 
impaired Rab membrane association. This subsequently leads to impaired intracellular trafficking that 
disrupts cell homeostasis and causes accumulation of intracellular deposits in the RPE, resulting in 
retinal degeneration.11–13 Degeneration primarily occurs in the RPE causing characteristic pigment 
clumping, before secondary degeneration of photoreceptors and the choroid.13–15 The disease presents 

FIGURE 1 Retinal degeneration in a moderately advanced choroideremia patient. (a) Fundus photograph showing the 
characteristic centripetal retinal degeneration and (b) fundus autofluorescence image showing the autofluorescent areas of 
the surviving retinal pigment epithelium and remaining functional retina.
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as a rod–cone degeneration, since rods are more vulnerable to RPE degeneration due to their reliance 
on RPE visual cycle retinal isomerisation. Cones may survive longer because their oxygen requirements 
from the residual choroidal circulation are less and Mueller cells may compensate for RPE cell deficiency 
and partly sustain the cone visual cycle.13,14

Rationale

Gene therapy, a procedure whereby a disease is treated at the genetic level by intracellular delivery of a 
therapeutic transgene, is an appealing strategy for treating choroideremia. The slow rate of degeneration 
means that there is a long therapeutic window before cell death occurs. In addition, virtually all cases 
reported so far are functionally null mutations and are often predicted to result in the severe truncation 
or absence of endogenous REP1 protein.13,16 This is useful because the product of the therapeutic 
gene will not compete with a large pool of mutant protein. This would limit dominant negative effects 
and, in theory, would mean that only a small amount of functional REP1 protein would be needed to 
arrest degeneration.17

Furthermore, the eye is an attractive site for gene therapy for several reasons. Surgical access is 
relatively straightforward and gene therapy products can be administered directly to cells in the outer 
retina (photoreceptors and RPE) by subretinal injection. Potential adverse events can be detected 
and monitored directly via ocular examination. Therapeutic outcomes can be measured directly using 
non-invasive assessments of visual function and retinal anatomy, with an untreated contralateral 
eye available as a control. The risk of systemic immune reactions is reduced by the anatomical 
compartmentalisation of the eye and the immunological privilege provided by the blood–retina barrier. 
Moreover, the small tissue volume of the subretinal space means that the therapeutic dose required 
to treat the retina is several thousand times lower in comparison with doses required for treatment of 
other organs, further reducing the risk of systemic adverse reactions.

Most gene therapies developed thus far as potential treatments for inherited retinal diseases have 
utilised recombinant adeno-associated virus (AAV) particles as vectors to deliver therapeutic transgenes 
to target cells in the retina.18 Different AAV serotypes have slight differences in their capsid proteins and 
consequently in their cell selectivity. AAV serotype 2 (AAV2) has shown high affinity for photoreceptors 
and RPE cells.19 Therapeutic administration is effected by injection of a suspension of AAV2 vector 
particles into the subretinal space, which are subsequently taken up by photoreceptors and RPE cells. 
Voretigene neparvovec (Luxturna®), an AAV2 vector-based gene therapy for treatment of RPE65-
associated inherited retinal disease manufactured by Hoffmann-La Roche AG (Basel, Switzerland), 
became the first retinal gene therapy to be approved by the US Food and Drug Administration (FDA).20 
Following subsequent approval by the European Medicines Agency (EMA),21 Luxturna is now available as 
an NHS treatment.22

This gene therapy for choroideremia uses an AAV2 vector containing the coding sequence for human 
REP1 protein, regulated by a ubiquitous cytomegalovirus-enhanced chicken β-actin promoter and a 
woodchuck hepatitis virus post-transcriptional regulatory element (WPRE). The vector, designated 
as AAV2-REP1, was first tested in human subjects in a phase I/II safety and dose escalation study 
(NCT01461213) at Oxford (UK). A cohort of six participants was initially treated with a dose of up to 
1 × 1010 vector particles administered subretinally in one eye, followed by a cohort of eight participants 
treated with a higher dose of up to 1 × 1011 vector particles. Initial results were promising with gains in 
best corrected visual acuity (BCVA) of 11 and 21 letters recorded in the treated eyes of two participants 
at 6 months post treatment.17 Two serious adverse events (SAEs) occurred during the clinical trial, 
comprising a case of retinal thinning due to surgical complications and a case of postoperative 
inflammation, but otherwise the study data confirmed the safety and possible efficacy of the AAV2-
REP1 vector for treatment for choroideremia.23
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An additional 18 choroideremia patients were subsequently treated with a dose of up to 1 × 1011 
particles of the same AAV2-REP1 vector administered subretinally in one eye – 6 participants in a phase 
I/II study (NCT02077361) at Edmonton (Canada), 6 participants in a phase II study (NCT02553135) at 
Miami (USA) and 6 participants in a phase II study (NCT02671539) at Tübingen (Germany). These studies 
showed that the AAV2-REP1 vector was generally well tolerated, with a subset of participants achieving 
clinically significant improvements in BCVA.24–26 One SAE involving a case of postoperative inflammation 
was reported in the Edmonton study, resulting in a loss of BCVA (nine letters) in the treated eye of the 
relevant participant, but it was also reported that surgery had been difficult in the case of this participant, 
for whom subretinal air and haemorrhage had complicated the subretinal administration of the AAV2-
REP1 vector. There were no cases of postoperative inflammation reported in the 12 choroideremia 
patients treated in Tübingen and Miami. In the Tübingen study, a pre-existing degenerative macular hole 
opened up in one of the participants during surgery but subsequently closed spontaneously. In the Miami 
study, two participants developed an atrophic retinal hole in a non-functioning macular area.

In view of these satisfactory clinical outcomes, which indicated that gene therapy for choroideremia 
using the AAV2-REP1 vector demonstrated a good safety profile and sustained gains in BCVA in a 
proportion of trial participants,27 the REGENERATE (REP1 gene replacement therapy) phase II study 
(NCT02407678) was initiated to assess the efficacy of gene therapy (dose of up to 1 × 1011 particles 
of the AAV2-REP1 vector administered subretinally in one eye) in 30 choroideremia patients at an 
earlier stage of the disease and therefore still possessing substantial areas of surviving retinal tissue, 
thereby facilitating the measurement of area changes in order to assess the effect of gene therapy on 
retinal deterioration.

Another biotechnology company, Spark Therapeutics (Philadelphia, PA, USA), now owned by 
Hoffmann-La Roche AG (Basel, Switzerland), has initiated a phase I/II safety and dose escalation 
study (NCT02341807) of a similar AAV2 vector construct which does not contain WPRE.28 Fifteen 
choroideremia patients were recruited, of whom 5 participants were treated with a dose of up to 
5 × 1010 vector genomes administered subretinally in one eye, and 10 participants were treated with a 
higher dose of up to 1 × 1011 vector particles. BCVA returned to within 15 letters of baseline in all but 
2 patients (of whom 1 developed acute foveal thinning and the other developed a macular hole). No 
incidents of intraocular inflammation were reported.

Aim and objectives

The aim of the REGENERATE study was to investigate the efficacy and safety of a single subretinal 
injection of AAV2-REP1 in participants with a confirmed diagnosis of choroideremia over an assessment 
period of 24 months post treatment.

Primary objective
The primary safety-related outcome was change from baseline in BCVA in treated eyes at 24 months 
post treatment, with prospective efficacy evaluated by comparative change from baseline in BCVA in 
treated and untreated contralateral (control) eyes.

Secondary objectives

1.	 Comparative change from baseline in central visual fields and mean retinal sensitivity (determined 
by mesopic microperimetry) in treated and control eyes at 24 months post treatment

2.	 Comparative change from baseline in the area of surviving RPE (determined by fundus autofluores-
cence) in treated and control eyes at 24 months post treatment

3.	 Comparative change from baseline in other measures of visual function and retinal anatomy in 
treated and control eyes at 24 months post treatment

4.	 Change from baseline in safety-related immunological and physiological indicators
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Chapter 2 Methods

Study design

The REGENERATE study is an open-label Phase II clinical trial investigating the efficacy and safety of 
AAV2-REP1 vector-mediated gene therapy for treatment of choroideremia.

In contrast to other interventional studies, the REGENERATE study recruited choroideremia patients 
at an earlier stage of the disease and therefore still possessing substantial areas of surviving retinal 
tissue. The intention behind this study design was to facilitate the measurement of changes in area of 
surviving RPE (determined by fundus autofluorescence) in order to assess the effect of gene therapy on 
retinal deterioration.

Whereas in changes in BCVA and other measures of visual function in the treated eye could be 
compared against baseline values, assessment of the anatomical rate of degeneration ideally required 
the untreated contralateral eye to be used as an internal control. This condition required, in turn, the 
inclusion of participants having a fairly symmetrical disease. In consequence, randomisation of treatment 
of one eye or the other was also required to avoid selection bias.

Equality, diversity and inclusion

According to the 2021 Census, the total population of England and Wales was 59.6 million, broadly 
composed of the following ethnic groups: 81.7% white (48.7 million), 9.3% Asian (5.5 million) and 9.0% 
black/mixed/other (5.4 million). As choroideremia is a rare disease affecting approximately 1 in 50,000 
people, it was therefore anticipated that the pool of prospective participants for the REGENERATE study 
consisted of approximately 1000 white, 100 Asian and 100 black/mixed/other choroideremia patients.

In view of the significant challenges in achieving the recruitment target of the REGENERATE study 
considering the limited pool of choroideremia patients meeting the inclusion criteria, it was not possible 
to arrange special provisions for recruitment of ethnically diverse trial participants representative of the 
overall demographic profile of the country.

Patient and public involvement

Choroideremia patients were invited to help with writing patient information sheets, including their 
feedback on suitable fonts and layouts for sight-impaired persons. The medical charity Fight for Sight 
was also approached for help in public communication of the aims and objectives of the REGENERATE 
trial and how choroideremia patients could get involved.

Fight for Sight also co-ordinated a fundraising campaign with the assistance of the Tommy Salisbury 
Choroideremia Fund, which raised funds for the purchase of an ophthalmic operating microscope with 
an integrated optical coherence tomography (OCT) scanner for use in the REGENERATE study. OCT 
operating microscopes have an integrated scanner providing a head-up display of a cross-section of the 
retina in real time for the surgeon, thereby permitting subretinal delivery of the vector to be achieved 
more safely and accurately.
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Sample size

As this was an exploratory study to assess a new end point (comparative change from baseline in 
the area of surviving RPE in the treated and control eyes, determined by fundus autofluorescence), 
there was no predetermined power calculation to determine the number of trial participants. Instead, 
data from this trial will be used for future power calculations. A sample size of 30 participants in the 
REGENERATE study was deemed sufficiently statistically powered to show a signal in the primary end 
point of efficacy (comparative change from baseline in BCVA in the treated and control eyes) based on 
power calculations from the original phase I/II study (NCT01461213).

Study set-up

The REGENERATE study was listed on the U.S. National Library of Medicine ClinicalTrials.gov database 
on 3 April 2015: National Clinical Trial identifier (NCT02407678). The study was also registered in 
the International Standard Randomised Controlled Trial Number (ISRCTN) registry on 18 April 2016: 
reference ISRCTN15602229. Clinical trial authorisation was given by the Medicines and Healthcare 
products Regulatory Agency on 11 November 2015: European Union Drug Regulating Authorities 
Clinical Trials database number 2015-001383-18. Recruitment commenced on 16 August 2016 and 
closed on 23 May 2019.

Independent oversight of the REGENERATE study was provided by the Trial Steering Committee 
that received recommendations from the independent Data and Safety Monitoring Committee. (The 
members of the trial oversight committees are listed in Appendix 2.)

Study setting

The REGENERATE study was conducted at two NHS eye hospitals, namely, the Oxford Eye Hospital 
and Moorfields Eye Hospital. These sites were selected based on their expertise and prior experience in 
conducting clinical trials of retinal gene therapies and their access to specialist clinics for patients with 
inherited retinal diseases.

Protocol

The REGENERATE study protocol is available at https://fundingawards.nihr.ac.uk/award/12/66/35. 
The REGENERATE study commenced recruitment on protocol version 2.0, dated 19 October 2015. A 
number of updates and minor corrections were made to the protocol during the course of the study:

•	 Version 3.0, dated 14 November 2016, included a change of principal investigator at the 
Moorfields Eye Hospital site, clarifications of the randomisation and informed consent procedures, 
an amendment to the interval between screening and surgery, amendments to the schedule of 
assessments (full ophthalmic examination, viral shedding, immunology and colour vision) and a 
clarification of the procedures for recording and managing study data.

•	 Version 4.0, dated 4 January 2017, included amendments to the schedule of assessments (vital signs, 
blood chemistry, immunology, fundus photography and refraction/BCVA).

•	 Version 5.0, dated 15 March 2017, included an amendment to the inclusion criterion for BCVA such 
that candidates must have BCVA better than or equal to 6/60 (20/200; LogMAR 1.0).

•	 Version 6.0, dated 4 October 2017, included amendments extending the oral prednisolone course 
and permitting administration of 0.2 ml of the AAV2-REP1 vector.

•	 Version 7.0, dated 8 July 2020, included updates to the safety reporting section to include 
parameters for determining the clinical significance of changes in BCVA.

https://fundingawards.nihr.ac.uk/award/12/66/35
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Participants

Eligibility for recruitment
All participants were male with a clinical phenotype of choroideremia and a confirmed diagnosis. (As 
choroideremia is an X-linked recessive disease, males are severely affected, whereas female carriers 
present with a range of phenotype severities dependent on the extent of X-chromosome inactivation.)

Confirmation of a diagnosis of choroideremia preceded the invitation of a candidate to participation in 
the study and to the initial screening visit. Confirmation of diagnosis included:

•	 provision of demographic, medical and ocular history;
•	 a characteristic clinical phenotype of choroideremia apparent from full ophthalmic examination, 

retinal imaging and visual function tests;
•	 genetically confirmed diagnosis of choroideremia.

Deoxyribonucleic acid sequencing of candidates’ CHM genes was undertaken by specialist 
genetics laboratories.

Note that the study protocol made provision for recruitment of candidates without a confirmed 
mutation in the REP1 coding sequence (i.e. the exonic regions of the CHM gene encoding REP1 
protein), but who had the clinical phenotype typical of choroideremia confirmed by a minimum of three 
independent retinal specialists, and additionally met the following three criteria:

1.	 Family history consistent with X-linked inheritance. Since choroideremia has a distinct clinical 
appearance compared with other types of retinal degeneration and an X-linked inheritance, the 
appropriate family history would provide strong evidence that a candidate had choroideremia even 
though a mutation in the CHM gene could not be detected. (Note that absence of functional REP1 
protein would still need to be confirmed as detailed in the following criterion.)

2.	 Absence of functional REP1 protein. Despite being unable to find a mutation in (the exons of) the 
CHM gene, an absence of functional REP1 protein in a candidate could be caused by other factors 
such as a mutation within an intron affecting splicing of messenger ribonucleic acid expressed by 
the CHM gene, or a mutation in the CHM promoter region. Since the REP1 protein is expressed 
ubiquitously, deficiency of the CHM gene product could be confirmed by screening peripheral blood 
for REP1 protein by a western blot, and absence of REP1 function could be assessed through a 
prenylation assay. The absence of functional REP1 protein would provide a molecular confirmation 
of the clinical diagnosis of choroideremia.

3.	 Presence of a normal RPE65 gene. The RPE65 gene codes for RPE-specific 65 kDa protein.  
Mutations in RPE65 have been associated with Leber congenital amaurosis type 2 and retinitis 
pigmentosa. Early in the course of the disease, choroideremia may share similar features with 
RPE65-associated disease, such as nyctalopia and circumferential loss of RPE. However, differences 
emerge in time as the disease progresses.

Inclusion criteria
Inclusion criteria comprised:

1.	 candidate willing and able to give informed consent for participation in the study;
2.	 male aged 18 years or above;
3.	 genetic or molecular confirmed diagnosis of choroideremia;
4.	 active disease visible clinically within the macula region;
5.	 BCVA better than or equal to 6/60 (20/200; LogMAR 1.0) in the study eye.

Exclusion criteria
Exclusion criteria comprised:
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1.	 any female, or male, aged below 18 years;
2.	 an additional cause for sight loss (e.g. amblyopia);
3.	 any other significant ocular and non-ocular disease or disorder which, in the opinion of the investi-

gator, might put candidates at risk through participation in the study;
4.	 inability to take systemic prednisolone for a period of 45 days;
5.	 unwillingness to use barrier contraception methods for a period of 3 months following administra-

tion of gene therapy;
6.	 participation in another research study involving an investigational product in the preceding 

12 weeks.

Allocation for treatment

Participants in the REGENERATE study were assigned to one or both of the following cohorts:

•	 Cohort 1 included all participants and compared changes in BCVA and other measures of visual 
function in the treated eye against baseline values.

•	 Cohort 2 included the subset of participants having symmetrical disease for whom selection of the 
treated eye was randomised and compared the rate of anatomical degeneration in the treated eye 
and the untreated contralateral (control) eye.

In participants having asymmetrical disease (and therefore not included in Cohort 2), the decision about 
which eye to treat was made on clinical grounds and the worse-affected eye was chosen.

Note that randomisation was not used for assigning treatment (vs. placebo/standard care as in 
randomised controlled trials) to participants included in Cohort 2, but solely for selection of the 
eye to be treated in these participants for whom the progress of retinal degeneration was relatively 
symmetrical between the two eyes, defined as

•	 a difference in BCVA of no more than one line of letters, as measured on an Early Treatment Diabet-
ic Retinopathy Study (ETDRS) chart; and

•	 no more than 25% difference in the area of surviving RPE, as measured by fundus autofluorescence.

Block randomisation was achieved by creating a numbered list on a Microsoft Excel® (Microsoft 
Corporation, Redmond, WA, USA) spreadsheet and using the RANDBETWEEN function to generate 
a value of zero or one in a random fashion, which was assigned to each number on the list. A value of 
zero indicated that the right eye was to be treated and a value of one indicated that the left eye was 
to be treated. Participants in Cohort 2 were then assigned an appropriate number and corresponding 
randomised value.

Intervention

Adeno-associated virus serotype 2 vector encoding Rab escort protein 1 vector suspension (1 × 1012 
vector particles per ml) was supplied by Nightstar Therapeutics (London, UK), now part of Biogen Inc. 
(Cambridge, MA, USA). Up to 0.1 ml of AAV2-REP1 vector suspension, corresponding to a dose of up to 
1 × 1011 vector particles, was administered to the treated eye by subretinal injection. The dose varied 
slightly dependent on the amount of residual retina. Hence, in more advanced patients, 0.03–0.05 ml 
might have been sufficient to detach the target area of retina completely. The concentration of vector 
remained the same.

The surgical technique for subretinal administration of the AAV2-REP1 vector suspension has been 
described previously.17 All surgeries took place at the participating hospital sites using the standard 
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BIOM® (binocular indirect ophthalmic microscope) operating system.29 Following a standard vitrectomy 
to remove the vitreous gel (Figure 2a), the retina was detached with 0.1–0.5 ml of balanced salt solution 
injected through a subretinal cannula connected to a vitreous injection set. A dose of up to 1 × 1011 
vector particles was then injected into the subretinal fluid through the same entry site (Figure 2b).

Control eyes received no intervention.

Assessments

Data collection and follow-up schedule
The schedule of assessments is shown in Table 1. Functional assessments included BCVA, contrast 
sensitivity, dark adaptometry and central visual field mapping (using microperimetry), while anatomical 
assessments included imaging techniques such as OCT and fundus autofluorescence. Safety tests 
included assessments of ocular and general physical condition, as well as standard blood tests of 
common physiological markers. Biological samples were also analysed to monitor vector shedding 
and immunogenicity.

Participant demographics and other baseline characteristics
Baseline characteristics details, such as age and genetic diagnosis, were retrieved from the patient and 
their hospital medical records.

Masking of assessors
In order to minimise investigator bias, visual assessments of all participants (whether or not they were 
included in Cohort 2) were conducted by masked assessors throughout the entire course of the study. 
Participants were advised not to disclose which eye had been treated to the relevant clinicians.

FIGURE 2 Surgical procedure for subretinal injection of AAV2-REP1 vector. (a) A standard vitrectomy through an operating 
system to remove the vitreous gel is followed by (b) injection of vector suspension into the subretinal space.
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TABLE 1 Schedule of assessments and procedures

Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 Visit 6 Visit 7 Visit 8 Visit 9 Visit 10 Visit 11
Early 
termination 
visit b

Unscheduled 
visit cScreeninga Day 0 Day 1

Day 7, 
± 3d

Month 
1, ± 7d

Month 
3, ± 7d

Month 
6, ± 21d

Month 
9, ± 21d

Month 
12, ± 21d

Month 
18, ± 28d

Month 
24, ± 28d

Informed consent X

Demographic, medical and ocular 
history

X

Full ophthalmic examinationd X X X X X X X X X X X X

Prednisolone/omeprazole 
administratione

Administered daily from day −2 to day 42

Randomisation of treated eye  
(if relevantf)

X

Administration of AAV2-REP1g X

Vital signsh X X X X

Blood chemistryi X X X

Viral sheddingj X X X X X

Immunologyk X X X X

Contrast sensitivity X X X X X

Colour vision X X X X X

Fundus photography X X X X X

Refractive error + BCVA X X X X X X X X X X X

Optical coherence tomogra-
phy + fundus autofluorescence

X X X X X X X X X X X X

Microperimetryl X X X X X X X X X X X X

Perimetrym X X X

Angiographyn X X X

Adaptive optics imagingo X X
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Visit 1 Visit 2 Visit 3 Visit 4 Visit 5 Visit 6 Visit 7 Visit 8 Visit 9 Visit 10 Visit 11
Early 
termination 
visit b

Unscheduled 
visit cScreeninga Day 0 Day 1

Day 7, 
± 3d

Month 
1, ± 7d

Month 
3, ± 7d

Month 
6, ± 21d

Month 
9, ± 21d

Month 
12, ± 21d

Month 
18, ± 28d

Month 
24, ± 28d

Dark adaptation curve + full-field 
stimulus threshold + pattern 
electroretinography

X X

Monitoring of adverse events X X X X X X X X X X X X X

Concomitant medications X X X X X X X X X X X X X

a	 Screening visit (Visit 1) was performed within 8 weeks of treatment with the AAV2-REP1 vector (Visit 2).
b	 Early termination visit was performed if a participant withdrew from the study after treatment with the AAV2-REP1 vector.
c	 Full ophthalmic examination and BCVA assessment were conducted as a minimum. Microperimetry, fundus autofluorescence and OCT, as well as monitoring of concomitant 

medication and adverse events, were performed if clinically required.
d	 Full ophthalmic examination included dilated ophthalmoscopy, slit-lamp examination and assessment of intraocular pressure and lens opacity.
e	 Oral prednisolone (an anti-inflammatory corticosteroid) was taken once a day for 45 days, commencing 2 days before treatment with the AAV2-REP1 vector (i.e. from day −2 to day 

42). Omeprazole (an antacid) was taken concurrently with the prednisolone.
f	 Criteria for randomisation of the treated eye are outlined in a preceding section.
g	 AAV2-REP1 vector was administered by subretinal injection to the treated eye.
h	 Vital signs comprised pulse and blood pressure.
i	 Standard blood chemistry assays comprised a glucose test, routine kidney function tests, routine liver function tests and full blood counts.
j	 Polymerase chain reaction assays were performed on blood, saliva, tears and urine samples to test for vector shedding.
k	 C-reactive protein test, total immunoglobulin M and total immunoglobulin G tests, enzyme-linked immunosorbent assay and enzyme-linked immune absorbent spot assay were 

performed on blood samples to test for vector immunogenicity.
l	 Microperimetry was used to measure the central visual field and mean retinal sensitivity.
m	Perimetry was used to measure the peripheral visual field.
n	 Angiography comprised fluorescein angiography and indocyanine green angiography.
o	 Adaptive optics imaging at 24 months was optional depending on the outcome of the baseline assessment.
Note
All ophthalmic assessments (except for the surgical procedure involving subretinal injection of the AAV2-REP1 vector) were performed in both eyes.

TABLE 1 Schedule of assessments and procedures (continued)
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Assessments of functional outcomes

Refraction
Each participant underwent a refraction at each study visit, prior to BCVA testing, to obtain the most 
up-to-date spectacle correction using ETDRS chart R.30 Full aperture lenses were used with a trial frame. 
The right eye was refracted first, prior to the left; the eye not being tested was covered by an occluder in 
the trial frame.

Best corrected visual acuity
The ETDRS chart was set at 4 m. With only the ETDRS letter chart light box was switched on (160 cd/m2), 
all other room luminance was either turned off or blocked out as per standard ETDRS testing procedures.30 
Following refraction, the BCVA was obtained for the right eye using the ETDRS chart 1. As participants 
read down chart 1 of the ETDRS chart, the letters were marked according to whether they were read 
correctly; the total number of letters seen correctly were counted, in accordance with ETDRS testing 
procedures.30 Once BCVA testing was completed on the right eye, the occluders were swapped and the 
same procedure was repeated for the left eye, using the ETDRS chart 2.

Contrast sensitivity
Contrast sensitivity is the ability to discriminate an object from its background. Reduced contrast 
sensitivity can have a significant impact on mobility and ability to see to complete everyday tasks. 
Contrast sensitivity visual function was assessed using the Pelli–Robson chart. The test was performed 
prior to pupil dilation with the latest distance refraction correction.

The Pelli–Robson chart involves letters of reducing contrast, there are eight rows, each row has six 
letters, and the contrast decreases by a factor 1/√2 after every triplet. The chart was retro-illuminated 
using the ETDRS illuminator cabinet and placed at eye level, 1 m in front of the patient. Tested 
monocularly, right eye then the left eye, participants read down the chart as far as possible until they 
can no longer resolve any letters. The last triplet where 2/3 letters were read correctly was used as the 
log contrast sensitivity score.

Microperimetry
Microperimetry, also known as fundus-controlled perimetry, is a robust method for assessing global 
macular sensitivity. The test combines computerised central perimetry assessment with a scanning 
laser ophthalmoscope and real-time eye-tracking technology. This reduces errors that result from poor 
fixation and enable longitudinal assessment of specific retinal locations. Microperimetry has been shown 
to be a valid and repeatable assessment of central retinal sensitivity in patients with choroideremia.4 
Although high test–retest variability has been reported at degeneration borders and asymmetric central 
degeneration may skew mean sensitivity values, volumetric measures have been recommended for more 
reliable robust analyses.31,32

Microperimetry assessment was undertaken using the MAIA microperimeter (CenterVue, Padova, 
Italy). Each participant underwent 20 minutes of dark adaptation (< 1 lux) prior to assessment. No pupil 
dilation was required. The 10-2 testing grid centred on the fovea was used. The 4-2 bracketing test 
strategy was used, with the Goldmann size III stimulus (duration 200 ms) presented against a mesopic 
background luminance of 1.27 cd/m2. The test covered a dynamic sensitivity range of 36 db. The right 
eye was tested first, then the left eye. Participants were encouraged throughout the test to ensure 
optimum attention and reliable results. If the participants had more than 15% fixation errors (positive 
responses to 10 dB stimuli presented in the blind spot), the test was repeated.

Pattern electroretinography
Pattern electroretinography (ERG) measures a retinal evoked response to a reversing black and white 
checkerboard using the Espion Visual Electrophysiology System (Diagnosys LLC, Littleton, MA, USA). 
It enables an objective functional assessment of the macular and retinal ganglion cell function. Pattern 
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ERG was performed at baseline, month 12 and month 24, on each eye. The test was carried out in 
accordance with the published International Society for Clinical Electrophysiology of Vision (ISCEV) 
standards.33 The test was performed prior to dilation with optimal spectacle refractive correction under 
normal room lighting; direct bright lights and glare were avoided. Testing was completed binocularly. 
Additional monocular testing was only performed if the participant had strabismus or evident eccentric 
fixation to help aid fixation.

Gold foil corneal electrodes were carefully positioned over the lower eyelids so that the electrode 
was in contact with the corneoscleral junction in the midline. Surface electrodes were applied after 
routine skin preparation and had an impedance of 5 kΩ or less between any pair of electrodes. The 
checkerboard stimulus comprising 50-minute checks in a 15 × 12-degree field (width and height, 
respectively) was generated using the cathode-ray tube screen. The luminance of the white squares was 
100 cd/m2; contrast will be ≥ 98%. Stimulus reversal rate was 4.4 reversals/second. Additional testing 
to a 30 × 24-degree field was performed by reducing the distance to the screen by half and adjusting 
the check size accordingly. Analysis time was 150 ms; the filter bandwidth was 1–100 Hz (−3 dB). Line 
frequency notch filtering was not used, although artefact rejection was used to eliminate spuriously 
large signals generated from blinks and eye movements. The ‘interrupted stimulus’ technique was used 
to minimise small eye movements and blinking artefacts not detected with the automated artefact reject 
window. To ensure reliable waveform without excess noise several sweeps were averaged and repeated. 
The pattern ERG N35, P50 and N95 components were marked as per the ISCEV standards.33

Colour vision
Colour vision was assessed using the Farnsworth–Munsell 100 hue test. The test was carried 
out monocularly (right eye then left eye) and prior to pupil dilation and clinical examination. The 
Farnsworth–Munsell 100 hue test was developed to determine colour discrimination. The test was 
conducted under a bright light source (≥ 270 lux), with a spectral distribution stimulating International 
Commission on Illumination (CIE) standard illuminance C condition, at 50 cm. Participants were required 
to arrange the tests coloured caps in a progressive colour change order. The sequence of the caps was 
then recorded and compared with the true sequence; the size of sequence difference at each cap was 
summed to generate an error score.

Perimetry
Kinetic perimetry using either the Goldmann or Octopus 900 machine was performed to assess overall 
retinal function within participants’ 180-degree visual field to produce a map indicating the extent 
of peripheral vision function. Patients with choroideremia typically have their discrete central island 
of vision, accompanied by one or more peripheral islands – optimally detected with perimetry. To 
assess this, testing was performed prior to any pupil dilation, in a darkened room. Each eye was tested 
monocularly (right eye then the left eye); the non-tested eye was occluded. Appropriate refractive 
correction was used. Both the III4e and V4e stimuli were used.

Dark adaptometry
Dark adaptometry is an automated test that enables the measurement of dark adaptation (the ability 
of the eye to change or recover its low light sensitivity after being exposed to bright light), producing 
a dark adaptation curve/timeline. The process is initially cone-dominated since cones take less time to 
recover sensitivity to lower light levels, before transitioning to rod-dominated retinal function. The test 
was performed monocularly (right eye then left eye) following pupil dilation using the Espion system. 
The room light was switched off and efforts made to minimise light leakage from electronic sources. 
The light adaptation included a 5-minute bleaching period. The participants were then presented with a 
series of single lights of varying intensity presented at the back of the light bowl. Participants indicated 
using the button box whether the light was seen. Throughout testing to minimise fatigue, a series of rest 
periods were included. The test lasted a minimum of 25 minutes. The end point is determined when the 
sensitivity curve reaches its plateaux; this was determined by five consecutive points of equal sensitivity. 
The test was stopped once this was determined.
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Full-field stimulus threshold testing
Full-field stimulus threshold (FST) testing assesses global retinal sensitivity to different colours following 
dark adaptation allowing for maximum retinal sensitivity assessment. It was measured using the Espion 
system using a standardised FST testing protocol. It was performed monocularly (right eye and then left 
eye), following pupil dilation. Lights of different intensities were presented in the Espion Colourdome; 
participants then indicated whether they saw the light flash or not. This continued until a threshold 
measurement was obtained. White light was tested first, followed by the red, green and blue colour 
options. A 3-minute dark adaptation recovery time was allowed between tests repeats. Each colour test 
was repeated twice for each eye. The highest sensitivity threshold achieved (in decibels) for each colour, 
per eye, was recorded.

Assessments of anatomical outcomes

Optical coherence tomography
Macular spectral-domain OCT (30 degree) scans were taken using the Heidelberg Spectralis® 
(HRA + OCT) confocal scanning laser ophthalmoscope (Heidelberg Engineering GmbH, Heidelberg, 
Germany) at each visit on each eye following pupil dilation (with 1% tropicamide and 2.5% 
phenylephrine) to enable assessment of macular health. OCT facilitates visualisation of the retinal layers 
and RPE to enable accurate monitoring of the disease and integrity of the central remaining visual island 
observed in choroideremia patients.

Fundus autofluorescence
Fundus autofluorescence images were taken also using the Heidelberg Spectralis (HRA + OCT) confocal 
scanning laser ophthalmoscope (Heidelberg Engineering GmbH, Heidelberg, Germany) with an excitation 
filter of 488 nm. The fundus autofluorescence images were recorded with automatic real time (ART) 
mode 100 or the highest possible ART number excluding motion artefact using the 30- and 55-degree 
lenses following pupil dilation. The Heidelberg Eye Explorer (HEYEX) software was used to view the 
images and identify the autofluorescent central ‘island’ of residual functional retina, surrounded by areas 
of degeneration. The HEYEX software area tool was used to trace the area of residual autofluorescence 
to enable monitoring of progression.34

Adaptive optics imaging
Adaptive optics imaging enables direct visualisation of individual cone photoreceptors, the cone 
photoreceptor mosaic, retinal pigment epithelial cells and retinal white blood cells.35 An adaptive optics 
scanning laser ophthalmoscope (rtx1™; Imagine Eyes, Orsay, France) was used to obtain photoreceptor 
images. The device uses a 4-degree by 4-degree imaging field of view (1.2  × 1.2 mm at the retina) and a 
non-coherent flood-illuminated design, with a focus range of 600 μm. A low-noise camera with a pixel 
resolution of 1.6 μm and a 9.5 fps frame rate was used to obtain high-resolution cone and cone mosaic 
images. Adaptive optics images were obtained at baseline and month 24 only, following pupil dilation.

Safety assessments

Full ophthalmic examination
A full ophthalmic exam was undertaken at each visit; this included a medical and ocular history, a pupil 
examination, anterior and posterior segment examination using slit-lamp biomicroscopy and intraocular 
pressure measurement using Goldmann contact tonometry.

Vital signs
An assessment of the participants’ physical condition including resting pulse rate and blood pressure 
was performed at screening, day 1 after surgery and month 1.
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Indocyanine green angiography and fundus fluorescein angiography
Participants were injected first with 0.5% indocyanine green. High-speed 55-degree images capturing 
the whole disc and macular view were taken using the Spectralis® HRA system (Heidelberg Engineering 
GmbH, Heidelberg, Germany). The images were taken at set intervals following the imaging procedure. 
After 1 minute, the procedure was repeated with 10% or 20% fluorescein solution to obtain the fundus 
fluorescein angiography images.

Biological samples
Venepuncture blood samples were collected from each participant at predetermined time points in 
accordance with local clinical procedures. The Vacutainer® system (BD: Becton, Dickinson and Company, 
Franklin Lakes, NJ, USA) was used with as large as possible gauge hypodermic needle (i.e. 21G) to 
prevent haemolysis.

•	 Some samples were used to assess blood biochemistry and haematological composition.
•	 Some samples were processed and cryopreserved so that they could be later used to assess shedding 

of the gene therapy vector.
•	 Other samples were processed to collect specific blood fractions and cells for use in immunological 

tests. These samples included serum for enzyme-linked immunosorbent assays and peripheral 
blood mononuclear cells for enzyme-linked immunosorbent spot assays; these were cryopreserved 
until needed.

Vector shedding
Vector shedding is the dissemination of the virus vector following gene therapy through secretions or 
excreta of the trial participant. Tears, urine and saliva samples as well as blood and its related products 
were collected for vector shedding assessment at specific time points, as per the schedule outlined in 
Table 1. The assessment used polymerase chain reaction assays to assess presence and levels of the 
virus vector. This enabled understanding of any potential risk associated with transmission to third 
parties and the environment.

Safety reporting

Reporting procedures
All adverse events and SAEs, observed by the investigator or reported by the participant within the 
24-month assessment period following administration of gene therapy, were recorded.

Categorisation of decreases in visual acuity as adverse events
The ETDRS chart, used to measure BCVA in the REGENERATE study and preceding interventional 
studies evaluating AAV2-REP1-mediated gene therapy for choroideremia, is a logarithm of the minimum 
angle of resolution (logMAR) chart.

Each line of five letters on the ETDRS chart is equivalent to 0.1 logMAR. This is the log10 value of the 
change in minutes of arc resolution. A drop in BCVA of 0.3 logMAR (3 lines/15 letters) represents a 
doubling of the visual angle, as log102 equals 0.30 (rounded to 2 significant figures).

Bland–Altman test–retest variability studies have shown that a 0.2 logMAR (2 lines/10 letters) or greater 
is required to be deemed as clinically significant and reliably distinguished from no clinically meaningful 
change.36,37 Furthermore, as a rule of thumb, in patients with severe visual impairment, two to three 
lines’ change is required to be deemed clinically significant.38 The FDA stipulates that a gain (or loss) 
must be at least 3 lines/15 letters to be clinically meaningful since this represents a halving (or doubling) 
of the letter size visual angle.39 Any decreases in vision meeting this criterion were reported as SAEs, 
with the exception of decreases in BCVA caused by cataract.
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Statistical methods

Cohort 1 comprised the 30 participants who were enrolled in this study, of whom 28 participants 
had symmetrical disease and were therefore also assigned to Cohort 2. The statistical analyses were 
therefore performed on the total cohort comparing visual function and anatomical degeneration in 
treated versus control eyes.

Summary statistics of each assessed variable was performed for treated eyes versus control eyes. 
Data involving a comparison of an assessed variable between the treated and untreated eyes (of each 
participant) were estimated as the difference between the eyes (with a 95% confidence interval), and 
simple analysis of change from baseline (paired t-test) was performed at 24 months post treatment. As 
most participants (93%) had symmetric disease, analysis of covariance was deemed unnecessary.
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Chapter 3 Results

Recruitment

Recruitment commenced on 16 August 2016 and closed on 23 May 2019. The recruitment target of 
30 participants was achieved, of whom 28 participants had symmetrical disease and could therefore be 
included in Cohort 2 (for whom selection of the treated eye was randomised).

The progress of actual recruitment versus initial target recruitment is outlined in Figure 3. An initial 
delay in recruitment was caused by a temporary interruption in the supply of the AAV2-REP1 vector. 
As choroideremia is a rare disease, additional delays in recruitment caused challenges in finding 
choroideremia patients meeting the inclusion criteria.

Participant flow and baseline characteristics

A total of 30 patients met the inclusion criteria and were recruited into the trial, of whom 12 were 
treated at the Oxford Eye Hospital and 18 at the Moorfields Eye Hospital. The Consolidated Standards 
of Reporting Trials flow diagram (Figure 4) shows the participant flow through the REGENERATE trial. 
Cohort 1 comprised the 30 participants who were enrolled in this study. Cohort 2 comprised the 28 
participants who had symmetrical disease and for whom selection of the treated eye was randomised. 
Table 2 shows the participants’ subject identifiers and their CHM gene variants. Participant demographics 
are shown in Table 3. All participants were male, 29 were white and mean age was 32.1 years [standard 
deviation (SD) 8.79].

Clinical outcomes

Primary efficacy measure

Comparative change from baseline in best corrected visual acuity in treated and 
control eyes at 24 months post treatment
The primary efficacy-related end point (comparative change from baseline in BCVA, measured in ETDRS 
letters, in treated and control eyes at 24 months post treatment) was not statistically different between 
treated eyes [−2.63 letters, standard error of the mean (SEM) 2.76] and control eyes (+2.67 letters, 
SEM 0.768) in all 30 participants, including 4 participants with ocular SAEs (p = 0.08) (Figure 5a). The 
difference reduced to 0.84 letters (SEM 0.996) in the treated group and remained similar in the control 
group at + 2.5 letters (SEM 1.85) when BCVA was analysed in 26 participants with no ocular SAEs 
(p = 0.53) (Figure 5b).

Analysis excluding patients who suffered an ocular SAE is standard policy in pivotal studies as the SAEs 
are used separately to assess risks of the potential treatment effect. This is the approach taken by the 
regulatory authorities for pivotal studies since a complication, such as loss of vision, will most likely be 
an outlier for statistical analyses. Furthermore, by treating the ocular SAEs separately, there is more 
transparency on a small number of participants having a complication which might otherwise be lost 
amongst a large number of participants with favourable outcomes.
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Enrolment

Allocation

Follow-up

Analysis

Assessed for eligibility
(n = 33)

Recruited
(n = 30)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Lost to follow-up (n = 0)
Discontinued intervention (n = 0)

Analysed (n = 2)
• Excluded from analysis, n = 0

Excluded (n = 3)
• Not meeting inclusion criteria, n = 3
• Declined to participate, n = 0
• Other reasons, n = 0

Allocated to intervention: eye not randomised to
treatment (n = 2)
• Received allocated intervention, n = 2
• Did not receive allocated intervention, n = 0

Allocated to intervention: eye randomised to
treatment (n = 28)
• Received allocated intervention, n = 28
• Did not receive allocated intervention, n = 0

Analysed (n = 28)
• Excluded from analysis, n = 0

Cohort 1

Cohort 2

FIGURE 4 Participant flow through the REGENERATE trial.
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Key secondary efficacy measures

Comparative change from baseline in mean microperimetry, total microperimetry 
and central microperimetry (four central points) in treated and control eyes at 24 
months post treatment
Mean total microperimetry declined from baseline in treated eyes (−3.67 dB, SEM 0.585) and control 
eyes (−1.11, SEM 0.189) with statistically significant difference between the groups at 24 months post 
treatment (p = 0.0004) when analysing all 30 participants, including 4 participants with ocular SAEs 

TABLE 2 Participants and CHM gene variants

Participant CHM gene variant

201 c.940 + 3del A

202 c.98_96delCCGG

203 c.877C > T

204 c.877C > T

205 c.808C > T

206 c.808C > T

207 c.49 + 2dupT

208 c.808C > T

209 c.1770 + 1G > C

211 c.1214_121insC

212 Exon 4–18 deletion

213 c.930_931InsA p.

601 c.1584_1587del

602 Complete deletion

603 Exon 1–15 deletion

604 c.1099_1100ins TACC

605 c.759delA

606 c.315–1536 A > G

607 c.1079delA

608 c.116 + 1G > A

609 c.116 + 1G > A

610 c.492_493delGA

611 c.492_493delGA

612 c.1245_1246del ins 14

613 Exon 1–11 deletion

614 c.116 + 1G > A

615 c.819 + 1G > A

616 Deletion exon 3–intron 4 (c.117–?_314+?del)

617 Exon 1–15 deletion

619 c.799C > T

620 Exons 12 and 13 deletion
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(Figure 6a). A smaller decline in the treated group was observed when four participants with ocular SAEs 
were excluded (treated = −2.83 dB, SEM 0.359; control = −1.22 dB, SEM 0.192; p < 0.0001) (Figure 6b). 
Mean central microperimetry (average of four central points tested) declined in treated eyes (−2.93 dB, 
SEM 1.33) and control eyes (0.05 dB, SEM 0.584) at 24 months (p = 0.04) (Figure 6c). The decline in the 
treated group was less when four participants with ocular SAEs were excluded from the analysis (treated 
group mean = −1.08 dB, SEM 0.986; control group = −0.02 dB, SEM 0.671), and the difference between 
the groups at 24 months was no longer statistically significant (p = 0.3) (Figure 6d).

TABLE 3 Participant demographics and baseline characteristics

Total participants (n = 30)

Age, yearsa

 �Mean (SD) 32.1 (8.79)

Sex

 �Male, n (%) 30 (100)

Race, n (%)

 �Asian 1 (3.3)

 �White 29 (96.7)

Cohort, n (%)

 �1, 2 28 (93.3)

 �1 2 (6.7)

Study eye, n (%)

 �Right 15 (50.0)

 �Left 15 (50.0)

Surgical site, n (%)

 �Oxford Eye Hospital, UK 12 (40.0)

 �Moorfields Eye Hospital, London, UK 18 (60.0)

a	 Age was calculated as the number of years between the date 
of birth and the date of informed consent.
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Comparative change from baseline in total area of autofluorescence in treated 
and control eyes at 24 months post treatment
Total area of autofluorescence declined from baseline in treated eyes (−5.18 mm2, SEM 0.797) and 
control eyes (−2.47 mm2, SEM 0.374) with statistically significant difference between the groups at 
24 months post treatment (p = 0.0004) (Figure 7a). The difference reduced to −4.31 mm2 (SEM 0.578) in 
the treated group and remained similar in the control group at −2.22 mm2 (SEM 0.295) when the analysis 
at 24 months was performed excluding four participants with ocular SAEs (p = 0.0003) (Figure 7b).

C
h

an
ge

 fr
o

m
 b

as
el

in
e

in
 m

ea
n

 m
ic

ro
p

er
im

et
ry

 (d
B

)

Control eye
Treated eye

Time (months)

–4

–2

0

2

–6
0 12 24

(a) Mean total microperimetry

C
h

an
ge

 fr
o

m
 b

as
el

in
e

in
 m

ea
n

 c
en

tr
al

 m
ic

ro
p

er
im

et
ry

 (d
B

)

Time (months)

–4

–2

0

2

–6
0 12 24

(c)
Mean central microperimetry

C
h

an
ge

 fr
o

m
 b

as
el

in
e

in
 m

ea
n

 m
ic

ro
p

er
im

et
ry

 (d
B

)

Time (months)

–4

–2

0

2

–6
0 12 24

(b) Mean total microperimetry
Excluding 4 subjects with SAEs

C
h

an
ge

 fr
o

m
 b

as
el

in
e

in
 m

ea
n

 c
en

tr
al

 m
ic

ro
p

er
im

et
ry

 (d
B

)

Time (months)

–4

–2

0

2

–6
0 12

ns

24

(d) Mean central microperimetry
Excluding 4 cases with SAEs

*** *** *** ***

Control eye
Treated eye

Control eye
Treated eye

Control eye
Treated eye

* *

*

FIGURE 6 Comparative change from baseline in mean microperimetry in treated and control eyes: total microperimetry 
in all 30 subjects, including 4 participants with ocular SAEs (a), total microperimetry in 26 participants with no ocular SAEs 
(b), central microperimetry in all 30 participants, including 4 participants with ocular SAEs (c) and central microperimetry 
in 26 participants with no ocular SAEs (d). The tick marks on the y-axis are standard errors of the mean, and the data 
are normally distributed. (As defined by GraphPad Prism software: ns = not significant, p > 0.05; *p < 0.05; **p < 0.005; 
***p < 0.0005; ****p < 0.0001.)

C
h

an
ge

 fr
o

m
 b

as
el

in
e

in
 m

ea
n

 a
u

to
fl

u
o

re
sc

en
ce

 a
re

a 
(m

m
2

)

Control eye
Treated eye

Time (months)

–4

–2

0

2

–6

–8
0 12 24

(a) Autofluorescence area

Control eye
Treated eye

C
h

an
ge

 fr
o

m
 b

as
el

in
e

in
 m

ea
n

 a
u

to
fl

u
o

re
sc

en
ce

 a
re

a 
(m

m
2

)

Time (months)

–4

–2

0

2

–6

–8
0 12 24

(b) Autofluorescence area
Excluding 4 cases with SAEs

***** *****

FIGURE 7 Comparative change from baseline in total area of autofluorescence in treated and control eyes in all 30 
participants, including 4 participants with ocular SAEs (a) and 26 participants with no ocular SAEs (b). The tick marks on 
the y-axis are standard errors of the mean, and the data are normally distributed. (As defined by GraphPad Prism software: 
ns = not significant, p > 0.05; *p < 0.05; **p < 0.005; ***p < 0.0005; ****p < 0.0001.)
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Safety

Of the 30 participants recruited in the REGENERATE trial, 26 participants (87%) completed the study 
without any long-standing or unresolved adverse events. No participants discontinued from the study, 
and no systemic adverse events were reported that were plausibly associated with the study. Most 
adverse events were treatable, controlled and resolved without sequelae (Figure 8). In total, 128 adverse 
events (Table 4) were reported during the study:

•	 Twenty-eight adverse events were classified as non-ocular and identified by the reporting clinician 
as not associated with the surgical procedure or AAV2-REP1 vector. These included two participants 
treated at the Oxford Eye Hospital (subjects 203 and 209), who each experienced a non-ocular SAE 
involving gallstones that required hospitalisation for cholecystitis or cholelithotomy.

•	 One hundred adverse events were classified as ocular, of which:
◦	 thirty-eight adverse events were not plausibly associated with the surgical procedure or 

AAV2-REP1 vector.
◦	 sixty-two adverse events, including six SAEs, were associated with the surgical procedure or 

AAV2-REP1 vector.

Six ocular SAEs related to the surgical procedure or AAV2-REP1 vector were reported in four 
participants treated at Moorfields Eye Hospital:

•	 A suspected unexpected serious adverse reaction (SUSAR) was reported for subject 602 (Figure 9a) 
for a profound loss of BCVA in the treated eye caused by sustained postoperative inflammation 
related to the AAV2-REP1 vector that was not responsive to immunosuppression.
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TABLE 4 Ocular and non-ocular adverse events reported during the REGENERATE trial

Number of affected participants 
(% of affected participants)

Number of adverse 
events (% of the total)

Ocular adverse events 30 100

Inflammatory events 8 (27%) 15 (15%)

 �Anterior uveitis 3 4

 �Postoperative inflammation 4 4

 �Vitritis 1 2

 �Choroiditis 1 1

 �Panuveitis 2 4

Anterior segment events 22 (73%) 33 (33%)

 �Chalazion 1 1

 �Dry eye 7 7

 �Conjunctival granuloma (cyst) 2 2

 �Eye irritation from suture 1 1

 �Conjunctivitis 4 4

 �Preservative toxicity 1 1

 �Subconjunctival haemorrhage 8 8

 �Punctate epithelial keratopathy 2 2

 �Corneal abrasion 2 2

 �Corneal ulcer 1 1

 �Corneal oedema 1 1

 �Blepharokeratitis 1 1

 �Cataract 2 2

Intraocular pressure-related events 17 (57%) 21 (21%)

 �Hypotony 11 11

 �Ocular hypertension 7 9

 �Hypotonous papillopathy 1 1

Retinal events 11 (37%) 12 (12%)

 �Cystoid macular oedema 5 5

 �Reduced autofluorescence 5 5

 �Choroidal folds 1 1

 �Retinal blot haemorrhage 1 1

Vision changes 11 (37%) 19 (19%)

 �Reduced visual acuity or visual impairment 4 6a

 �Reduced low luminance visual acuity 1 1

 �Reduced microperimetry 1 2

 �Visual field defect 1 1

continued
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•	 A SUSAR was reported for subject 603 (Figure 9b) for a clinically significant decrease in BCVA in the 
treated eye caused by recurring postoperative inflammation related to the AAV2-REP1 vector.

•	 Three SAEs were reported for subject 617 (Figure 9c) for visual impairment involving loss of 
autofluorescence and reduced central retinal sensitivity in the treated eye, consequent to choroidal 
inflammation associated with the AAV2-REP1 vector. BCVA remained stable.

•	 An SAE was reported for subject 620 (Figure 9d) for a clinically significant decrease in BCVA in the 
treated eye following surgery.

Table 4 details ocular and non-ocular adverse events reported during the study.

Number of affected participants 
(% of affected participants)

Number of adverse 
events (% of the total)

 �Reduced or altered colour perception 2 2

 �Vitreous floaters 2 3

 �Binocular diplopia 2 2

 �Metamorphopsia 1 1

 �Flashing lights 1 1

Non-ocular adverse events 24 28

 �Eyelid folliculitis 1 1

 �Blepharitis allergic 1 1

 �Muscle spasms/pain 2 2

 �Skin infection 3 3

 �Herpes zoster 1 1

 �Syncope 1 1

 �Colonoscopy 1 1

 �Cholelithotomy/cholecystitis 2 2a

 �Motion sickness 1 1

 �Nasopharyngitis 2 4

 �Dermatitis atopic 1 1

 �Infectious mononucleosis 1 1

 �Seasonal allergy 1 1

 �Inflammatory marker increased 2 2

 �Headache 1 1

 �Gastroenteritis 1 1

 �Acne 1 3

 �Tooth infection 1 1

a	 Adverse events that are SAEs.

TABLE 4 Ocular and non-ocular adverse events reported during the REGENERATE trial (continued)
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FIGURE 9 Best corrected visual acuity, central retinal sensitivity (microperimetry) and autofluorescence pattern in four 
participants (subjects 602, 603, 617 and 620) with the six ocular SAEs over the 24-month assessment period. (a) Subject 
602 experienced a profound loss of BCVA in the treated eye caused by sustained postoperative inflammation related to 
the AAV2-REP1 vector that was not responsive to immunosuppression; (b) subject 603 experienced a clinically significant 
decrease in BCVA in the treated eye caused by recurring postoperative inflammation related to the AAV2-REP1 vector; (c) 
subject 617 experienced visual impairment involving loss of autofluorescence and reduced central retinal sensitivity in the 
treated eye, consequent to choroidal inflammation associated with the AAV2-REP1 vector. BCVA remained stable; and (d) 
subject 620 experienced a clinically significant decrease in BCVA in the treated eye following surgery. (continued)
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Chapter 4 Discussion

Main findings of the study

There has been no signal of possible efficacy of the intervention (in terms of comparative change from 
baseline in BCVA between treated and control eyes) over the 24-month assessment period.

Overall, BCVA remained relatively stable in treated eyes over the 24-month assessment period. 
Therefore, in terms of the primary safety-related end point (change from baseline in BCVA in treated 
eyes at 24 months post treatment), the safety profile of the REGENERATE trial was comparable to other 
choroideremia gene therapy studies that evaluated the same AAV2-REP1 vector.

Retinal degeneration in choroideremia leads to thin and fragile retinae, making surgical procedures very 
challenging. Moreover, the RPE at the edges of surviving islands of retinal tissue is very disrupted and 
may be more susceptible to surgical trauma. A statistically significant deterioration in visual fields was 
observed in treated eyes compared to control eyes, possibly caused by surgery-induced damage in some 
treated eyes as manifested by increased loss of autofluorescence and retinal sensitivity at the edges of 
surviving islands of retinal tissue. The treated eyes underwent retinal detachment prior to injection of 
the vector suspension into the subretinal space, and this procedure itself can lead to some degree of 
reduction in central retinal sensitivity and autofluorescence. However, the statistical significance of the 
comparative reduction in visual fields in treated and control eyes was lost when central retinal sensitivity 
and area of autofluorescence were analysed in uncomplicated cases. In eyes with no complications, 
retinal degeneration continued centripetally in both treated and control eyes.

Most adverse events were treatable, controlled and resolved without sequelae. Six SAEs were reported 
in the treated eyes of four participants: one surgery-related and two inflammation-related SAEs 
involving clinically significant decreases in BCVA and three SAEs in one participant involving reduction in 
central retinal sensitivity but with BCVA remaining stable.

Limitations of the study

No evidence of possible efficacy of the intervention was observed, as a meaningful difference in 
comparative change from baseline in BCVA in treated and control eyes was not discernible over the 
24-month assessment period. As choroideremia is a very slow degeneration, BCVA in control eyes did 
not decline significantly during the assessment period.

Future investigations

Future investigations will include a long-term assessment of BCVA, central retinal sensitivity and 
area of autofluorescence in REGENERATE trial participants in an observational study (SOLSTICE: 
NCT03584165). Possible approaches to further the investigation of gene therapy for choroideremia 
include the optimisation of inclusion criteria for subjects still retaining a healthy central retina which may 
be more amenable to rescue by gene therapy.
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Chapter 5 Conclusion

There has been no signal of possible efficacy of the intervention (in terms of comparative change from 
baseline in BCVA between treated and control eyes) over the 24-month assessment period.

Overall, BCVA remained relatively stable in treated eyes over the 24-month assessment period. 
Therefore, in terms of the primary safety-related end point (change from baseline in BCVA in treated 
eyes at 24 months post treatment), the safety profile of the REGENERATE trial was comparable to other 
choroideremia gene therapy studies that evaluated the same AAV2-REP1 vector. Of the 30 participants 
recruited in the REGENERATE trial, 26 participants (87%) completed the study without any long-
standing or unresolved adverse events. No participants discontinued from the study, and no systemic 
adverse events were reported that were plausibly associated with the study. Most adverse events 
were treatable, controlled and resolved without sequelae. However, ocular SAEs were reported for the 
following four participants treated at the Moorfields Eye Hospital:

•	 Subject 602 experienced a profound loss of BCVA in the treated eye caused by sustained 
postoperative inflammation related to the AAV2-REP1 vector that was not responsive 
to immunosuppression.

•	 Subject 603 experienced a clinically significant decrease in BCVA in the treated eye caused by 
recurring postoperative inflammation related to the AAV2-REP1 vector.

•	 Subject 617 experienced visual impairment involving loss of autofluorescence and reduced central 
retinal sensitivity in the treated eye, consequent to choroidal inflammation associated with the 
AAV2-REP1 vector. BCVA remained stable.

•	 Subject 620 experienced a clinically significant decrease in BCVA in the treated eye following surgery.

Retinal degeneration in choroideremia leads to thin and fragile retinae, making surgical procedures very 
challenging. Moreover, the RPE at the edges of surviving islands of retinal tissue is very disrupted and 
may be more susceptible to surgical trauma. A statistically significant deterioration in visual fields was 
observed in treated eyes compared to control eyes, possibly caused by surgery-induced damage in some 
treated eyes as manifested by increased loss of autofluorescence and retinal sensitivity at the edges of 
surviving islands of retinal tissue. The treated eyes underwent retinal detachment prior to injection of 
the vector suspension into the subretinal space, and this procedure itself can lead to some degree of 
reduction in central retinal sensitivity and area of autofluorescence. However, the statistical significance 
of the comparative reduction in visual fields in treated and control eyes was lost when central retinal 
sensitivity and area of autofluorescence were analysed in uncomplicated cases. In eyes with no 
complications, retinal degeneration continued centripetally in both treated and control eyes.

Due to the centripetal nature of retinal degeneration in choroideremia, RPE in the peripheral ‘mottled 
zone’ of fundus autofluorescence may be at a more advanced level of degeneration and therefore more 
difficult to rescue.40 Possible approaches to further the investigation of gene therapy for choroideremia 
include the optimisation of inclusion criteria for subjects still retaining a healthy central retina, 
characterised by the presence of a ‘smooth zone’ of fundus autofluorescence that represents an area of 
healthy RPE tissue which may be more amenable to rescue by gene therapy.41

Although this study has not presented evidence that reduction in visual fields caused by the intervention 
would be justified by the possible rescue of BCVA, a more definitive assessment may be provided by 
long-term monitoring of REGENERATE trial participants in an observational study allowing for up to 
60 months of follow-up of treated subjects (SOLSTICE: NCT03584165). This study is sponsored by 
Nightstar Therapeutics (London, UK), a biotechnology company founded by the University of Oxford to 
progress clinical evaluation of gene therapies for choroideremia and other inherited retinal diseases.
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Conclusion

Nightstar Therapeutics, now part of Biogen Inc. (Cambridge, MA, USA), has also sponsored a natural 
history study (NIGHT: NCT03359551) investigating the progression of choroideremia, a Phase II clinical 
trial (GEMINI: NCT03507686) investigating the safety of bilateral administration of AAV2-REP1 in 
choroideremia patients and a Phase III clinical trial (STAR: NCT03496012) investigating the safety and 
efficacy of unilateral administration of AAV2-REP1 in choroideremia patients randomised to receive a 
high dose (1 × 1011 vector genomes; n = 69) or low dose (1 × 1010 vector genomes; n = 34) of the gene 
therapy versus a non-treated control group (n = 66).

The results of the STAR Phase III clinical trial have recently been reported.42 In the primary end-point 
analysis, 3 of 65 participants (5%) in the high-dose group, 1 of 34 (3%) participants in the low-dose 
group and 0 of 62 (0%) participants in the control group had ≥ 15-letter ETDRS improvement from 
baseline BCVA at 12 months (high dose, p = 0.245 vs. control; low dose, p = 0.354 vs. control). As the 
primary end point was not met, key secondary end points were not tested for significance. In a key 
secondary end point, 9 of 65 (14%), 6 of 35 (18%) and 1 of 62 (2%) participants in the high-dose, low-
dose and control groups, respectively, experienced ≥ 10-letter ETDRS improvement from baseline BCVA 
at 12 months. A ≥ 10-letter ETDRS improvement from baseline in BCVA has been considered clinically 
relevant from the patient’s perspective according to scientific advice given at a workshop by the EMA.43

Note that the choroideremia patients selected for the STAR trial had far more advanced disease than 
those in the REGENERATE trial due to the low BCVA entry requirement. While gain in BCVA may be a 
useful end point in patients who have started to lose it, BCVA cannot improve from baseline levels when 
patients (such as those recruited in the REGENERATE trial) are still able to read the maximum number of 
letters on an eye chart. Optimisation of clinical end points to evaluate potential efficacy of gene therapy 
in early-stage choroideremia patients is therefore imperative.

Potential opportunities to enhance future gene therapy studies for choroideremia include optimisation 
of surgical techniques and selection of participants still retaining a healthy central retina which may be 
more amenable to rescue by gene therapy.
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