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2. Brief summary

Neuronal ceroid lipofuscinoses (NCL; Batten disease) are a group of inherited neurodegenerative
diseases of childhood with a worldwide incidence of 1:12,500 live births. Affected children lose their
vision, suffer seizures and experience physical and cognitive decline. There is currently no cure.
Lincoln University has unique flocks of sheep with a naturally occurring CLN5 variant of Batten
disease. Clinical and neuropathological disease progression is well defined in these sheep which
have proven to be excellent models of the human condition. Corrective gene therapy we delivered to
the brains of CLN5 affected sheep showed exciting results, protecting against stereotypical brain
atrophy and clinical decline, as monitored by in vivo non-invasive methods and verified post
mortem. Sheep that received brain-directed treatment still went blind, but findings from a
subsequent pilot study of eye-directed gene therapy were encouraging. Gene therapy to one eye of
affected sheep provided long term protection from loss of retinal cell activity compared to the
untreated eye. In this project we administered combined brain- and eye-directed gene therapy in
both pre- and post-symptomatic CLN5 sheep in an effort to prevent both neurological disease and
retinal degeneration simultaneously. Sheep that received this combined treatment consistently
scored high on the ovine Batten disease clinical rating scale, maintained stable brain volumes, and
retained vision in their treated eye. We are now in the final stages of bringing this therapy for CLN5
Batten disease into human clinical trials.
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The primary focus of this project was to address the retinal degeneration and vision loss associated
with CLN5 Batten disease. We have previously demonstrated efficacy of both brain-directed
(intracerebroventricular; ICV) and eye-directed (intravitreal; IVT) delivery of our CLN5 gene therapy
construct (scAAV9.CLNS5) alone, which led us to try a combined treatment with the aim of preserving
both cognition and vision in CLN5. Alongside this we also investigated the natural history of retinal
degeneration in CLN5 affected (CLN57) sheep, as very little is known about the vulnerability of
different retinal cell types and the progression of retinal degeneration in Batten disease.

Due to the current preparation of an Investigational New Drug (IND) application to the US Food and
Drug Administration (FDA), all treated animals were sacrificed at 24 months of age to allow analysis
of CLN5 protein distribution, lysosomal storage burden, inflammation, and tissue atrophy in the
brain, spinal cord, retina, and peripheral tissues. These post-mortem analyses are currently
underway therefore only in vivo data is presented in this report, in keeping with the initial objectives
of this project.
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Objective 1. Natural history study of retinal
degeneration in CLN57 sheep to determine
timeline of retinal degeneration and retinal cell
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types most vulnerable to disease.

Our natural history study revealed that while the
control retina grows between 3 and 12 months of
age, the retina of affected sheep begins to
degenerate between 3 and 6 months (Fig 1). This is
in keeping with the onset of vision loss which is
observed in affected sheep at 7-9 months of age.
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affected sheep from 3 months of age. In particular,
storage material accumulated in the ganglion cells
and in the inner nuclear layer (data not shown).
This is an important finding as it suggests that
pathological processes are already taking place in
the retina prior to symptom onset.
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Figure 1. Total retinal thickness in CLN5-/- sheep
compared to controls at various ages. (A)
Representative histological sections at 3, 6, 9, 12 and 18
months of age in control and CLN5-/- sheep. (B) Retinal
thickness data. ** indicates p<0.01, **** indicated
p<0.0001. NFL; nerve fibre layer, GCL; ganglion cell
layer, IPL; inner plexiform layer, INL; inner nuclear layer,
OPL; outer plexiform layer, ONL; outer nuclear layer, PR;
photoreceptor layer; RPE; retinal pigment epithelium.
Scale bar 100um.





Obijective 2. Treat CLN57 animals (n=3) at 3 months of age (pre-symptomatic) with scAAV9.CLN5 via
concurrent injections into the lateral ventricles and into the vitreous of the eye.

Three CLN57 animals received concurrent bilateral intracerebroventricular (ICV) and unilateral
intravitreal (IVT) injections in November 2018. All animals recovered well from the surgery with no
adverse events. Animals were assessed monthly using the ovine Batten disease rating scale (0BDRS)
which scores sheep on visual and auditory function, motor function, mentation, behaviour, and body
condition giving them a total score out of 40 every month. Control animals (blue) consistently score
40 while untreated CLN5-/- animals (red) steadily decline from scoring 40 at 3 months of age to
scoring an average of 21 by 18 months of age. Animals who received combined brain- and eye-
directed CLN5 therapy at 3 months of age (green) maintained an average score of approximately 35-
36 until 20 months of age after which they showed a mild decline to 30 at 24 months of age (Fig 2A).

Brain volume was assessed by MRI scanning at 5, 7, 10, 14, and 18 months of age in animals treated
at 3 months, along with control and untreated CLN5-/- animals. Control animals gained on average
12cm? between 5 and 18 months of age, compared with untreated CLN5-/- animals who gained only
6cm? over the same time. Treated animals also gained 12cm?®between 5 and 18 months however
they began with a lower ICV compared to control animals (108cm? and 114cm? respectively). MR
imaging permits the assessment of regional brain volumes, allowing us to determine which regions
of the brain suffer the most atrophy in CLN57* sheep and if treatment attenuates regional atrophy. In
untreated CLN57 sheep there was significant atrophy of the primary sensory, motor, and visual
cortices as well as the parieto-occipital and frontal cortices (data not shown). Encouragingly, atrophy
in these regions was significantly attenuated by treatment, particularly in the motor, sensory, and
frontal cortices which had volumes comparable to controls across all time points.

Vision was assessed every second month using Electroretinography (ERG). ERG tests the electrical
responses of retinal cells to a light stimulus, giving an indication of retinal health and function. The
ERG amplitude of the untreated eye (Fig 2C, dashed green line) declined at a similar rate to
untreated CLN57 sheep (red). The ERG amplitude in the treated eye remained steady until
approximately 14 months of age when it rapidly declined, followed by a short plateau, and eventual
decline to negligible amplitudes at 24 months of age. It should be noted that clinical assessments of
vision performed as part of the oBDRS show retained visual function in the treated eye but reduced
or absent visual function in the untreated eye of all animals up to 18 months. One animal retained
visual function in the treated eye up to 24 months of age.

Obijective 3. Treat CLN57" animals (n=3/age group) at 6 and 9 months of age with high dose
ScAAV9.CLN5 via concurrent injections into the lateral ventricles and into the vitreous of the eye.

Three CLN57 animals received concurrent bilateral ICV and unilateral IVT injections in February 2019
(6 months of age), and 3 more were treated in May 2019 (9 months of age). Six months of age
represents early symptomatic CLN5 disease, while 9 months of age represents advanced
symptomatic CLN5 disease. Therefore, these animals received a higher brain-directed dose
compared to pre-symptomatic treated animals. All animals recovered well from the surgery with no
adverse events.

Monthly oBDRS scores for animals treated at 6 and 9 months of age are displayed in Figure 2A.
Animals treated at 6 months of age (orange) maintained a score of approximately 37-38 over their
lifetime. On the other hand, animals that were not treated until 9 months of age (grey) initially





declined as the same rate as untreated animals (red) but following treatment their scores increased
slightly and remained stable between 34 and 37 for the remainder of the life.

Animals treated at 6 and 9 months of age had their intracranial volume (ICV) monitored by
computed tomography (CT). Average ICVs of treated animals are shown alongside data from
historical controls in figure 2B. Control animals (blue) show a gain of 1cm?® between 3 and 19
months, while untreated CLN5-/- animals (red) lose approximately 9cm? over the same time. Animals
treated at 6 months and 9 months of age already have lower intracranial volumes compared to
controls, but maintain relatively stable volumes over their lifetime.
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Figure 2. Longitudinal in vivo data from treated sheep compared to controls. (A) Ovine Batten disease
rating scale (0BDRS) scores of treated sheep compared to controls. (B) Intracranial volume changes in
treated sheep compared to controls. (C) Electroretinography amplitudes in the treated (solid line) and
untreated (dashed line) eyes compared to controls. * Data shown here has had a correction factor applied to
account for differences in MRI and CT-derived volumes.





Electroretinography data shows that the treated eye of animals who received treatment at 6 and 9
months of age consistently performed better than the untreated eye (Fig 2C). Clinical assessments of
vision indicate that visual function was retained in the treated eye but not the untreated eye in all
animals treated post-symptomatically.

Publication of this work is currently underway alongside preparation of the IND application. This
work has not yet been presented at any conferences due to the cancellation or postponement of
conferences as a result of the Coivd-19 pandemic.
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Figure 3. Brain volume changes in pre-symptomatic treated sheep assessed by magnetic resonance
imaging (MRI). (A) Total intracranial volume changes of individual treated sheep compared to
controls. (B) Average volume of grey matter, white matter, and cerebrospinal fluid in treated animals
compared to controls. (C) Representative MRI scans from control, untreated CLN5-/-, and treated
sheep at each time point assessed. Note the enlarged ventricles (arrowhead) and shrunken outer
cortex (arrow) in the untreated CLN5-/- sheep (red panel) compared to control sheep (blue panel),
with relatively little atrophy visible in the treated sheep (green panel).
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