www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Magnetic resonance brain
volumetry biomarkers of CLN2
Batten disease identified

with miniswine model
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Late-infantile neuronal ceroid lipofuscinosis type 2 (CLN2) disease (Batten disease) is a rare pediatric
disease, with symptom development leading to clinical diagnosis. Early diagnosis and effective
tracking of disease progression are required for treatment. We hypothesize that brain volumetry is
valuable in identifying CLN2 disease at an early stage and tracking disease progression in a genetically
modified miniswine model. CLN2R208X/R208X minjswine and wild type controls were evaluated at 12- and
17-months of age, correlating to early and late stages of disease progression. Magnetic resonance
imaging (MRI) T1- and T2-weighted data were acquired. Total intercranial, gray matter, cerebrospinal
fluid, white matter, caudate, putamen, and ventricle volumes were calculated and expressed as
proportions of the intracranial volume. The brain regions were compared between timepoints and
cohorts using Gardner-Altman plots, mean differences, and confidence intervals. At an early stage

of disease, the total intracranial volume (- 9.06 cm?), gray matter (- 4.37% 95 Cl - 7.41; - 1.83),
caudate (- 0.16%, 95 Cl - 0.24; - 0.08) and putamen (- 0.11% 95 Cl - 0.23; - 0.02) were all notably
smaller in CLN2R208X/R208X miniswines versus WT, while cerebrospinal fluid was larger (+ 3.42%, 95

Cl 2.54; 6.18). As the disease progressed to a later stage, the difference between the gray matter
(-8.27%, 95 Cl-10.1; - 5.56) and cerebrospinal fluid (+ 6.88%, 95 Cl 4.31; 8.51) continued to become
more pronounced, while others remained stable. MRI brain volumetry in this miniswine model of
CLN2 disease is sensitive to early disease detection and longitudinal change monitoring, providing a
valuable tool for pre-clinical treatment development and evaluation.

Abbreviations

CLN2 Late-infantile neuronal ceroid lipofuscinosis type 2
MRI  Magnetic resonance imaging

GM Gray matter

WM  White matter

CSF Cerebrospinal fluid

ICV Intracranial volume
WT Wild type (control)
CI Confidence interval

SubC  Mictochondrial ATP synthase subunit ¢

Batten disease, or neuronal ceroid lipofuscinoses, is a group of neurodegenerative diseases in which mutations in
13-14 different genes can cause issues with a lysosome’s capability to recycle or process molecules. All forms of
Batten disease show similar symptoms but are caused by different gene mutations"* The late-infantile neuronal
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ceroid lipofuscinosis type 2 (CLN2) disease is rare, and usually not diagnosed until the patient is already symp-
tomatic. This disease occurs in children around 2-4 years of age causing early brain degeneration and cognitive
decline, in addition to the loss of visual and motor functions, ultimately leading to death?*. These regressions
are caused by an enzyme deficiency of tripeptidyl peptidase 1, which causes an inability to remove waste that
would normally be metabolized by lysosomes'. No cure exists for CLN2 disease, but enzyme replacement therapy
protocols have been approved as a method to slow disease progression®. For these replacement therapies to be
effective, they must be administered as soon as possible. Early disease recognition and initiation of therapy are
essential in treating patients with CLN2 disease.

Disease frequency within CLN2 is not well reported across the world population, with sources varying from
0.15 to 9 in 100,000 births®. This low frequency in the population hinders single-center study recruitment and
data collection, making consistent longitudinal data acquisition of humans affected by CLN2 disease difficult.
It is particularly challenging to obtain data at a pre-symptomatic stage of the disease. MRI studies have been
completed with human subjects with CLN2 disease, but the imaging studies used are at variable points in the
disease course due to differences in disease onset, diagnosis, and patient availability’. Therefore, there is a need
to model CLN2 disease progression from pre- to post-symptomatic stages that is standardized.

One way to analyze disease progression in neurodegenerative diseases is through volumetrics from non-
invasive medical imaging, such as MRI, as a measure of cerebral atrophy. Cerebral atrophy is the loss of neurons
in the brain, which results in overall brain tissue shrinkage. Batten disease studies in humans have used volumet-
ric analysis to show noteworthy gray matter (GM) and white matter (WM) atrophy over time*'°. Additionally,
CLN2 disease studies that include volumetric analysis show ventricular expansion and higher overall volumes
of cerebrospinal fluid (CSF) compared to a normal brain'® An increase in total CSF volume is one potential sign
of neurodegenerative progression when observed in combination with intracranial volume (ICV), GM, and
WM changes'>'2.

The purpose of our study is to test our hypothesis that brain volumetry at 12- and 17-months for
CLN2R208X/R208X minjswine differs from that of wild type controls. We hypothesize that degeneration due to
CLN2R208X/R208X will mirror reported brain tissue degeneration in humans with CLN2 disease. Volumetric analysis
of specific regional brain degeneration in miniswine affected by CLN2R?®¥X/R208X cap then be used as early bio-
markers for disease progression severity in patients and for monitoring pre-clinical therapy response.

Materials and methods

Animals. Al procedures were approved by the Institutional Animal Care and Use Committees (IACUC) of
the University of Iowa and Precigen Exemplar, all methods were performed in accordance with relevant regula-
tions and guidelines, and reported in accordance with ARRIVE guidelines. 23 unique Yucatan miniswine under-
went MR imaging over a two-year period. 18 female miniswine were CLN2R20$¥/R208Xconfirmed, with processes
further described in a characterization paper including behavioral, pathological, and phenotypical analysis'®. Of
these 18 CLN2R28X/R208X minjswine, 10 animals completed longitudinal imaging procedures at 12-month and
17-month time points. Of the remaining 8 CLN2R?%XR208X confirmed miniswine, 4 completed imaging at the
12-month time point only, and 4 completed imaging at the 17-month time point only. An additional comparator
group of 5 wild type (WT) Yucatan miniswine completed MR imaging at both 12 and 17-month time points. At
12-months of age, CLN2R?%8¥R208X minjswine did not have overt symptom development (early disease stage)'*.
By 17-months of age CLN2R?08X/R208X minjswine exhibited late-stage disease symptoms (such as blindness, motor
deterioration and/or seizures), mirroring symptoms in CLN2R?8%/R208Xpatients's,

Animals were pre- anesthetized with either a combination of telazol (2.2-4.4 mg/kg), ketamine (1.1-2.2 mg/
kg) and xylazine (1.1-2.2 mg/kg) or ketamine (22-33 mg/kg) and acepromazine (1.1 mg/kg). Anesthesia was
maintained with inhaled isoflurane (1-5%). Animals were intubated with a balloon-cuffed endotracheal tube
to maintain the airway and underwent imaging with free-breathing oxygen and isoflurane (~2%). If additional
respiratory support was needed, mechanical ventilation was administered at a tidal volume of approximately
10 mL/kg and respiratory rate of 18-22 breaths per minute using a Premier SP MRI-compatible veterinary
anesthesia ventilator (DRE Veterinary).

Imaging. MRI data were acquired using a 3 T SIGNA Premier MRI scanner (GE Healthcare) with a medium
16-channel flexible coil (GE Healthcare). Animals were positioned right-side feet first in the MRI scanner. The
full miniswine imaging protocol included T'1-weighted, T2-weighted, diffusion-weighted imaging, and field map
acquisitions. T1-weighted images utilized the BRAVO pulse sequence (TR/TE/TI/flip angle: 7.6/3.3/450 ms/12°;
voxel size: 0.7 % 0.7 x 0.7 mm?). T2-weighted images utilized the CUBE pulse sequence (TR/TE: 3000/51; voxel
size: 0.7x0.7x0.7 mm?®). To improve image quality and reduce potential motion artifacts discovered during
initial miniswine test scans using longer acquisition times, multiple shorter acquisitions were acquired and then
averaged (1-4 acquisitions approximately 6 min each).

Image pre-processing. Each animals’s T1-weighted and T2-weighted MRI data were visually inspected
for motion artifacts before pre-processing. A single reference T1-weighted image was selected for each scan-
ning session and the anterior commissure/posterior commissure aligned. The remaining T1-weighted images
for that individual session were rigidly registered to the selected T1-weighted image using the Brain Research:
Analysis of Images, Networks and Systems toolkit (BRAINStools)!*!°. T2-weighted images were registered using
rigid and affine transforms to the reference T1w image utilizing the Advanced Normalization Tools toolkit'S.
Registered images were then averaged together based off image type (T1- or T2-weighted respectively) resulting
in a single T1-weighted/T2-weighted image pair for each miniswine. These averaged, aligned image pairs then
underwent Rician denoising using BRAINStools’ DenoiseImage function.
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Segmentations. Three-dimensional manual segmentations were created for each animal using 3D Slicer’s
segmentation editing tool (https://www.slicer.org) and each MRI scan sessions averaged T1w/T2w pairs for
boundary reference!”. Regions of interest included caudate, putamen, lateral ventricles, and the total intracranial
volume (ICV) of the skull'®!®. For consistency, an adapted miniswine version of McRae’s line was used as a refer-
ence cutoff point for the intracranial segmentation'®. Additionally, the Advanced Normalization Tools ATRO-
POS script was used to create an automated segmentation of the CSE, WM and GM using the default suggested
parameters for 3-class tissue segmentation®.

Immunohistochemistry. Brains were histologically examined for classic Batten disease pathology in the
somatosensory cortex as this is one of the more commonly examined cortical regions that displays Batten disease
pathology?"*%. Female animals were sacrificed with pentobarbital at 17 months of age, and one hemisphere of
the brain was placed into 10% neutral buffered formalin for approximately 3 weeks. The brain was sub-dissected
into somatosensory cortex blocks and equilibrated in cryoprotectant solution (30% sucrose in TBSA) at 4 °C.
Blocks were serial sectioned (50 pm) on a freezing microtome (Leica) and free-floating sections were used for
standard immunohistochemistry'*>**-*’. The following primary antibodies were used: anti-mitochondrial ATP
synthase subunit C (Abcam, ab181243; 1:2000). Immunolabeled sections were scanned using an Aperio Versa
slide scanner (Leica Biosystems, IL, USA) and at least 3 images were extracted from each region of interest and
processed as previously published for total percent area of mitochondrial ATP synthase subunit ¢ (SubC)**#*,

Data analysis. Brain region segmentations were used to calculate regional volumes. These volume meas-
urements were expressed as percent of total ICV and used for cohort and longitudinal comparisons between
12- and 17-month CLN2R?WX/R208X and W' pigs. Estimation plots are used in this study to evaluate the differ-
ences between groups and time points. A Gardner-Altman plot is an estimation plot that allows transparent
visualization of the all the data as a swarm plot, the effect size (difference in the means) and the precision (95%
confidence interval)*®*. For estimation plots, if the average difference and 95% confidence interval do not cross
the horizontal line at zero it indicates a reliable measurement difference between the cohorts. If the 95% confi-
dence interval crosses the horizontal line at zero, as an effect size equal to zero is possible and the measurement
difference is unlikely to be reliable. Gardner-Altman plots were created using the DABEST open-source library
for R (R, version 4.0.3)%. Plots and statistical testing of the SubC data were analyzed in Graphpad Prism 9.0 as
specified in the figure legend (****p <0.0001).

Results

Thirty-eight scans were analyzed, comprised of fourteen 12-month-old CLN2R?08%/R208X mijnjswine scan sessions,
fourteen 17-month-old miniswine scan sessions, five WT 12-month-old miniswine scan sessions, and five WT
17-month-old miniswine scans scan sessions. Ten of the CLN2R?¥/R208X minjswine had scan data available for
both 12- and 17-month time points. Representative images of the MRI data for WT and CLN2R?08X/R208X 5re
shown in Fig. 1. All five WT animals had 12- and 17-month time point scans acquired. A single CLN2R208X/R208X
12-month scan session was left out due to scan quality causing segmentation failure for automated extraction of
the GM, WM and CSE. Diffusion-weighted imaging data were collected but included pronounced artifact, caused
primarily due to the large, complex sinus structure of the miniswine, hence these data were not quantitatively
analyzed in this study.

Intracranial volume (ICV). At 12-months, CLN2R?8%/R208X minjswine had a smaller average ICV compared
to WT miniswines by 9.06 cm®. At 17-months, this ICV volume difference increased, with the CLN2R?08%/R208X
cohort having a smaller average ICV by 19.95 cm® compared to 17-month-old WT cohort. The average ICV
volume for CLN2R208X/R208X apimals was 100.46 (+5.53) cm? at 12-months, and 96.22 (+6.62) cm? at 17-months
old (average decrease over time of 4.24 cm®). The average ICV volume for 12-month WT animals was 109.52
(£5.65) cm®, and 116.17 (+4.51) cm® at 17-months (average increase over time of 6.65 cm®). A summary of all
volume changes is available in Table 1.

We evaluated the relationship between ICV change over time and miniswine weight (Fig. 2). The reduction
in ICV between 12- and 17-months-of-age was consistent in CLN2R?%¥R208X minjswine, despite a large diversity
in the degree of weight change between the time points (ranging from 0 to 22 kg), with no negative correlation.

Gray matter (GM). The largest proportional change in ICV volume between cohorts occurred in the GM
ICV proportion measurements. Compared to the WT controls, CLN2R?¥¥R208X GM proportion of ICV was
smaller by 4.37% at 12 months, and 8.27% at 17 months. The precision of the differences between CLN2R?8%/R208X
and WT at both 12- and 17-months are shown in the confidence intervals of Fig. 3A (12-month comparison
95 CI-7.41;—1.83) and Fig. 4A (17-month comparison 95 CI-10.1;—5.56). As the confidence intervals do not
cross zero, there is 95% confidence that the difference between the cohorts is not zero. The CLN2R208X/R208X cqhort
showed a longitudinal decrease in GM over time of 5.43% (Fig. 5A, 95 CI - 6.7; —4.1), while there was no support
for a meaningful decrease in the WT (Fig. 6A, 95 CI-5.15; 1.52).

Cerebrospinal fluid (CSF). CSF also showed a large longitudinal ICV proportion change for the
CLN2R208X/R208X apimals. CSF proportion of ICV was larger at both 12- and 17-month measurements of
CLN2R208X/R208X affected miniswines compared to WT (12-month: +3.42%, 17-month: 6.88%). Figure 3B visual-
izes the confidence interval of a shift in the longitudinal CLN2R?8X/R208X o pylation (95 CI 2.54; 6.18) and Fig. 4B
supports the difference between their WT counterparts at 17-months old (95 CI 4.31; 8.51). On average, lon-
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Figure 1. Exemplary T1-weighted (T1w) and T2-weighted (T2w) MRI data from a CLN2R?08X/R208X miniswine
at 12-months-of-age (top left) and 17-months (top right), and a wild type (WT) comparator (bottom). Images
were aligned using anterior commissure, posterior commissure, and basal pons, so that equivalent axial slices
were taken from each time point.

Tissue measurement CLN2 12-month | CLN2 17-month | WT 12-month | WT 17-month
ICV (cm?®) 100.46 £5.53 96.22£6.62 109.52+5.65 116.17£4.51
Caudate (% ICV) 0.72+0.08 0.67+0.08 0.88+0.08 0.80+0.07
Putamen (% ICV) 0.65+0.09 0.59+0.07 0.76£0.11 0.65+0.04
Ventricles (% ICV) 1.72+0.48 2.45+0.37 1.98+1.06 224+1.24
Gray Matter (% ICV) 34.71+2.02 29.29+0.96 39.08+2.91 37.56+2.38
White Matter (% ICV) 39.18+3.10 40.16+£2.71 38.23+2.98 38.77+1.26
CSF (% ICV) 26.11+£2.50 30.55+£2.25 22.68+2.47 23.67+2.41

Table 1. Mean and standard deviation of the volumes for the brain volumetry regions.

gitudinal CSF proportion of ICV increased by 4.44% for CLN2R?8¥/R208X animals (Fig. 5B, 95 CI 2.54; 6.18). By
comparison, the WT had a small increase of 0.98% which was not supported by the confidence interval (Fig. 6B,
95 CI-1.89;3.93).

Caudate and putamen. Caudate and putamen are very small interior structures compared to the ICV,
and hence the numerical change longitudinally for the CLN2R28¥R208X and WT cohorts is also extremely
small. CLN2R208X/R208X caudate ICV proportion compared to the average WT counterpart was smaller at both
12-months (Fig. 3C,-0.16%, 95 CI-0.24;-0.08) and at 17-months (Fig. 4C,—0.13%, 95 CI-0.21;-0.07).
CLN2R208X/R208X pytamen ICV proportion at 12 and 17-months was also smaller, than the corresponding WT
measurements, at —0.11% (Fig. 3D, 95 CI-0.23;-0.02) and 0.06% (Fig. 4D, 95 CI-0.12;-0.01). Over time in the
CLN2R208X/R08X cohort, the average change in ICV proportion was decreased for the putamen (Fig. 5D, - 0.06%,
95 CI-0.13;—-0.002). This longitudinal decrease similarly occurred in the WT putamen (Fig. 6D,—-0.11%, 95
CI-0.25;-0.03). However, for the longitudinal change in caudate ICV proportion there was not a reliable dif-
ference in either cohort (Figs. 5C, 6C).
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Figure 2. The relationship between weight change (17-12 months) and change in intracranial volume (ICV)
(17-12 months) in the CLN2R?08X/R208X minijswine (blue, R?=0.0011) and WT miniswine (red, R?=0.13),
showing reduction in ICV (volume change range: — 1 to— 8 cm?) across CLN2R?$X/R208X minjswine unrelated to
the large variation in weight change across the cohort (0 to 22 kg).

White matter (WM). WM proportional ICV volumes were relatively stable between the CLN2R208X/R208X
and WT cohorts. Compared with the WT cohort, the CLN2R?8X/R208X minjswine had non-significant, slightly
higher percentage of ICV occupied by WM at 12-months (Fig. 3E: +0.95%, 95 CI-2.48; 3.58) and at 17-months
(Fig. 4E: +1.39%, 95 CI-0.55; 3.27). Longitudinal changes between 12- and 17-months were not supported by
the confidence interval to have a reliable difference for either cohort: the CLN2R28X/R208X Jifference of +0.98%
(95 CI-1.34; 3.06) (Fig. 5E) and WT difference of +0.54% (95 CI - 3.28; 2.48) (Fig. 6E).

Ventricles. Average proportion of ICV for lateral ventricles increased significantly over time for
CLN2R208%/R208X animals by 0.73% (Fig. 5E 95 CI 0.38; 1.03) compared to no meaningful change in WT animals
(Fig. 6F, 0.26% 95 CI—1.11; 1.71). At 12-months, CLN2R?8X/R208X minjswine had a lateral ventricle average ICV
proportion of 1.72 (+0.48)% compared to the WT measure of 1.98 (+1.06)%. Figures 3F and 4F illustrate that
comparing the CLN2R?08X/R208X cohort to the WT cohort, there was little difference between the two in the pro-
portion of ICV for lateral ventricles.

Immunohistochemistry. At 17-months-of-age, SubC significantly accumulates in the somatosensory cor-
tex of CLN2R208X/R208X animals compared to age matched, WT counterparts (Fig. 7). While correlation between
SubC and MRI brain volumetry did not reach statistical significance for this small sub-cohort, there was a weak
trend of lower ICV and GM volumes at higher SubC values for CLN2R?8X/R208X miniswine at 17-months-of-age
(Supplementary Fig. 1).

Discussion

This study identified MRI biomarkers of early disease and longitudinal change in a cohort of CLN2R208X/R208X
versus WT miniswines. At an early stage of disease progression (12-months-of-age in the miniswine model),
we found meaningful differences in the ICV proportional volumes of GM (reduced in CLN2R208X/R208X) / cayq-
date (reduced in CLN2R28X/R208X) ‘nytamen (reduced in CLN2R?08X/R208X) and CSF (elevated in CLN2R208X/R208X)
between CLN2R20SVR208X and WT cohorts. As the diseased progressed to a late stage (17-months-of-age in the
miniswine model), the difference in the ICV proportional volumes of GM and CSF became more pronounced,
while the other measurement differences remained relatively consistent to the 12-month relationship. This indi-
cates that evaluation of MRI derived brain volumes could be utilized to monitor treatment response in preclinical
miniswine studies.

Characterization of the CLN2R208X/R208X miniswine model used for this study has recently been reported by
Swier et al."? incorporating behavioral, pathological, and visual testing regularly from 3-months to 18-months-of-
age. This study demonstrated the age of onset of phenotypes for female CLN2R?08%/R208X minjswine including overt
vision deficits at a mean age of 15-months, motor coordination loss at a mean age of 16-months, and early death
at a mean age of 17.5-months. At 12 months-of-age, reversal learning deficits were observed in CLN2R208X/R208X
females during t-maze testing'?, similar to that observed in other Batten disease large animal models (TPPI~/~ dog
and CLN5 sheep models)**-*2, as animals approached end-stage, reversal deficits increased. Accumulation of SubC
in the somatosensory cortex, consistent with the findings from Swier et al.’, are presented for a subset of the
miniswine that underwent MRI analysis as a connection to these characterization studies. Correlation between
SubC measures and MRI brain volumetry did not reach statistical significance in this study, potentially due to
the small sample size for which ex-vivo tissue samples were available.

Miniswine present a valuable translational research tool for exploring and optimizing medical image acqui-
sition and analysis, understanding disease etiology, and exploring innovative treatment options. Genetically
modified miniswine have been used for advancing a broad range of diseases including cystic fibrosis, cancer,
neurofibromatosis, and others**=*". For neurological studies, the brain morphology development and gray to
white matter ratios in miniswine are similar to humans. Porcine models have been used to study neurodegenera-
tive diseases, including Alzheimer’s and traumatic brain injury***. Genetically modified miniswine can have
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Figure 3. Early disease stage (at 12-months-of-age) ICV proportion comparison of brain regions between WT
and CLN2R208¥/R208X cohorts. The average difference and 95% confidence interval (black circle with error bar in
CLN2 minus WT column) do not cross the horizontal line at zero and indicate reliable measurement difference
between the cohorts in gray matter (A), CSF (B), caudate (C), and putamen (D). When the average difference
and 95% confidence intervals (black circle with error bar in CLN2 minus WT column) cross the horizontal

line at zero as it does for white matter (E) and ventricles (F), an effect size equal to zero is possible, and reliable
measured difference is unlikely.

standardized brain image acquisition times at pre-determined longitudinal timepoints, creating a more consist-
ent representation of CLN2R?8%/R208X dijsease progression which is challenging to achieve in humans for rare
pediatric diseases. Beyond the miniswine, Batten disease imaging studies have been completed in other large
animal models such as sheep (CLN5 and CLN6)*, and non-human primates (CLN7), as well as CLN2 dachshund
studies that focused on multifocal retinopathy and extraneuronal pathology®>*!2,

Expression of brain volumetry as a proportion of total ICV is commonly used in neurological disease studies
to compensate between-subject variation in head size at both juvenile and elderly stage disease progressions™>*.
In this miniswine model, ICV volumes showed a longitudinal decrease across the CLN2R?8V/R208X cohort, as
opposed to ICV longitudinal volume increase for the WT cohort. The average ICV volumetric difference at the
17-month time point was larger between the CLN2R28¥/R208X and WT cohorts than at 12-months. This serves as
a baseline identifier that is consistent with a recent longitudinal NCL sheep study, which also showed a longitu-
dinal decrease in ICV for CLN5 and CLNG6 affected sheep as compared to a control cohort that showed an ICV
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Figure 4. Late disease stage (at 17-months of age) ICV proportion comparison of brain regions between WT
and CLN2R28X/R208X cohorts. The average difference and 95% confidence interval (black circle with error bar in
CLN2 minus WT column) do not cross the horizontal line at zero and indicate reliable measurement difference
between the cohorts in gray matter (A), CSF (B), caudate (C), and putamen (D). The average difference and 95%
confidence intervals (black circle with error bar in CLN2 minus WT column) cross the horizontal line at zero for
white matter (E) and ventricles (F), indicating reliable measured difference is unlikely.

increase over time®***. Russell et al. hypothesized this ICV reduction could be caused by ventricular shunting™.
Ventricular shunting, or a widening in the CSF fluid draining pathways in the brain, can cause decreased pressure
of the brain and CSF against the skull. This may result in a thickening of the skull to balance out the pressure
differential of the affected subjects and a decreased ICV. Our results indicate that while some CLN2R208X/R208X
miniswine failed to thrive as indicated by low weight gain over a five-month period, there was no correlation
between change in ICV volume and weight change (Fig. 2).

GM ICV proportional measurements at both 12- and 17-months showed the largest longitudinal proportion
change, which is in line with other neurodegenerative diseases effecting motor control such as Alzheimer’s and
Huntington’s disease®®”. The longitudinal progression trend for GM ICV proportion follows that of a human
study of CLN2 disease that showed a decrease in GM is a significant marker for disease progression, with the
highest decrease found in the supratentorial region of the brain®'®*. The longitudinal increase in CSF associ-
ated with CLN2 disease progression, as was found in our CLN2R?0X/R208X minjswine and human patients'®™,
supports this miniswine model as a translatable model. In our study, caudate and putamen proportion of ICV
in CLN2R208X/R208X minjswine were smaller than WT counterparts. This finding is supported by similar findings
by Lobel et al. in a human patient study that examined segmentation of basal ganglia and thalami in CLN2'.
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Figure 5. ICV proportion comparison of brain regions between 12- and 17-month-old CLN2R208X/R208X
minipigs. The average difference and 95% confidence interval (black circle with error bar in 17 mos minus 12
mos column) do not cross the horizontal line at zero and indicates reliable measurement difference between the
cohorts in gray matter (A), CSF (B), putamen (D), and ventricles (F). When the average difference and 95%
confidence intervals (black circle with error bar in 17 mos minus 12 mos column) cross the horizontal line at
zero as it does for caudate (C) and white matter (E), an effect size equal to zero is possible, and reliable measured
difference is unlikely.
The increase in ventricle proportion in the CLN2R?%XR208X minjswine mimics that reported in a previous human
study of CLN2 disease!’. The slight change in WT ventricular volume is similar to patient studies assessing lateral
ventricle volume trajectories in non-diseased subjects®.

This study includes some limitations. The research cost associated with large animal studies is higher than that
of small animal studies or human studies utilizing clinically acquired medical imaging data, due to the animal
purchase cost, housing per-diems, and expense of time on research-dedicated MRI systems. Due to cost-related
restrictions the cohort selection for CLN2R?8X/R208X and WT miniswine was limited to female animals only as
uncastrated male miniswine present additional challenges for longitudinal imaging and housing. Additionally,
to maximize the number of CLN2R?8¥/R208X minjswine in the study, the WT cohort was smaller. There was more
variability in the WT raw and ICV proportional ventricle volume compared to the CLN2R208X/R208X cohort, and
two WT miniswine had much larger ventricular volumes compared to the other three. The WT cohort pedigree
was examined and no parental/genealogical pattern for the phenotype was found. We found no meaningful
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Figure 6. ICV proportion comparison of brain regions between 12- and 17-month-old WT miniswine. The
average difference and 95% confidence interval (black circle with error bar in 17 mos minus 12 mos column)

do not cross the horizontal line at zero and indicates reliable measurement difference between the cohorts in
the putamen (D). When the average difference and 95% confidence intervals (black circle with error bar in 17
mos minus 12 mos column) cross the horizontal line at zero as it does for gray matter (A), CSF (B), caudate (C),
white matter (E) and ventricles (F), an effect size equal to zero is possible, and reliable measured difference is
unlikely.

measurement difference in the ICV proportional ventricle volumes between the WT and CLN2R208X/R208X cohort
but due to the diversity in WT volumes, further study of the ventricles in a larger, future cohort will be required.

This dataset provides a valuable resource for future analysis. In this study diffusion weighted image data were
collected but not analyzed due to significant artifact, however, future efforts in post-acquisition artifact correc-
tion could permit investigation of this additional data. Recent work by Norris et al., has generated an MRI brain
template for male Yucatan miniswine®'. The dataset and segmentations produced in our study could be used in
the future to optimize parameterization and validate precision of the atlas for segmentation. In addition, post
validation the atlas may be used to expand the brain segmentation regions for assessment in this female CLN2/
WT cohort.
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Figure 7. Mitochondrial ATP synthase subunit ¢ accumulates in the somatosensory cortex of CLN2R208X/R208X

animals. Subunit ¢ accumulation shown in the somatosensory cortex at 17-months-of-age. Mean + SEM, Nested
t-test. ***p <0.0001. Scale bar=200 um.

Conclusion

The purpose of our study was to examine brain volumetry at early (12-months) and late (17-months) stages of
disease development in CLN2R?08%/R208X minjgwine and illustrate notable differences compared to that of wild
type miniswine. We found valuable early disease MRI biomarkers in the ICV, GM, caudate and putamen (all
reduced), along with the CSF (increased) in CLN2R?08X/R208X compared to W'T. For tracking progressive disease,
GM and CSF differences continued to become more pronounced over time. We found supporting evidence
from the literature that the miniswine findings recapitulated observations in patients with CLN2 disease, thus
supporting the utilization of MRI brain volumetry in CLN2R?%¥R208X minjswine as a valuable pre-clinical tool
set for exploring disease etiology and treatment development.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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