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Abstract

Background: CLN3 is an autosomal recessive lysosomal disorder with intracellular
accumulation of ceroid-lipofuscins. CLN3 classically has onset around 4-6 years of age involving
vision loss, followed by developmental regression and seizures. Symptoms are progressive and
result in premature death. Because treatments are under development, here we explore magnetic
resonance spectroscopy (MRS) measurements of metabolite levels in the brain as a potential
objective outcome measures.

Methods: Individuals with genetically confirmed CLN3 were enrolled from October 2017-
November 2021 in a prospective natural history study (NCT033007304). Baseline concentrations
of brain metabolites measured by MRS were compared to concurrently collected dimensional
assessment measures: Vineland-3 Adaptive Behavior Composite (ABC) score, verbal intelligence
quotient (VIQ), and the Physical, Capability with actual vision, and Clinical global impression of
change sub-domains of the Unified Batten Disease Rating Scale (UBDRS).

Results: 27 participants with typical CLN3 presentation (15F:12M; ages 6.0-20.7 years)
completed MRS, ABC, and UBDRS; 20 (12F:8M; ages 6.5-20.7 years) also completed the
VIQ assessment. N-acetyl aspartate [B(95% C1)=-0.61(-0.78;-0.45)] and glutamine/glutamate/
GABA [B(95% Cl)=-0.82(-1.04;-0.6)] in the parietal gray matter (PGM) decreased across the
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ages. The strongest correlations between MRS metabolite measurements and the clinical severity
assessments were found with N-acetyl aspartate [V1Q (p=0.58), Vineland-3 ABC (p=0.59),
UBDRS || range=(0.57;0.7)] and glutamine/glutamate/GABA [VIQ (p=0.57), Vineland-3 ABC
(p=0.60), UBDRS |g| range=(0.59;0.77)] measured in the midline PGM. These correlations were
accounted for when age was considered.

Conclusions: Based on their correlations to established assessments, NAA and glutamine/
glutamate/GABA measured in the midline parietal gray matter may be useful indicators of CLN3
disease state. In a clinical trial, divergence of the MRS measurements and clinical severity markers
from age may be useful as surrogate measures for treatment responses.
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INTRODUCTION

CLNS3 disease, resulting from disease-associated variants in both copies of the CLN3 gene
[1], is an autosomal recessive neuronal ceroid lipofuscinosis (NCL) disorder. The 13 types of
NCL have similar clinical presentations but differ in typical age of onset, which ranges from
infant to adult. The common histopathological findings encompass intracellular inclusions
(typically in the lysosomes) that contain carbohydrates, lipids, proteins, and autofluorescent
materials [2, 3]. CLN3 disease (OMIM 204200), also known as Juvenile NCL or Juvenile
Batten disease, is the most common type of NCL. It presents around 4-6 years of age with
visual impairment as the typical first symptom. Progression to blindness is accompanied by
neurocognitive decline, behavioral dysregulation, seizures, and motor disabilities [4-7].

Current research efforts are directed toward elucidating the function of CLN3 protein and
the underlying pathophysiology of CLN3 disease [8], and toward discovering a treatment
for the neurodegenerative process [3, 9]. Neurodegeneration in CLN3 disease eventually
results in brain atrophy [10-13]. It is unclear whether brain atrophy as measured by

brain MRI is sufficiently sensitive for clinical trials of short duration or for clinical trials
involving younger children. Alternatively, brain metabolite levels measured by proton
magnetic resonance spectroscopy (MRS) have been shown in an infantile form of NCL
(CLNZ1 disease) to track with disease course [14, 15]. Recent cross-sectional analysis of
neurofilament light chain level, a protein whose level has been demonstrated to be high in
conditions of neuronal damage in adults [16, 17], showed higher expression in cerebrospinal
fluid in pediatric participants with CLN3 as compared to a similar age non-CLN3 cohort
[18]. Higher neurofilament light chain level correlated with lower N-acetylaspartate+N-
acetylaspartyl glutamate level in the parietal gray matter.

Here, we used MRS to measure levels of metabolites that are markers of neuronal health or
inflammation in the brain of individuals with CLN3 disease and to correlate them to other
measures indicative of disease state. In this cross-sectional analysis, we aimed to explore at a
cohort level whether:
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1. brain metabolite levels quantified by MRS that are markers for healthy neurons
or inflammation worsen across age, and

2. deviation of these metabolite levels from normal correlate to scores on
the Unified Batten Disease Rating Scale (UBDRS), a validated outcome
measure of CLN3 disease severity [19, 20], and to standardized measures of
neurodevelopment ability such as verbal 1Q and the Vineland Adaptive Behavior
Composite (ABC) assessment.

Participants in the NICHD Institutional Review Board-approved protocol NCT033007304
included individuals of any age, sex, race, ethnicity, or disease severity who had bi-allelic
disease-associated variants in CLA/3, clinical signs and symptoms consistent with CLN3
disease, and the ability to travel to the study site without increased risk to their health.
CLNS3 gene variants were determined based on reports from CLIA-certified laboratories.
We obtained written consent from capable individuals at least 18 years of age, assent from
capable individuals at least 7 years of age, and written consent from parents or guardians as
appropriate.

Disease severity assessment.

We evaluated disease severity at the baseline visit using the UBDRS [20, 21] (version
12/20/2017). We made use of the 3 subsections of this rating scale that other authors [20,
22] have found to be most useful from their cumulative experience: physical assessment,
capability assessment, and clinician global impression of change (CGI). The physical
assessment rates 28 neurological items on a scale from 0 (normal) to 4 (severely impaired),
resulting in a scale of 0-112 points where higher score indicates more severe impairment.
This assessment was carried out by a pediatric neurologist (AGS). The capability (given
actual vision) assessment rates 5 activities of daily living on a total scale of 0-14 points
where a lower score indicates more severe impairment. This assessment was carried out by
a psychologist (AET). The CGl is a 7-item provider’s rating of overall disease state (score
range 6-35) that includes factors considered in the other subsections, with a higher score
indicating greater severity. This assessment was carried out by a geneticist (ADD). Scores
were adjusted for missing items as described in a previous publication [18].

Neurodevelopmental assessment.

Based on the participant’s age at the baseline visit, we used either the Wechsler Intelligence
Scale for Children-Fifth Edition (WISC-V) [23] or the Wechsler Adult Intelligence Scale,
Fourth Edition (WAIS-1V) [24] to assess verbal 1Q as described [25] (population mean =
100+15, test floor = 40). Similar to previous investigations of CLN3 [26, 27], we limited
our 1Q assessment to verbal 1Q because visual impairment precluded assessment of the
nonverbal 1Q in many participants. We also used the Vineland Adaptive Behavior Scale,
Third Edition [28] to assess global functioning. Both verbal 1Q and Vineland ABC were
assessed by a psychologist (AET).
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Brain Imaging and Spectroscopy.

All participants included in this report completed the MRI and MRS baseline exam under
sedation. The examinations were performed on a 3T Philips Achieva scanner using an
8-channel SENSE head coil. A standard clinical brain MRI (without a contrast agent) was
performed; the results of those exams have been reported elsewhere [29]. Quantitative
single-voxel 1H-MRS was performed on the left centrum semiovale (LCSO) and midline
parietal gray matter (PGM). Voxels were graphically prescribed from sagittally-acquired
3D-TFE images reformatted into three planes. IH-MRS acquisition was performed with
PRESS localization, CHESS water suppression, TE=38 ms, TR=2000 ms, and NEX=128.
An unsuppressed water spectrum (TR=5000 ms, TE=38 ms, NEX=16) was also acquired
for each voxel. Identical gain and shim settings were used for both spectra from each voxel
so that metabolite concentrations could be determined. To correct for cerebral spinal fluid
(CSF) included within the voxels, we acquired a heavily T2-weighted image with location
and slice thickness corresponding to the location of each MRS voxel (FSE; ETL=8; TE=500
ms; TR=3000 ms), and a phantom containing water was placed beside the head and included
in the field-of-view of the CSF correction image.

Post-processing of the spectra was performed using LCModel [30], followed by correction
for estimated tissue water and T1 of the metabolites within tissue [14]. Because

only one echo time was acquired, no correction was made for T2 decay of the

metabolites. We analyzed creatine, myo-inositol, choline-containing compounds (“choline”),
N-acetylaspartate+N-acetylaspartyl glutamate (NAA), and glutamate+glutamine+gamma-
aminobutyric acid (“GIx™). Post-processing for correction of CSF partial volume was done
as described in other reports [14, 31, 32].

To account for normal age-related evolution of metabolite levels, we utilized reference
(expected) values from 38 individuals aged 1-42 years (interquartile range: 3.6-23.3 years)
to generate a reference curve for each metabolite at each location. Similarly-acquired and
post-processed data from healthy children are not available; instead, children in the reference
group were asymptomatic or neurologically pre-symptomatic participants in other protocols
at our institution who were scanned and post-processed with the same method as the CLN3
participants. Adults in the reference group were healthy volunteers. The reference curve for
each metabolite was generated by fitting a model of the form y=AxB (where x is age and y

is metabolite concentration) to the reference data. The difference from the reference curve
value was used in all analyses.

Statistical analysis.

Descriptive analysis included pairwise Spearman correlations amongst all key variables:
metabolite concentration (difference from expected for age), behavioral variables (VIQ,
ABC, UBDRS scores), and age. Each of the five metabolites at both locations was modeled
as a function of mean-centered chronological age in a series of general linear models,
secondarily interacting age with genotype to explore possible differences. To quantify the
relationship between metabolite concentration and behavior, we evaluated V1Q, ABC, and
UBDRS scores in separate general linear models as a function of metabolite concentration,
with age and genotype as covariates. While sibships did exist in the data, due to the
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small sample size we assumed independence of observations. Following the guidelines of
the American Statistical Association, we report uncorrected p-values alongside their test
statistics [33].

Cohort characteristics.

A total of 33 participants enrolled in the study and have baseline assessments between
October 2017 — November 2021. Of these, six participants are excluded from further
analyses: four (13.2-80 years of age) presented at enrolment with vision-only symptom, one
was pre-symptomatic, and one did not have brain imaging. The remaining 27 participants
(15F, 12M; ages 6-20.7 years) completed MRS, UBDRS, and Vineland ABC assessment;
21 of these participants (12F, 9M; ages 6.5-20.7 years) also completed the verbal 1Q
assessment. Of the six who did not complete the verbal 1Q assessment, four did not use
English as the primary language, one could not score above the floor of the test, and one had
post lumbar puncture headache and could not cooperate. Twelve participants (ages 6-16.6
years) were homozygous for the common ¢.461-280_677+382del (966-bp deletion) variant,
10 (ages 6.5-17.5 years) were compound heterozygous for the 966-bp deletion and another
variant, and five (ages 6.8—20.7 years) had other non 966-bp deletion genotypes. The cohort
included four sib pairs (Table 1 and Supplemental Table 1).

Age progression of metabolites.

Figure 1 shows plots of the metabolite measurements (difference from expected for age,

in mM) at baseline visit versus age and Table 2 contains the results of linear modeling.

In the PGM, NAA [B(95%Cl):-0.61(-0.78;-0.45)], GIx [B(95%Cl):-0.82(-1.04;-0.6)],
and creatine [B(95%CI):-0.27(-0.39;-0.15)] deficits (relative to expected) increased across
age while choline and myo-inositol remained close to expected. In the LCSO, NAA

deficit [B(95%CI):-0.25(-0.37;-0.13)] also increased, but there were trends for increasingly
elevated creatine and choline. As a secondary analysis, we explored differences in age
progression as a function of genotype. Given the small number of measurements in

the “other” category, we focused on the comparison of the 966-bp deletion compound
heterozygotes and homozygotes to age-expected values. The effect of age on aberrant
metabolite concentration was similar between these genotypic groups for most features,
with the exception of myo-inositol in the LCSO. For this metabolite, difference from
expected increased with age among the 966-bp deletion compound heterozygotes (B[SE]

= 0.35[0.08], p = .0004) but decreased with age among the 966-bp deletion homozygotes
(B[SE] = —0.16[0.06], p = 0.02) (comparison, t=4.9, p < .0001) (Supplementary Figure 1
illustrates the regression lines within genotype).

Relationship of clinical assessments to metabolite concentration differences.

The second set of analyses concerned the relationship between baseline clinical phenotypic
measurements (V1Q, ABC, and UBDRS variables) and metabolite concentration differences.
Descriptive statistics (Spearman correlations) are illustrated in Figure 2. We noted very
strong correlations amongst these clinical variables (]| ranging 0.70-0.88).
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Left centrum semiovale (LCSO).—Within the LCSO, creatine excess [VIQ (0=—0.43),
ABC (p=—0.54), UBDRS || ranges = 0.40;0.43] and NAA deficit [VIQ (0=0.41), ABC
(0=0.51), UBDRS |g| ranges = 0.39;0.56] were most robustly correlated with severity. The
linear models revealed that age accounts for the association of most metabolite differences
with severity in these measures (Figure 3 and Supplemental Table 2). The exception was
LCSO myo-inositol excess, which remained associated with the UBDRS Physical score
[B(95% Cl1)=3.98 (0.64;7.31); p=0.03] even after accounting for age and genotype. Due

to the preceding exploratory analyses suggesting a differential age progression of LCSO
myo-inositol between genotypes, we performed additional modeling of the relationship of
this metabolite to severity as a function of genotype. For the UBDRS Physical outcome only,
we noted a possible difference between compound heterozygous and homozygous genotypes
(t=2.5, p=.02). For the homozygous genotype, greater excess of LCSO myo-inositol was
associated with lower UBDRS Physical scores (B[SE]=-4.28[2.93], p=0.16) The effect

was in the opposite direction for the compound heterozygous genotype (B[SE]=3.30[3.44],
p=0.35).

Midline parietal gray matter (PGM).—Within the PGM, NAA [VIQ (0=0.58), ABC
(0=0.59), UBDRS |g| ranges = 0.57;0.70] and GIx [VIQ (0=0.57), ABC (0=0.60), UBDRS
|0l ranges = 0.59;0.77] were most strongly correlated with severity in measures (Figure 2).

In all cases, greater deficit of NAA or GIx was correlated with greater severity. As in the
LCSO, most of the correlations between metabolite and severity were accounted for by age
in the linear model (Figure 3 and Supplemental Table 2). However, PGM choline, which was
not strongly correlated with severity in the descriptive analysis, did have unique associations
with VIQ (t=-2.54, p=0.02), ABC (t=—2.28, p=0.03), and UBDRS CGlI (t=2.44, p=0.02)
after adjusting for age and genotype. In each case, greater excess of choline in the PGM was
associated with more severe disease state, according to these measures.

DISCUSSION

In this report we describe cross-sectional data from our assessment of individuals with
CLNS3 disease in a natural history study. The assessment included outcome measures
pertinent to assessment of disease state that we intend to use to monitor progression during
the course of the study. In addition to using three sub-domains of the established UBDRS,
the Vineland-3 composite score, and verbal 1Q for clinical assessment of neurodevelopment
and disease state, we also used proton MR spectroscopy to measure five MRS-visible
metabolites at two locations in the brain. Of the MRS-visible metabolites measured, the
cross-sectional results support the validity of measuring levels of NAA and GIx in the
midline parietal gray matter (PGM), and NAA in the left centrum semiovale (LCSO)

as promising quantitative markers of disease state in CLN3 disease. These metabolite
measurements decreased across age and accounted for the same pathophysiology that age
does in correlating with the clinical assessments of neurodevelopment (VIQ and adaptive
behavior) and disease state (UBDRS).

The LCSO voxel placement corresponds anatomically to the left centrum semiovale; and
although located in white matter, is adjoined on three sides by Brodmann area 4, the primary
motor cortex. The U-fibers related to primary motor functions pass through this location,

Mol Genet Metab. Author manuscript; available in PMC 2024 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dang Do et al.

Page 7

as does a sizeable fraction of the corticospinal tract, as well as the crossing fibers to the
contralateral motor areas that go via the corpus callosum. While intended to give us a
general sense of the state of the white matter, the LCSO voxel is biased toward primary
motor functions. The PGM voxel placement corresponds anatomically to the precuneus
(medial portion of the superior parietal lobule) on both sides of the interhemispheric fissure.
This voxel is predominantly composed of Brodmann area 7 with a small contribution
from Brodmann area 5, both of which are involved in visual-motor coordination and
proprioception; there are also small contributions from portions of Brodmann areas 1, 2,
and 3, all primary somatosensory cortex. The PGM voxel location is biased toward motor,
somatosensory, and visual functions. This may contribute to the trend of PGM metabolite
levels having stronger relationships with the other outcome measures than those in the
LCSO.

Comparisons of individuals compound heterozygous versus homozygous for the common
966-bp deletion variant suggested genotypic differences for myo-inositol, a metabolite other
than choline that can be related to inflammation. Myo-inositol is a glia-specific marker

[34] that is elevated by gliosis or inflammation [35]. In the LCSO, the change in this
metabolite across age and in relationship to the UBDRS Physical assessment differ, with
excess increasing with older age and more severe disease state in compound heterozygotes
but having the opposite relationship in homozygotes. In infantile forms of NCL (CLN1

and CLN2), MRS markers associated with neuroinflammation (choline and myo-inositol)
were elevated during the early stages of the disease, consistent with the proposed disease
mechanisms [14, 36]. Immune and inflammatory processes are hypothesized to contribute to
the neurologic phenotype of CLN3, based on increased immunoreactive signals in rat brain
treated ex vivo with sera from affected versus unaffected individuals and increased markers
for fibrosis (glial fibrillary acidic protein and F4/80) in C/n3-/-mice [37, 38]. The LCSO
myo-inositol observations in this study may suggest pathophysiological evolution or timing
differences in the white matter of 966-bp deletion compound heterozygotes as compared

to homozygotes. We note that this observation was made from a small number of data
points. Thus, additional samples and longitudinal observations will be needed to confirm and
decipher this further.

Development of therapies for ultrarare pediatric diseases is limited by scarcity of affected
individuals for randomized controlled study designs and paucity of feasible and accessible
outcome measures[39, 40]. Identification of appropriate outcome measures to be used in
designing clinical trials is helpful. Imaging-based outcome measures would optimally be
quantitative, reproducible, reflective of disease pathology, sufficiently sensitive to identify
changes over a short time frame, generalizable, and accessible. MR spectroscopy meets
these criteria [39] and has been used to evaluate markers of disease progression in other
neurometabolic conditions [14, 15, 41-44].

Previously-reported MRS results in humans with CLN3 disease involve very small numbers
of subjects and variously show normal [15, 45, 46], lower [15, 45], and progressively
decreasing [15] NAA level in the thalami compared to controls, any of which could

be consistent with our findings in the PGM. Previously-reported results in humans with
CLNL1 disease demonstrated a consistently increasing deficit with increasing age in markers
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relating to healthy neuron metabolism (NAA and GIx) in both gray matter and white matter
[14]. Our findings demonstrated similar correlations for NAA and Glx deficits in the PGM
for both age and clinical assessments. In the LCSO, we found a strong correlation between
NAA deficits and the clinical assessments. Finding that NAA and GIx deficits correlate with
age and/or severity is consistent with definitive evidence of neuronal loss in CLN3 from
histopathologic studies [10] and measurements of brain volume by imaging [11, 12].

As an assessment of disease status, proton MR spectroscopy has the advantage of being
quantitative and reproducible, and it can be performed as an add-on procedure during

a clinical MRI exam of the brain. However, it requires off-line processing, so that the
results are not immediately available. It also requires comparison to a reference group, and
references for pediatric ages are not readily available. Due to lack of ability to cooperate,
most patients who are very young or have significant intellectual disability require sedation
for an MRI/MRS exam. It is not clear at this time whether the result for an individual patient
at a given time point is a clinically useful number, or if the numbers are meaningful only in
aggregate. Our study was biased toward inclusion of participants healthy enough to travel to
our study site and complete the itinerary for the visit, and therefore we may be lacking in
individuals at both the pre-symptomatic (undiagnosed) and advanced ends of the spectrum.
We expect that as this study progresses, longitudinal data and a larger cohort will provide
further insights into the reproducibility, applicability, and sensitivity of these findings.

Data from this cohort show strong correlations between established severity markers
(Vineland ABC, verbal 1Q, and three sub-domains of the UBDRS) and MRS-measured NAA
and Glx levels in the PGM, and NAA level in the LCSO. Statistically, these correlations
account for the same contribution made by considering the age of the participants; therefore,
age seems to be the dominant variable predicting disease severity in the population. These
findings support use of these MRS-based measures of disease state in clinical trials, and
longitudinal data will be helpful in confirming this. In a clinical trial, divergence of the MRS
measurements and clinical severity markers from age may be useful as surrogate measures
for treatment responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Age progression of metabolites relative to normative values
NAA: N-acetyl aspartic acid. GIx: Glu+GIn+GABA Regression line shows average effect

of age on difference in concentration from age expectation, which is illustrated by the
dotted line at zero (shaded area is 95% CI). Individual data points are coded by genotype.
Slopes and test statistics for age are listed in Table 1. Homozygous: biallelic 966-bp deletion
variants. Compound heterozygous: 966-bp deletion in #rans with a non 966-bp deletion
variant. Other: biallelic non 966-bp variants.
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Fig. 2. Spearman correlations amongst target variables

ABC: adaptive behavior composite. CGlI: clinician global impression of change. Chol:
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LCSO Myo-i
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choline. Cr: creatine. GIx: Glu+GIn+GABA. LCSO: left centrum semiovale. myo-i: myo-
inositol. NAA: N-acetyl aspartic acid. PGM: parietal gray matter. UBDRS: Unified Batten

Disease Rating Scale. VIQ: verbal intelligence quotient.
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The slope of metabolite (i.e., expected change in behavior score for each one-unit change in
metabolite difference from normative value) is plotted with its 95% confidence interval;

where the 95% confidence interval does not include zero the slope marker is white
filled. ABC: adaptive behavior composite. CGI: clinician global impression of change.

GlIx: Glu+GIn+GABA. NAA: N-acetyl aspartic acid. PGM: parietal gray matter. Physical,
Capability, CGI: Unified Batten Disease Rating Scale sub-domains. VIQ: verbal intelligence

quotient.
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Table 1
Summary statistics for the clinical measures

ABC: Vineland-3 adaptive behavior composite. CGI: clinician global impression of change. IQR =
interquartile range. SD: standard deviation. UBDRS: Unified Batten Disease Rating Scale. VIQ: verbal
intelligence quotient.

n Mean+SD  Range Median[IQR]

Age (years) 27 11.0%41  6.0-20.7 9.9[7.6,14.8]
VIQ 21 7494192 45-106 70 [59, 93]
Vineland-3ABC 27 58.6+21.7 20-84 66 [38.5,78.5]
UBDRS Physical 27 18.0+186 2-64 10 [4.5, 21.5]
UBDRS Capability 27 6.9+2.8 1-14 6 [5.5, 9]
UBDRS CGI 27 159#51  93-245 16.3[11.1,19.8]
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Table 2

Page 16

Results of linear modeling of age progression of MRS metabolites relative to normative

values

Slope of age is the expected difference in metabolite concentration (in mM) for a one-year difference in age.
Cl: confidence interval. DF: degree of freedom. Glx: glutamine/glutamate/gamma-aminobutyric acid. NAA: n-

acetylaspartate/n-acetylaspartyl glutamate. LCSO: left centrum semiovale. PGM: parietal gray matter.

Region  Metabolite Slope of Age [95% CI]  Test Statistic for Age (DF = 25)

LCSO  Creatine 0.07 [0, 0.14] t=2.02, p=0.05
Myo-inositol  0.09 [-0.05, 0.23] t=1.31, p=0.20
Choline 0.03 [0, 0.06] t=2.21, p=0.04
NAA -0.25[-0.37, -0.13] t=-3.96, p<.001
Glx -0.04 [-0.27, 0.19] t=-0.32, p=0.75

PGM Creatine -0.27 [-0.39, -0.15] t=—4.48, p<.001
Myo-inositol  -0.08 [-0.18, 0.02] t=-1.52, p=0.14
Choline 0[-0.03,0.03] t=-0.16, p=0.87
NAA -0.61[-0.78, -0.45] t=—7.44, p<.001
Glx -0.82 [-1.04, -0.6] t=-7.36, p<.001
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