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Abstract

Over the past 20 years, diagnostic testing for genetic diseases has evolved, leading to variable
diagnostic certainty for individuals included in long-term natural history studies. Using genotype
and phenotype data from an ongoing natural history study of CLN3 disease, we developed

a hierarchical diagnostic confidence scheme with three major classes: Definite, Probable, or
Possible CLN3 disease. An additional level, CLN3 Disease PLUS, includes individuals with
CLNS3 disease plus an additional disorder with a separate etiology that substantially affects the
phenotype. Within the Definite and Probable CLN3 disease classes, we further divided individuals
into subclasses based on phenotype. After assigning participants to classes, we performed a
blinded reclassification to assess the reliability of this scheme. A total of 134 individuals with
suspected CLN3 disease were classified: 100 as Definite, 21 as Probable, and 7 as Possible.

Six individuals were classified as CLN3-PLUS. Phenotypes included the classical juvenile-onset
syndromic phenotype, a “vision loss only” phenotype, and an atypical syndromic phenotype.
Some individuals were too young to fully classify phenotype. Test-retest reliability showed

96% agreement. We created a reliable diagnostic confidence scheme for CLN3 disease that has
excellent face validity. This scheme has implications for clinical research in CLN3 and other rare
genetic neurodegenerative disorders.
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INTRODUCTION

The types, precision, and availability of molecular diagnostic testing for genetic diseases
have evolved substantially over the last several years.! With increasing use of newer
methods, including next-generation sequencing (NGS), grouping individuals diagnosed with
older methods together with those diagnosed genetically may be confounded by differing
levels of diagnostic accuracy or precision. This is a particular challenge for research studies
on individual rare diseases where evaluation of small and potentially heterogeneous cohorts
may lead to inaccurate conclusions. To maximize sample sizes while limiting confounds, a
reasonable degree of diagnostic certainty is required. Diagnostic certainty can be a challenge
when there is substantial phenotypic heterogeneity, especially when NGS yields variants of
uncertain significance (VUS), although this can be mitigated by following best practices in
genomic analysis.?

The neuronal ceroid lipofuscinoses (NCLs) are a group of rare genetic neurodegenerative
lysosomal diseases, most of which are inherited in an autosomal recessive manner.

NCLs are characterized by accumulation of autofluorescent lipopigment in the lysosomes.
NCLs typically result in vision loss, seizures, movement disorders, cognitive decline,

and premature death. Many individuals also develop behavior and mood problems, sleep
problems, and swallowing dysfunction. Historically, NCLs were grouped based on age

at symptom onset into infantile, late infantile, juvenile, and adult-onset forms. At least

12 genetic etiologies are now recognized; the current convention is to use a gene-based
nomenclature for grouping.® Many individuals have had their specific diagnosis revised due
to the change from age-based to gene-based nomenclature.# Currently in the United States,
the most prevalent form is CLN3 disease (CLN3, OMIM# 204200), classic juvenile NCL
(JNCL; Batten disease), which typically begins in the middle of the first decade of life and
progresses until eventual death in the third decade.

Three major phenotypes have been described in association with pathogenic CLA3 variants.
The classical (syndromic) JNCL phenotype has onset between the ages of 4 and 6 years
with rapid vision loss followed by behavior problems and cognitive decline. Epilepsy begins
around age 10 years followed by sleep problems and motor decline.> Most individuals lose
independent mobility and self-care in the late teens at which time cardiac dysrhythmia and
feeding problems often develop. The classical INCL phenotype is relatively homogeneous
and is the most common of the phenotypes.5” Two less common phenotypes have also been
described. One is “vision loss only,” but with no other symptoms well into adulthood.8 The
other is a “protracted course” with typical childhood onset of initial symptoms, but with
slower accumulation of additional symptoms, slower progression of overall disease severity,
or both.8:9 This phenotype has not been described quantitatively.

In CLN3 disease, the most common variant is a ~1 kb deletion of exons 7 and 8 of CLN3.10
This variant accounts for about 80% of disease alleles; 70% of individuals with genetically
confirmed CLN3 disease are homozygous for the common 1 kb deletion in the University

of Rochester Batten Center (URBC) database, consistent with previous reports.1? While the
exact function of the CLN3 protein is unknown, the common deletion likely results in loss of
function.12
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In the pregene era, diagnosis was based on electron microscopy demonstrating “fingerprint
body” inclusions or vacuolated lymphocytes.13:14 Since identification of the CLN3 gene,
diagnostic testing has evolved substantially. Initial genetic testing for CLN3 disease was
limited to identification of the common 1 kb deletion soon after the gene was cloned in
199510.15: the presence of a different pathogenic variant in trans with the common deletion
was often inferred based on clinical and microscopic evidence. Although other pathogenic
variants were described by 1997,16 routine clinical sequencing of CLA3was not performed
until well after 2000. Currently, clinical sequencing of CLN3is widely available and CLN3
disease is included in many commercial genetic testing panels. Our center has been studying
the natural history of NCLs since 2002 and thus our database includes individuals with a
variety of diagnostic evidence.

To maximize valid inclusion of data from individuals with absent or incomplete genetic
testing and to maximize the likelihood of identifying discrete phenotypes in our natural
history research studies, we sought to develop a hierarchical diagnostic confidence scheme.
Similar schemes have been used to support diagnostic confidence in disorders such as
multiple sclerosis and Parkinson disease that predominantly rely on clinical diagnosis.1”-18
Clinical diagnostic criteria are commonly used for syndromes such as Neurofibromatosis
type 1 (MFI; OMIM# 162200) or Dravet syndrome (OMIM# 607208) that have a

genetic basis, but these are not hierarchical confidence schemes.19:20 valid, reliable, and
utile hierarchical confidence schemes have potential value for both clinical and research
applications in many rare genetic disorders.

2| PATIENTS AND METHODS

Class 1—

We created a diagnostic confidence scheme using data from individuals enrolled in the
URBC ongoing longitudinal natural history study (NCT01873924). Phenotype information
is collected using the Unified Batten Disease Rating Scale (UBDRS), a disease-specific
instrument that assesses severity in four domains and records caregiver-reported age-at-onset
for seven core features of the disease.” We also collected results of diagnostic testing such as
genetic testing, electron microscopy, and presence of lymphocytic vacuoles. We have been
performing genetic testing for most participants at our center since 2004.21 Individuals with
suspected NCL of any form were recruited between 2002 and 2020 for participation in the
natural history study. All individuals suspected to have CLN3 disease were included in this
analysis. Individuals were excluded from this analysis if they had another form of NCL,

no diagnosis of an NCL, or if there was insufficient information to accurately assess their
phenotype.

We devised a hierarchical scheme with three classes based on diagnostic certainty (Table 1).

Definite CLN3 Disease: Individuals in class 1 have pathogenic variants identified on
both alleles of CLN3. Pathogenicity is here defined by the American College of Medical
Genetics, the Association for Molecular Pathology,22 as employed in ClinVar (https:/
www.ncbi.nlm.nih.gov/clinvar/docs/clinsig/).
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Probable CLN3 Disease: Individuals in class 2 have some diagnostic evidence for CLN3
disease in addition to a phenotype consistent with CLN3 disease. Such evidence could
include an identified pathogenic variant on only one allele, fingerprint bodies demonstrated
with electron microscopy, lymphocytic vacuoles, or a combination.1314 Class 2 also
includes individuals without genetic or microscopy testing results, but who have symptoms
of CLN3 disease and have one or more siblings with genetically confirmed CLN3 disease.

Possible CLN3 Disease. Individuals in class 3 have a clinical diagnosis of CLN3 disease,
with a classical INCL phenotype, but no available laboratory testing results.

We defined another group of individuals with definite or probable CLN3 disease who
had an additional medical condition of a separate etiology that substantially impacted the
neurobehavioral phenotype. We termed this group CLN3 Disease PLUS (CLN3-PLUS).

We created subclasses based on quantitative phenotypic data obtained using the UBDRS.
These subclasses were defined in reference to the classical INCL phenotype, using data
from individuals who were homozygous for the common 1 kb deletion. Individuals in this
reference group have a relatively homogeneous phenotype.® For classification purposes, we
evaluated phenotypic features quantitatively using data on age-at-onset of core symptoms
and UBDRS physical subscale severity scores in relationship to age.

Age-at-onset phenotype was assessed using five core features of the NCLs: vision loss,
cognitive decline, behavior problems, seizures, and motor difficulties. Sleep problems were
not used in this analysis due to highly variable age-at-onset. Feeding dysfunction was not
used because of the late age-at-onset and resulting paucity of data. We calculated the average
age-at-onset and SD of each the five symptoms in the reference group. Individuals not in the
reference group who had symptom age-at-onset more than two standard deviations from the
mean were flagged as potential outliers. Those who had three or more symptoms with an
age-at-onset outside 2 SDs from the mean were considered to have an atypical age-at-onset
phenotype.

UBDRS physical subscale severity reflects abnormalities in vision, speech, tone, strength,
gait, coordination, and presence of involuntary movements, with higher scores reflecting
greater severity. The physical subscale positively correlates with age and disease
progression.8:23 We assessed age-related severity in two ways: (a) cross-sectionally using
the most recent data point and (b) longitudinally (for individuals with two or more serial
assessments) based on the individual® slope. For the reference group, we performed a simple
linear regression of physical severity score vs age-at-evaluation using the most recently
obtained data point from all individuals in that group. We calculated the 95% confidence
interval of the slope and the 95% prediction interval. Individuals who had a slope of
longitudinally collected data outside of the 95% confidence interval or who had a data point
outside of the 95% prediction interval were considered to have atypical physical subscale
severity.
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Compared to the reference group, we defined several specific phenotypic subclasses.

One subclass of individuals had the classical JNCL phenotype. Classical CLN3 disease

is a progressive disease with different symptoms presenting at different ages, with most
individuals having vision loss as the initial symptom.23:24 A second subclass had vision loss
only with no other symptoms.&25 Individuals with classical JNCL have multiple symptoms
by age 12 years.6:7:23.26 Therefore, we further subdivided those with vision loss only based
on age (less than 12 years or 12 years and older). A third subclass had multiple symptoms,
but with atypical age-at-onset, atypical age-related severity, or both. Using this framework,
we divided class 1 (Definite CLN3 disease) and class 2 (Probable CLN3 disease) into four
subclasses: A—Classical Syndromic JNCL; B—Vision Loss Only (beyond age 12 years);
C—Too Young to Determine, these individuals were presymptomatic or had vision loss only
but were less than 12 years old; and D—Atypical Syndromic. Class 3 was not subdivided
because it included only those with a classical INCL phenotype. Individuals homozygous
for the common deletion were assigned to Class 1A regardless of age, given the homogenous
phenotype.® Sub-grouping was based on the status of the affected individual at the time of
the most recent evaluation.

All individuals were classified systematically by two of the authors (M.C.M. and J.W.M.)
using a decision tree designed according to the criteria above (Figure 1). To determine

the reliability of our scheme, all individuals not known to be homozygous for the 1 kb
common deletion were re-evaluated by the same authors with J.W.M. blinded to the initial
classification. Percent agreement between the first and second classifications was calculated.

3| RESULTS

Data from 136 individuals with clinically suspected CLN3 disease were identified from

the URBC database. Two individuals were excluded because of insufficient information

on symptom age-at-onset or the physical subscale was not completed. We included 134
individuals (63 M, 71 F; median age 15.3 years [range 0.2-31.1 years]) for classification. Of
these, 100 individuals met the criteria for class 1, 22 individuals met the criteria for class 2,
6 individuals met the criteria for class 3, and 6 individuals were classified as CLN3-PLUS.

Of the 100 individuals in class 1, 93 were classified as 1A, 2 were classified as 1B, 2 were
classified as 1C, and 3 were classified as 1D. All three individuals classified as 1D had
slower disease progression or later onset compared to the classical phenotype.

Of the 22 individuals in class 2, 13 had the common deletion on one allele but sequencing
was not performed, 1 had a sibling with genetically confirmed CLN3 disease, 1 had two
deletions in exon 12 of CLN3, but it was unknown whether they were in frans, and 7 had
electron microscopy showing fingerprint inclusions. Twenty individuals were classified as
2A and two individuals were classified as 2D. Both individuals classified as 2D had slower
disease progression or later onset compared to the classical phenotype. No individuals met
the criteria for subclasses 2B or 2C.

All six individuals in class 3 had previous diagnostic testing, as reported by a caregiver, but
the results were not available to us.
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Individuals classified as CLN3-PLUS had additional diagnoses of autism associated with
known autism genetic variants (n = 2), failure to thrive as an infant with multifocal brain
lesions on MRI (n = 1), a novel quadruplication in CLN3with early language delay (n = 1),
or early-onset developmental delay (n = 2). Of the six children classified as CLN3-PLUS,
four met the criteria for a definite CLN3 diagnosis and two met the criteria for a probable
CLNS3 diagnosis (one had a known pathogenic variant on one allele and one had a sibling
with genetic confirmation but did not have confirmation themselves). Four had an identified
etiology for their additional diagnosis.

In the blinded reliability analysis, we re-evaluated 27 individuals from class 1 who were
not homozygous for the common deletion and all 22 individuals in class 2. This analysis
resulted in changing the classification for 2 individuals from class 1: one individual was
re-classified from 1D to 1A because of initial evaluation error and one from 1D to CLN3-
PLUS due to subsequent confirmation of early global developmental delay and early-onset
epilepsy. We did not re-classify anyone from class 2. No individual changed classification
due to ambiguity in the classification scheme. The percent agreement between the first and
second classifications was 96%.

4| DISCUSSION

We created a hierarchal diagnostic confidence scheme that can be applied to individuals with
clinically suspected CLN3 disease. As diagnostic testing has evolved over the past 20 years,
the type and amount of available diagnostic information has changed. In a rare disease where
the amount of data is already limited, we developed this scheme to facilitate inclusion of
data from individuals with different degrees of diagnostic certainty but with the potential to
weight or exclude based on that certainty.

We further subdivided classes 1 and 2 based on phenotype but did not further subdivide
class 3 due to the lower level of diagnostic confidence. Although CLN3 disease has

a relatively homogenous phenotype in relation to other NCLs, the “vision loss only”

and “protracted” phenotypes can be distinguished from the classical INCL phenotype.
Individuals homozygous for the common deletion who were less than 12 years of age (n
=7) and had vision loss as their only symptom were automatically classified as 1A rather
than 1C based on the homogeneity of phenotype among deletion homozygotes. To our
knowledge, there are no data reporting an individual homozygous for the common deletion
with a phenotype other than the classical INCL phenotype unless they have a co-occurring
disorder. The one individual who was homozygous for the common deletion but who had
an atypical (autistic) phenotype had an additional variant in a gene that has been associated
with autism.2” This individual was therefore classified as CLN3-PLUS.

Diagnostic confidence based on precision of laboratory testing is important, but knowledge
of the phenotype is also essential. Because rare disease cohorts are limited in size, a single
outlier could have a disproportionate impact on results and could bias conclusions. Detailed
knowledge of the CLN3 disease phenotypes has allowed us to suspect the presence of

an additional disorder in some individuals with atypical phenotypes leading to subsequent
inclusion in the CLN3-PLUS class. The two children with early developmental delay had

J Inherit Metab Dis. Author manuscript; available in PMC 2022 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Masten et al.

Page 7

unknown etiologies for the developmental disorder, but their CLN3 disease phenotype

was clearly modified by the coexisting, nonprogressive neurodevelopmental disorder. Four
percent of our sample was classified as CLN3-PLUS, which is near the expected prevalence
of intellectual and developmental disability (IDD) in the population at large which was

7% in 2016.28 IDDs represent just one example of disorders prevalent in the population at
large that may co-occur at a similar frequency in individuals with a rare disease. Therefore,
identifying individuals with dual diagnoses and excluding them is integral to having a
complete picture of the population.

Having a rare disease does not preclude an individual from also having a more

common disorder. Thus, other children in the cohort may have additional but less severe
neurobehavioral disorders that do not rise to the level of detection because of the

severity of the CLN3 disease phenotype. These may include ADHD, learning disability,
common childhood challenging behaviors (difficult toilet training, temper tantrums, and
sleep difficulty), developmental coordination disorder, or others. Despite this likelihood, the
classical CLN3 disease phenotype is quite homogeneous across individuals as reflected in
the large preponderance of individuals in classes 1A and 2A (84%). All five individuals
(4%) with an atypical course (classes 1D and 2D) had a milder than expected disease
course, supporting our inference that the CLN3 syndromic phenotype is substantially
more severe than these common neurobehavioral conditions. Additionally, the evolution
of NCL symptoms early in the CLN3 disease course occurs at an age when many milder
neurodevelopmental symptoms first manifest and therefore the impact may not be easily
distinguished.

Our diagnostic confidence scheme is not static. Individuals with incomplete information
can be re-classified at higher confidence levels based on new diagnostic information.
Younger individuals with an indeterminate phenotype can be re-classified as additional
symptoms develop or as time progresses without the evolution of new symptoms. For
example, individuals who are initially classified as 1C but for whom additional follow-up
information is obtained beyond the age of 12 years would always be reclassified based

on that information. Similarly, an individual classified as 1B who subsequently sustains

a significant traumatic brain injury would be reclassified as CLN3-PLUS for any future
evaluations. These reclassifications maintain the integrity of the scheme but might influence
which natural history data might be included in specific studies.

This diagnostic confidence scheme has implications for stratification within research studies
including natural history studies, clinical trials, and biological studies based on tissue
derived from individuals with different degrees of diagnostic confidence. For natural history
studies, segregation of those with vision loss only or a protracted course phenotype from
those with the classic syndromic CLN3 disease phenotype will likely decrease the variability
of the sample. Individuals in classes 2 and 3 can then be compared those in classes 1A to
inform decisions regarding inclusion or exclusion in the larger sample based on phenotype.
For clinical trials, it would likely be advantageous to stratify based on phenotype in order

to maximize the ability to compare to existing natural history data and would enhance the
quality of matching beyond age- and sex-based approaches. Furthermore, exclusion of those
with milder or more slowly progressing phenotypes will increase the likelihood of detecting
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a change from expected disease progression during the limited time duration that would
be practical for clinical trial design. Alternatively, detecting and excluding outliers with
atypically aggressive phenotypes would be helpful to avoid biasing a trial against efficacy.
Because most future clinical trials will likely require genetic confirmation, the genotype-
phenotype association is expected to be more important than the method of laboratory
diagnosis.

For clinical care, the use of the diagnostic confidence scheme has more limited

utility in prognostication of disease progression. This is especially true for individuals
under the age of 12 years who are not homozygous for the common deletion.

Although phenotypes have been reported for some genetic variants, much of the

available data on genotype-phenotype associations are incomplete or nonspecific (https://
www.ncbi.nlm.nih.gov/clinvar/?term=CLN3%5Bgene%5D, December 21, 2020; https://
www.ucl.ac.uk/drupal/site_ncl-disease/mutation-and-patient-database, December 21, 2020).

Clinical criteria for diagnosis and diagnostic confidence schemes have been used
successfully in other neurologic disorders. The specific schemes have varied based on the
uses for which they were designed. Some schemes were designed prior to discovery of the
gene responsible for the condition, often motivated by a desire to define more homogeneous
clinical phenotypes.1929 For other conditions, such as Dravet syndrome, clinical diagnostic
criteria define a syndrome which may be caused by different types of genetic variants.20
Still others were designed to increase certainty of diagnosis based on clinical criteria in
diseases that are not primarily genetic.17-18 These schemes bear some similarities to each
other but differ by specific criteria and purposes. Of course, diagnostic confidence schemes
are not limited to neurologic disorders. A scheme that has some similarities to ours is the
one developed for Alport syndrome (OMIM# 301050; 203780).30

Hierarchical diagnostic confidence schemes similar to ours may have utility for other
genetic diseases but must be tailored to the specific disease. Many of these disorders
present challenges for natural history studies, clinical trial design, and providing accurate
anticipatory guidance based on newborn screening results. Newborn screening presents
unique clinical challenges in some diseases for which positive newborn screen result
does not provide the basis for accurate prediction of disease onset, disease course, or
other phenotypic features.3! Specific relevant examples include Krabbe disease, (GALC,
OMIM# 245200), metachromatic leukodystrophy (ARSA; OMIM# 250100), X-linked
adrenoleukodystrophy (ABCD1; OMIM# 300100), and CLNZ2 disease ( 7PPZ; OMIM#
204500).

Krabbe disease (KD) is an autosomal recessive disorder with multiple phenotypes.32
Diagnosis and confirmation are based on enzymatic or biochemical assay, genetic testing,
or a combination. Natural history studies have shown that there is no simple genotype-
phenotype correlation in KD, and there can be multiple phenotypes within a kindred.33:34
With inclusion of KD in newborn screening programs, diagnostic confidence is increasingly
important.
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MLD has been categorized into late-infantile, juvenile (early and late), and adult-onset
forms.3® In general, earlier onset form progress more rapidly than later onset form, but
type of initial symptom also predicts rate of disease progression.3> Age at symptoms onset
of rate of progression are also generally related to the degree of lysosomal arylsulfatase

A deficiency.36 Categorization and diagnostic confidence are important considerations for
testing and developing disease-modifying treatments.

Specific genotype-phenotype correlations have not been described in X-ALD.37:38 Indeed,
even monozygotic twins with X-ALD may have different phenotypes.3? Development of

a valid hierarchical scheme could allow researchers to categorize individuals at risk based
on susceptibility to develop disease and the expected phenotype while segregating them
from individuals who are presymptomatic or who will never develop disease. Given current
knowledge, such a scheme may not help predict the exact phenotype an individual will
display given their genotype but may have prognostic potential in the future.

Diagnostic confidence for CLN2 disease, the classic late-infantile NCL, has increasing
importance due to a recently approved enzyme replacement therapy and work toward
inclusion in newborn screening.#? The most common presentation of CLN2 disease is in
the late-infantile period. However, many individuals with CLN2 disease have a later onset
disease.142 Stratification into these two groups based on a valid diagnostic confidence
scheme has implications for surveillance, stratification in clinical trials, and timing of
therapy initiation.*1

For the many other genetic neurologic disorders, even with widespread use of chromosomal
microarray analysis and NGS, diagnostic criteria and diagnostic confidence schemes have
high potential importance. This is especially true when genetic testing reveals VUSs.

There are several limitations of our scheme. Although we actively recruited participants,
most were members of a convenience sample ascertained at annual meetings of the Batten
Disease Support and Research Association Family Conference and diagnostic information
for many individuals was obtained from medical records. There was likely an ascertainment
bias with under-sampling of more severely affected individuals because greater disease
severity creates a higher burden of travel to study sites. Additionally, those with milder
than expected phenotypes may not be identified, may not have participation in research as
a priority, or may not attend family conferences. Although the collection of data over a
long period of time has allowed us to accrue information on a relatively large sample of
individuals with CLN3 disease, the amount and quality of diagnostic information available
have varied over the years. Early in this work, genetic testing was largely limited to
detection of the common deletion and several individuals had been diagnosed without

the use of genetic testing. For the past 15 years, sequencing has been employed more
routinely, which has provided more diagnostic precision. Our sample includes individuals
with different types of diagnostic information. Even within specific diagnostic test classes,
the quality and quantity of information available are variable.

Our data demonstrate the utility of a diagnostic confidence scheme for stratification of
data obtained with different diagnostic tests. Increased recognition of genetic heterogeneity
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and phenotypic pleiotropy has shown that the combined use of genotype and phenotype
information remains essential for complete disease characterization. This diagnostic
confidence scheme will aid CLN3 disease researchers in navigating these challenges and
ensuring that data represent the true phenotypic spectrum in CLN3 disease.
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Synopsis

A diagnostic confidence scheme for CLN3 disease (juvenile neuronal ceroid
lipofuscinosis; Batten disease).
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Is there diagnostic evidence* for CLN3 disease or does the individual have a
sibling with genetically confirmed CLN3 disease?

YES NO
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FIGURE 1.
Diagnostic confidence flow chart (* Diagnostic evidence includes disease-causing variant

on one or both alleles, fingerprint bodies, or lymphocytic vacuoles. ** Classic JNCL
phenotype as defined by age-at-onset of core features of the disease as well as progression
of the disease. *** Without diagnostic evidence and with an atypical phenotype, further
investigation is necessary to determine if the individual has CLN3 disease, a different NCL,
or a different diagnosis entirely)
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