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Abstract
Neuronal ceroid lipofuscinoses (NCLs) are a group of inherited childhood neurodegenerative disorders.
In addition to the accumulation of auto-fluorescent storage material in lysosomes, NCLs are largely
characterised by region-specific neuroinflammation that can predict neuron loss. These phenotypes
suggest alterations in the extracellular environment - making the secretome an area of significant
interest. This study investigated the secretome in the CLN6 (ceroid-lipofuscinosis neuronal protein 6)
variant of NCL. To investigate the CLN6 secretome, we co-cultured neurons and glia isolated from
Cln6nclf or Cln6+/- mice, and utilised mass spectrometry to compare protein constituents of conditioned
media. The significant changes noted in cathepsin enzymes, were investigated further via western
blotting and enzyme activity assays. Viral-mediated gene therapy was used to try and rescue the wildtype phenotype and restore the secretome – both in vitro in co-cultures and in vivo in mouse plasma. In
Cln6nclf cells, proteomics revealed a marked increase in catabolic and cytoskeletal associated proteins –
revealing new similarities between the pathogenic signatures of NCLs with other neurodegenerative
disorders. These changes were, in part, corrected by gene therapy intervention, suggesting these proteins
as candidate in vitro biomarkers. Importantly, these in vitro changes show promise for in vivo
translation, with Cathepsin L (CTSL) activity reduced in both co-cultures and Cln6nclf plasma samples
post gene-therapy. This work suggests the secretome plays a role in CLN6 pathogenesis and highlights
its potential use as an in vitro model. Proteomic changes present a list of candidate biomarkers for
monitoring disease and assessing potential therapeutics in future studies.
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Batten disease, Neuronal ceroid lipofuscinosis, Gene therapy, Secretome, CLN6
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Introduction
Neuronal ceroid lipofuscinoses (NCLs), or Batten disease, are a heterogeneous group of
neurodegenerative lysosomal storage disorders (LSDs), typically characterized by blindness, myoclonic
epilepsy, and progressive cognitive and motor decline (Schulz et al. 2013; Warrier et al. 2013; DozieresPuyravel et al. 2020). To date there are 13 genetically identified variants (Ceroid-lipofuscinosis
neuronal/CLN genes), which collectively represent the most common cause of childhood dementia
(Verity et al. 2010; Mole & Cotman 2015). Despite genetic heterogeneity, NCLs are grouped together
based on two principle features; progressive neurodegeneration in the central nervous system (CNS)
and retina, and the lysosomal accumulation of proteinaceous, lipofuscin-like, storage material (Cooper
et al. 2015; Palmer et al. 2013).
Neurodegeneration progresses in a distinctive pattern, selectively targeting specific regions and cellular
subpopulations, in both animal models (CLN1, CLN3, CLN6) (Oswald et al. 2008; Bible et al. 2004;
Pontikis et al. 2005) and humans (CLN1, CLN2, CLN3, CLN5 & CLN8) (Anderson et al. 2013; Haltia
et al. 2001; Tyynela et al. 2004). However, the deposition of storage material does not correspond with
neuron loss, suggesting it is not directly responsible for cell death. Instead, localised microglial and
astrocyte activation and are shown to both precede and predict neuronal death in cellular and animal
models, as well as human patients, as reviewed by others (Palmer et al. 2013; Cooper et al. 2015).
Astrocytes and microglia are critical for maintaining an optimal cellular environment, with primary
roles in synaptogenesis, synaptic transmission, and the development of neural networks (Theodosis et
al. 2004; Mederos et al. 2018). Regulation and modulation of the cellular environment is achieved
through direct interaction with synapses, and through release of neurotrophic growth factors into the
surrounding milieu (Allen & Eroglu 2017). Neuroinflammation is characterised changes in glial
morphology, alongside the release of proinflammatory mediators (Ransohoff 2016; Liddelow et al.
2017). This reactive neuroinflammatory morphology is commonplace in neurodegenerative disease,
and has been reported to contribute to neuronal cell death in a range of disorders including Alzheimer’s
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disease (AD), Huntington’s disease (HD), Parkinson’s Disease (PD), and amyotrophic lateral sclerosis
(ALS) (Pekny et al. 2016; Kinney et al. 2018; Hsiao et al. 2013; Perry 2012; McCauley & Baloh 2019).
The presence of both neuroinflammation and reactive glia-predicted cell death in the NCLs suggests
cell secretions in the CNS have a crucial impact on disease pathogenesis - making the cell secretome
an interesting area of research. In addition to gaining insight into disease processes, secreted factors are
a great source of potential prognostic, diagnostic, and therapeutic biomarkers. This presents the
opportunity for less invasive and continuous sampling. This was recently investigated by Sleat et al to
identify candidate biomarkers in the cerebrospinal fluid (CSF) of CLN1, CLN2 and CLN3 mouse
models (Sleat et al. 2019). This study investigated the CNS secretome in a CLN6 model – an NCL
subtype that presents with both reactive gliosis and region-specific neuron loss in mice, sheep, and
humans. CLN6 is a transmembrane endoplasmic reticulum (ER) protein that forms an obligate complex
with CLN8. The CLN6-CLN8 complex recruit’s lysosomal proteins at the ER and transfers them to the
Golgi (Bajaj et al. 2020). It has also been suggested to have roles in protein trafficking, prevention of
protein aggregates, bio-metal homeostasis, and neuronal maturation (Benedict et al. 2009; Yamashita
et al. 2020; Kanninen et al. 2013).
Cellular models of NCLs are commonly used to understand cellular biology (Minnis et al. 2019), and
as platforms for therapeutic efficacy studies (Kim et al. 2012; Linterman et al. 2011; Gavin et al. 2013).
In this study we used mass spectrometry (MS) based secretome profiling to characterise disease specific
changes in primary cortical cell cultures of neurons, microglia, and astrocytes derived from the Cln6nclf
mouse. The Cln6nclf secretome showed significant changes when compared to controls, with an
enrichment of proteins associated with catabolic processes and cytoskeletal dynamics. Gene therapy
treatment of these cultures resulted in the restoration of a subset of these proteins, within 48 h,
identifying candidate biomarkers with in vitro therapeutic testing. Furthermore, Cathepsin L enzyme
activity was decreased in both Cln6nclf primary cultures and in blood plasma obtained from the Cln6nclf
mouse after gene therapy treatment, suggesting these cellular changes reflect in vivo alterations.
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Methods
All animal studies were conducted in strict accordance with the approval for animal husbandry, surgical
procedures, and use of animal tissue granted by the University of Otago Animal Ethics Committee
under the New Zealand Animal Welfare Act 1999. Mice used in these studies were either male healthy
wildtype (Cln6+/+), male healthy heterozygotes (Cln6+/-), or male affected (Cln6nclf; The Jackson
nclf/J

Laboratory, B6.Cg-Cln6
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003605, RRID:5604252). Ideally future studies would benefit from the

inclusion of female animals. The animals used per group is stated in the appropriate figure legend as ‘n
=’ (biological n). All animals in the colony were maintained in Techniplast individually vented cages
in groups of 4-5 male or female mice with access to food and water, and 12/12 h light/dark cycle.
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Animals were weighed regularly to check they remained at a healthy weight for their age, as defined by
the Jackson Laboratory. A total of 24 male pups were used to generate cultures for the following: liquid
chromatography (LC) MS (12 pups; three Cln6+/-, nine Cln6nclf), western blotting, & enzyme assays (12
pups; six Cln6+/-, six Cln6nclf), and 15 maintained till 12 months of age for Adeno-associated virus
(AAV) study (five Cln6+/+ PBS controls, five Cln6nclf PBS controls, five Cln6nclf AAV.CLN6 treated).
A graphical timeline of the methodology used in this study is available in Figure 1. This study was not
pre-registered.
Mouse primary cultures
Primary neural cultures were generated from P0-1 mouse pups genotyped via polymerase chain reaction
(PCR). Pups were anaesthetised with pentobarbitol (150 mg/kg) and checked for complete anaesthesia
using a tail-pinch reflex test. The cortex was dissected as described previously (Schildge et al. 2013),
and finely diced in Leibovitz L-15 complete (L15 with pen/strep and glucose to a final concentration of
6g/L), and then placed in digestion media; L15 complete containing 12 U/mL papain (Worthington
Biochemical Corporation, NJ, US) and 1 U/mL DNase I. Tubes were placed in a MACS-mix rotator
(Miltenyi Biotec, DE) for 15 min at 37 °C. Digestion solution was discarded and replaced with 1 mL
mouse blocking/ trituration solution (L15 complete containing 1U/ mL DNase I and 2% B27), and
samples returned to the incubator, in the MACS-mix rotator for 10 min. The supernatant was removed
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and replaced with fresh mouse blocking/trituration solution, resuspended, and triturated through a series
of fire-polished Pasteur pipettes of decreasing pore size. The sample was then passed through a 100 µm
strainer and centrifuged (1000 x g for 5 min). The supernatant was discarded, and the cells were plated
at 1 x 106 cells per T25 in DMEM/F12 containing 2 mM L-Glutamine, 50 U/mL pen-strep, 2% B27
(GIBCO, Life technologies, NZ), 4 mM KCl. Each pup yielded one T25 flask (n = 1). Three pups were
used per group (Cln6+/-, Cln6nclf, Cln6nclf LV.CLN5, Cln6nclf.LV.CLN6) for MS, and six per group (Cln6+/-,
Cln6nclf) for western blotting and enzyme assays No sample calculation was performed to determine
sample size, instead numbers were determined by unpublished pilot studies using these animals. Unless
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stated, experimenters were not blinded to experiments.
Immunocytochemistry
Immunocytochemistry was used for characterization of mouse primary cell cultures. Cells were blocked
for 1 h at room temperature in phosphate buffered saline (PBS) containing 0.2% triton (PBS-T) and
10% normal goat serum (NGS). Cells were incubated overnight in primary antibodies in PBS-T (0.1%)
and 2% NGS; Glial fibrillary acidic protein (GFAP,1:1000, Sigma-Aldrich G3893, RRID:AB_477010),
Microtubule-associated protein 2 (MAP2, 1:1000, Synaptic Systems 188004, RRID:AB_2138181), or
Cluster of Differentiation 68 (CD68,1:1000, Bio-Rad MCA1957, RRID:AB_322219) at 4 °C. Primary
antibodies were removed, and cells washed with PBS prior to incubating with the appropriate
secondary; MAP2 (Alexa fluor 488 Goat anti-guinea pig; Invitrogen A11073, RRID:AB_2534117),
GFAP (Alexa fluor 594 goat anti-mouse; Invitrogen A11005, RRID:AB_141372), CD68 (Alexa fluor
555 goat anti-rat, Invitrogen A21434, RRID:AB_2535855) for 2 h at room temperature, followed by
DAPI counterstaining. Cells were imaged using a 40x objective on an Olympus IX71 fluorescent
microscope with an Olympus DP71 camera attachment.
Mass spectrometry and relative expression data analysis
Liquid chromatography-mass spectrometry (LC-MS) was used to identify proteins that were
differentially expressed in the media obtained from Cln6+/-,Cln6nclf, or Cln6nclfLV primary cultures. For
mass spectrometry analysis, experimenters were blinded to the groups with samples provided as either
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group A or group B. Media was changed at 7 days in vitro (DIV) to 5 mL of B27-free media, collected
after 48 h then centrifuged at 10,000 x g for 10 min to remove cells and debris. Samples were
concentrated using filter-aided sample preparation (FASP) (Wisniewski et al. 2009). Briefly, 100 µg of
sample was depleted of detrimental compounds in urea-containing buffer, followed by
carboamindomethylation of thiol groups to prevent disulphide bond formation. Protein digestion was
performed using sequencing grade modified trypsin overnight at 37 ᵒC, followed by peptide elution for
analysis by liquid chromatography-coupled LTQ-Orbitrap MS (Thermo Scientific, CA). Raw data was
processed through Proteome Discoverer software v1.3 and searched against the Swiss-Prot mouse
protein sequencing database to generate a list of proteins.
Bioinformatics
To initially visualize the differentially expressed proteins, the Search Tool for the Retrieval of
Interacting Genes/Proteins (STRING) was used to generate a functional protein association network
based on protein-protein interactions and shared functions (Szklarczyk et al. 2017). Protein analysis
through an evolutionary conservation classification system (PANTHER) was used to classify and
identify the function of gene products. Differentially expressed protein IDs were imported into
PANTHER and Mus Musculus used as the organism for comparison (Mi et al. 2010; Thomas et al.
2003). To determine pathways of interest, term enrichment analysis was performed using Gene
Ontology pathway analysis on the online Database for Annotation Visualisation and Integrated
Discovery (DAVID v6.8) tool (Huang da et al. 2009b; Huang da et al. 2009a). All identified proteins
were uploaded as a background list and the differentially expressed genes uploaded as a target gene list
for analysis of enrichment. The databases included for enrichment were; InterPro and Protein
information resource (PIR) superfamily, gene ontology (biological processes, cellular components and
molecular function, Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway and BioCarta. The
classification stringency was set to high and the Expression Analysis Systematic Explorer (EASE) score
set to 1.0. Genes were given annotation clusters with an assigned EASE score (-log10 of the p-value),
meaning an EASE score of 1.3 is equal to p ≤ 0.05.
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Western blotting
For western blotting and cathepsin activity assays, B27 depleted media was collected and centrifuged
to remove cellular debris. The supernatant was concentrated using an Amicon Ultra-15 centrifugal Filter
Device – Ultracel 30 K (Merck, UFC9030) at 4000 x g for 10 min in a swinging bucket rotor. Solute
was recovered from the bottom of the filter device and stored at -80 ᵒC for western blotting or used
fresh for activity assays. Protein concentrations were determined by bicinchoninic acid assay (BCA),
and 20 µg protein per lane was resolved on a 10% SDS-page gel before semi-dry transfer to 0.45 µm
nitrocellulose membrane (Amersham Protran; GE Healthcare Life Sciences). Membranes were
immunoblotted with primary antibodies either; Cathepsin D (1:1000, Abcam ab75852,
RRID:AB_1523267), and b-actin (1:2000, Sigma Aldrich A2228, RRID:AB_476697). For detection,
blots were incubated with LiCor IRDye 680RD goat-anti-rabbit (92568071, RRID:AB_2721181) or
IRDye 800RD goat-anti-mouse (92532210, RRID:AB_2687825) secondary antibodies and imaged
using an Odyssey® Fc Imaging System (LI-COR Biosciences, NE). Densiometric analysis was
achieved using Image StudioTM Lite quantification software, and protein of interest divided by
housekeeping gene to achieve relative protein expression.
Cellular cathepsin enzyme activity assays
Fluorometric activity assay kits were used to determine relative activities of Cathepsin B (Abcam,
ab65300), D/E (Abcam, ab65302) and L (Abcam, ab65306), in either the cellular or media fraction, as
per the manufacturer’s instructions. Briefly, cells were washed in dPBS and harvested using trypsin.
Cells collected from each sample were counted and 1 x 106 cells used per sample, per assay. After
appropriate lysis and supernatant collection steps, 50 µL of cell lysate was added to a 96-well black
sided plate well in triplicate for each sample, alongside the appropriate controls as described in the kit.
For assessing cathepsin activity in media samples, 5 µL of concentrated sample (5x) was added to the
plate in triplicate. Appropriate volumes of buffer were added to each well, followed by addition of the
relevant enzyme substrate, and the plate sealed and incubated at 37 ᵒC protected from light. Activity
was quantified using a CLARIOstar microplate reader (BMG LABTECH, Ortenberg Germany) at the
relevant Ex/Em. Endpoint readings were taken at 90 min (in the window recommended by
8

manufacturer) with preliminary studies ensuring readings fell within the linear range. Fluorescence
readings at endpoint were averaged across technical triplicates per sample, and Cln6nclf and Cln6nclf.AAV
samples normalized to controls in the same run, resulting in data presented as a relative fold change.
For plasma samples, protein concentration was determined by BCA and 50 µg of sample used per well.
Endpoint readings were taken, again with preliminary studies ensuring readings fell within the linear
range. All samples were tested in the same plate negating the need for standardisation; therefore, plasma
data is presented as endpoint relative fluorescent units (RFU).
Lentivirus and Adeno-associated virus generation, packaging and use
Lentiviral (LV) vectors were generated and used with approval from the Environmental Protection
Authority (EPA), New Zealand, under approval number GMD002849. Two HIV-1 derived LV vectors
were generated expressing either murine Cln6 (LV.CLN6) or Cln5 (LV.CLN5) under the myeloid
proliferative U5 enhancer element (MND). Constructs were packaged using a second-generation
packaging system as described previously (Best et al. 2017; Zufferey et al. 1997). For transduction of
primary neural cultures, concentrated virus was thawed and added directly to the culture medium at 5
DIV at a multiplicity of infection (MOI) of 10. Post-transduction cells were maintained for 48 h prior
to addition of B27-free media. B27-free media was ‘conditioned’ for 48 h prior to collection for LCMS. Vector expression was confirmed via western blotting and qPCR (data not shown). AAV was
packaged and used to inject new-born mouse pups expressing CLN6 cDNA under the hybrid chicken
b-actin promoter (scAAV9.CB.CLN6), as described previously (Cain et al. 2019). Animals were
assigned to their treatment group (Cln6nclf + AAV.CLN6, or Cln6nclf untreated) by arbitrary assignment
of treatments to each litter born to avoid individual pups within a litter being misclassified for treatment.
Injections were performed by personnel who were not subsequently involved in the analysis shown in
this study. The mice are part of a wider study in preparation including both male and female mice,
however for the analysis shown here we focused on male mice to be consistent with the pup neural
culture data. Group size was determined based on similar studies (Cain et al. 2019).
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Plasma isolation from Cln6+/+, Cln6nclf and Cln6nclf.AAV mice
Twelve-month old male mice (Cln6+/+, Cln6nclf and Cln6nclf.AAV; n = 5/group) were anaesthetised with
pentobarbitol (150 mg/kg) and monitored until unconscious. Pentobarbitol was chosen in order to
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minimize animal suffering, as studies have indicated euthanasia is rapid and does not result in overt
pain signs when compared with saline administration (Dutton et al. 2019). Between 0.2 mL - l mL of
whole blood was extracted from the right ventricle of the heart, with a 27 G needle and 1 mL syringe,
and incubated at room temperature for 30 min. Whole blood was fractionated at 440 x g for 15 min and
the plasma fraction collected. Plasma samples were centrifuged for a further 5 minutes and kept on dry
ice until being stored at -80 ᵒC. Animals were identified by ear tag and experimenters were blinded to
the groupings (A, B, C) during collection, enzyme assays, and input of data for analysis. An arbitrary
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selection of mouse bloods from the larger study (5/20) were analyzed here with no prior knowledge of
gene therapy efficacy, or vector expression. The only inclusion/exclusion criteria were that the mice
survived for the 12 months before study.
Statistical analysis
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For immunocytochemistry analysis: GFAP, MAP2 and CD68 staining area was averaged per positive
cell (e.g GFAP positive pixels per GFAP positive cell) using Image j (Rueden et al. 2017). Ten images
were acquired per ‘n’ (biological replicates) and unpaired t tests used to compare markers in Cln6+/- vs
Cln6nclf. For mass spec analysis: semi-quantitative comparison was performed, normalizing the amount
of protein per sample, back to that of the healthy control Cln6+/- samples. Using Microsoft excel for
Mac (version 16.38, Supplementary B), relative amounts of individual proteins were averaged across
the three animals per group, and t-tests used to compare the amount between the pooled sample groups
(p ≤ 0.05). Multiple comparisons p values were corrected for using the false discovery rate approach
(FDR, Q = 5%, Benjamini, Krieger and Yekutieli method). When analyzing the effects of treatment, a
ratio t-test was used to provide a more consistent measure of effect. Heat maps were generated in
GraphPad Prism using the fold changes to express data as a % of control. For western blot analysis:
unpaired t-tests were used to compare Cathepsin D expression in the media, and two-way ANOVA
followed by Sidak’s multiple comparisons test used to compare pro and active forms in total cell lysate.
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For enzyme assay analysis: all data was analysed using unpaired t tests (Cln6+/- vs Cln6nclf), or one-way
ANOVA (Cln6+/- vs Cln6nclf vs Cln6nclf.AAV) followed by Tukey’s multiple comparisons test. For both
western blotting and enzyme assay statistical analyses - including normality (D’Agostino-Pearson) and
testing for outliers (Grubb’s test, no exclusions) - were carried out using GraphPad Prism 8 for macOS
(version 8.2.0). Data is presented as the mean +/- SEM.
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Results
Neural cell cultures derived from Cln6+/- and Cln6nclf mice have different secretome profiles at 9 days
in vitro
Mixed cortical neural cultures (containing neurons, astrocytes and microglia; Supplementary A; Fig.
A1) were used to generate an in vitro model of the CLN6 secretome. A substantial body of previous
work has shown astrocytes and microglia are essential for neuronal function and survival (Pekny et al.
2016; Benarroch 2013; Eroglu & Barres 2010; Pfrieger & Barres 1997), and are key players in CNS
disorders (Ransohoff 2016). By culturing these cells together, we aimed to better simulate the interplay
between glial cells and neurons during CLN6 Batten disease. Cerebrocortical cultures were chosen to
assess the effects of CLN6 loss as the Cln6nclf cortex is one of the first regions to display overt cellular
phenotypes in vivo (Morgan et al. 2013), and has a 2.4 - 4 fold increase in Cln6 mRNA in the first 28
days of life (Thelen et al. 2012). To better understand the ‘disease stage’ of these cells at the point
which we are investigating the secretome we looked for three common phenotypes associated with
CLN6 pathogenic onset; accumulation of autofluorescent storage material and altered glial cell
activation via immunoblotting for GFAP (astrocytes) or CD68 (microglia) (Thelen et al. 2012). No
change in the ratio of cell types (Supplementary A; Fig. A1 & Fig. A2) or autofluorescent storage
material was observed at 9 DIV (Supplementary A; Fig. A3). This suggests that the changes reported
below are very early disease phenotypes.
Conditioned media was collected from both Cln6+/- and Cln6nclf samples at 9 DIV, and analysed by LCMS. A total of 173 proteins were detected, with 169 identified in Cln6nclf samples and 152 in Cln6+/(Supplementary B1), a similar number of proteins to that found in other studies looking at media
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fraction constituent (Loov et al. 2013). SignalP 5.0 (Almagro Armenteros et al. 2019) predicted 47%
of identified proteins to contain signal peptides for the classical secretion pathway, with a further 22%
identified by SecretomeP 2.0 (Bendtsen et al. 2004) as likely to be secreted through non-classical
means. The other 31% may be secreted via unconventional secretion pathways which are often
increased in the presence of cellular stressors such as inflammation (Kim et al. 2018). In order to begin
validation, we compared all identified proteins to previously published datasets obtained from murine
astrocyte or primary culture conditioned media. We identified a 69% (Dowell et al. 2009), 56% (Moore
et al. 2009) and 71% (Thouvenot et al. 2012) overlap of our proteins with similarly derived datasets
(Supplementary B2).
We focused in on the 37 proteins identified after applying a false discovery rate to the data set (Q =
5%, ; Supplementary B3). Markedly, all 37 were significantly increased in the Cln6nclf samples
suggestive of a compensatory response or, as CLN6 is located in the ER and known to partake in the
trafficking of lysosomal enzymes (Bajaj et al. 2020), aberrations in protein trafficking/processing.
Term enrichment analysis of differentially expressed proteins shows an increase in the secretion of
catabolic proteins in Cln6nclf cells
To visualise any common protein networks, we applied STRING analysis to the top 37 differentially
expressed proteins (p ≤ 0.05; Fig. 2A). Among the clusters in the network with the highest confidence
associations were proteins required for proteolytic degradation and processing (Fig. 2A, red), and
proteins associated with nervous system development (Fig. 2A, yellow). Of particular note, the latter
group includes Collapsin Response Mediator Protein 2 (CRMP2), a protein previously demonstrated to
be an interaction partner of CLN6 (Benedict et al. 2009).
Analysis of differentially expressed proteins could give important clues to the pathways and
components altered as a result of CLN6 dysfunction. To classify and identify functions of proteins that
showed significantly increased expression in the Cln6nclf cultures, we utilised PANTHER to assign
functional classifications to proteins, by using comprehensive gene ontology (GO) annotations (Mi et
al. 2010; Thomas et al. 2003). The majority of significantly altered proteins were related to catalytic
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activity (52.2%; GO – molecular function; Fig. 2B) and metabolic processes (26.3%; GO – biological
process; Supplementary C; Fig. C.1) with the largest protein class being metabolic enzymes (28%;
GO – protein class; Supplementary C; Fig. C.2).
To look for specific enrichment terms, all proteins identified in the secretome dataset were used as a
background gene list. Functional annotation clustering revealed seven clusters with significant
enrichment (EASE = 1.59), including protein localisation, neuronal cell body, nucleotide metabolism,
RNA binding, transport, peptidase activity and cell adhesion (Fig. 2C; Supplementary C; Table C.1).
Collectively, these analyses robustly demonstrate enrichment of secreted catabolic processing and
protein localisation components in Cln6nclf neural cultures This is perhaps not surprising given the role
of CLN6 in the transport of lysosomal enzymes (Bajaj et al. 2020).
Validation of LC-MS shows increased Cathepsin D secretion and increased Cathepsin L enzyme
activity
In order to validate the quantitative proteomic data, we chose to investigate the presence of cathepsin
enzymes in the secretome. Three cathepsin enzymes Cathepsin D (aspartyl protease; CTSD), Cathepsin
L, and Cathepsin B (cysteine proteases; CTSL, CTSB), are in the 37 proteins overexpressed (p ≤ 0.05)
in Cln6nclf conditioned media, compared to healthy Cln6+/-. These were highly abundant in the secretome
and, as lysosomal proteins, are of particular interest to LSDs. In fact, the CLN10 NCL variant is caused
by mutations in CTSD (Mole & Cotman 2015; Koike et al. 2000).
Cathepsins can be present as enzymatically inactive proforms or smaller active mature variants (Turk
et al. 2012; Lowry & Klegeris 2018). By looking at the peptide sequences identified with MS, it is clear
a proportion of all over-secreted cathepsin variants are proforms. Immunoblotting conditioned media
for CTSD showed a single proform band at ~50 kDa in both the Cln6+/- and Cln6nclf cultures, which was
significantly increased in the Cln6nclf conditioned media samples, validating the CTSD increase seen
via LC-MS (Fig. 3A; Supplementary D). In the corresponding cell lysates - which produced the
secreted CTSD - immunoblotting showed presence of proforms (~48 kDa) and a mature active variant
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(~25 kDa). The quantity of the proform was significantly reduced in Cln6nclf cells compared to healthy
Cln6+/- (Fig. 3B), suggesting it could be mistrafficked and secreted in the absence of CLN6.
To corroborate whether changes in cathepsin expression led to measurable changes in enzyme activity
we assessed relative enzyme activity of CTSD, CTSL and CTSB in both the conditioned media (Fig.
3C), and whole cell lysates (Fig. 3D). We chose to perform enzyme assays, as they provide a faster and
cheaper high-throughput option, opposed to comparative proteomics, making them more appropriate
for future en masse analysis of biomarkers.
CTSL activity was significantly increased in the conditioned media, but not CTSD or CTSB (Fig. 3C).
CTSL, CTSD and CTSB enzyme activities were unchanged in the cell lysates (Fig. 3D). A caveat of
measuring enzyme activity using these assays is that the assay buffer artificially modulates the
environment - and subsequently the degree of enzyme activation - preventing direct correlation between
the level of enzyme activity reported and the maturation state of the enzyme in in vitro cultures.
However, comparison to controls demonstrated a genotype and disease-specific change in CTSL
enzyme activity, indicating more abundant CTSL. This result corroborates the high fold-change of
CTSL expression in the secretome data set (Log2 fold change in expression = 24; Supplementary B3).
Cathepsin L activity is decreased after CLN6 gene therapy treatment in both primary cultures and
plasma from the Cln6nclf mouse
We next investigated whether these cathepsin changes are altered with gene therapy treatment. To
achieve this, primary cultures were treated with a lentivirus expressing murine CLN6 (LV.CLN6).
Conditioned media was collected 48 h post gene therapy treatment. CLN6 gene therapy has been shown
to prevent, or drastically reduce, all pathological disease hallmarks, and improve behaviour and prolong
lifespan in vivo, making it a good positive control for biomarker investigation (Cain et al. 2019; Kleine
Holthaus et al. 2019). Primary culture treatment with LV.CLN6 for 48 h resulted in a decrease in
secreted CTSL activity, with activity in Cln6nclf.LV cultures no longer different to that of the control
Cln6+/- (Fig. 4A). Consistent with no observable difference between Cln6+/- and Cln6nclf cells, CTSD
activity was not affected by treatment with LV.CLN6.
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To see if CTSL has potential for in vivo use, we monitored cathepsin activity in plasma samples isolated
from mice. Three cohorts of 12-month old mice were investigated; Cln6+/-, Cln6nclf, and Cln6nclf treated
with CLN6 gene therapy (Cln6nclf.AAV). Gene therapy animals were treated with AAV.CLN6 at P1-3 via
direct injection into the lateral ventricles. We chose to look at plasma as it is more relevant in terms of
identifying a useful in vivo biomarker, due to the ease of collection, in comparison to the intrusive
nature of CSF collection. Similar to the primary cultures, there was no change in CTSD enzyme activity
between the three groups. There was also no significant difference in CTSL activity between Cln6+/and Cln6nclf (Fig. 4B). However, treatment with AAV9.CLN6 significantly reduced plasma CTSL
activity, in comparison to untreated Cln6nclf. Additionally, there is no significant difference between
Cln6nclf.LV and healthy Cln6+/-, suggesting that a reduction in CTSL in Cln6nclf could be part of a battery
of indicators for successful treatment.
Overexpression of wild-type murine CLN6 begins to restore the altered Cln6nclf secretome
In order to further characterise the in vitro secretome model and identify potential biomarkers for use
in monitoring therapeutic potential in vitro, we sought to identify which secreted proteins respond
quickly to gene therapy treatment. As mentioned previously, CLN6 gene therapy has been shown to
drastically, and in some cases completely, reduce pathological hallmarks, making it a good positive
control for pathological ‘correction’.
Treatment of Cln6nclf cells with LV.CLN6 for four days resulted in a significant decrease in 17 secreted
proteins compared to Cln6nclf untreated, the majority of which were classified as having catalytic
activity. Five of these proteins were amongst those increased (p ≤ 0.05) in the Cln6nclf compared to
healthy Cln6+/- cells (AGT, SPARCL1, YWHAZ, PRSS1, HSP90). The reduction of these proteins
towards levels observed in healthy Cln6+/- cultures highlights them as potential candidate biomarkers
for short-term therapeutic studies (Fig. 5A, bold). Whilst Cathepsin L was reduced with LV.CLN6, this
was not quite significant (p = 0.0579).
Interestingly, 11 proteins were also increased in the secreted fraction of Cln6nclf.LV, the majority of these
having a catalytic molecular function. Five of these proteins were also significantly increased in the
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Cln6nclf cells in comparison to Cln6+/- (PRDX1, C3, PKM, EEF1A1, H4C1). This further increase after
treatment suggests they may be part of a compensatory or protective response.
Overexpression of wild-type murine CLN6 and CLN5 in combination further restores the altered
Cln6nclf secretome
In addition to gene therapy treatment with CLN6, we also decided to look at the ability of CLN5 and
CLN6 as a combination therapeutic. CLN5 has been implicated as central to a common NCL pathway
with reported molecular interactions with CLN1, CLN2, CLN3, CLN6 and CLN8 (Vesa et al. 2002;
Lyly et al. 2009; Huber et al. 2020). Additionally, CLN5 is depleted in CLN7 mouse embryonic
fibroblast models (Danyukova et al. 2018), and we have observed altered Cln5 transcript levels in adult
Cln6nclf mice (Supplementary E).
Treatment with LV.CLN6 and LV.CLN5 in combination for 48 hours resulted in a significant decrease
of 28 secreted proteins, significantly more than LV.CLN6 alone, indicative of an enhanced short-term,
therapeutic effect. Eight of the decreased proteins are increased in the Cln6nclf cultures, thereby restored
towards physiological levels with combined gene therapy (AGT, CTSD, CTSB, APOE, HEXB,
SPARCL1, CRMP2, HNRNPA; Fig. 5A; Supplementary B5). The larger number of downregulated
proteins in the combination therapy, compared to LV.CLN6 only, made it possible to look for
enrichment clusters. Ontology analysis showed 3 clusters of significant enrichment; podosome/actin
binding, lipoprotein and cytoskeleton regulation (Fig. 5C; Supplementary C; Table C.2). Ten proteins
showed increased secretion after CLN6/CLN5 gene therapy (Fig. 5B), one of which was CLN5 itself,
supporting the gene therapy strategies that rely on cells secreting overexpressed soluble therapeutic
proteins to ‘cross-correct’ other cells.
Collectively, this shows that treatment can significantly restore expression of some secreted proteins in
the Cln6nclf mouse model towards physiological levels seen in the healthy Cln6+/- mouse (Fig. 5D).
Proteins that are reduced in response to both therapeutic strategies may represent the most promising
candidates (SPARCL1, AGT). Of note, Cystatin C (an endogenous cathepsin inhibitor) was reduced
after both treatments, potentially in response to the reduction of cathepsins as a result of treatment.

16

Discussion
Our exploratory interrogation of the Cln6nclf secretome has revealed distinct changes that reflect and based off other neurodegenerative disorders with increased cathepsin secretion - potentially propagate
pathogenesis in CLN6 disease. By monitoring Cln6nclf mixed neural culture secretions, we have a better
understanding of the environment in which neurons mature during disease. These secretome changes
are occurring before marked glial activation, one of the earliest reported phenotypes in vivo in the
Cln6nclf model (Danyukova et al. 2018). Specifically, we observed enrichment of catabolic proteins and
proteins involved in cytoskeletal dynamics - highlighting new similarities between the NCLs and a host
of other neurological disorders such as AD and PD (Yoshiyama et al. 2000; McMurray 2000).
Of course, we must be cautious when correlating what we see in vitro to what is occurring in vivo – as
some of these phenotypes may be present due to the unique conditions of tissue culture, or the additional
intrinsic stress on disease cells. However, cultured cells from CLN6-deficient models are known to
recapitulate key phenotypic markers of CLN6 disease, such as lysosomal storage (Cao et al. 2011),
making them suitable for furthering our understanding of disease, or the preliminary investigation of
therapeutics. Indeed, in this study we observed that gene therapy restored a subset of these diseaseassociated secreted proteins indicating these secretome alterations are due to a lack of CLN6 (or in the
case of CLN5 treatment, CLN6 interacting partners). We also highlighted the potential for translation
of these secreted biomarkers for in vivo use, as seen by a reduction in CTSL activity in Cln6nclf plasma
post gene therapy. Taken together, this data provides novel information on the roles the extracellular
milieu is playing in CLN6 disease pathogenesis and provides a candidate list of potential biomarkers
for the study of disease progression in vitro. It is yet to be determined whether these secretome
alterations are neurotoxic, neuroprotective, or both.
Increased cathepsin secretion and activity mirrors that seen in other neuroinflammatory disorders
Cathepsins are present in the milieu under normal physiological conditions where they are associated
with the remodelling of the extracellular matrix (ECM) and processing of prohormones (Repnik et al.
2012; Turk et al. 2012). However, the over-secretion of these enzymes, and other lysosomal hydrolases,
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is frequently associated with pathological conditions including a range of neurodegenerative disorders
(Hook 2006; Lowry & Klegeris 2018; Balducci et al. 2007; Sleat et al. 2012). Cathepsin over-secretion
has been associated with degradation of the ECM, proteolysis of toxic aggregates such as b-amyloid
(Wang et al. 2012), a-synuclein (McGlinchey & Lee 2015) and huntingtin (Kim et al. 2006), and
positive promotion of axonal growth (Tohda & Tohda 2017). In this study, we showed an increase in
the secretion of CSTD, CSTB and CTSL; the first evidence that an increase in extracellular proteases
could be a disease component of an NCL. Cathepsin alteration has been implicated in other neurological
LSDs. For example, increased expression/activity of CTSD, and altered localisation of CTSB, has been
reported in an NPC1-/- mouse model (Amritraj et al. 2009). Elevated mRNA expression of cathepsin D,
Z, S, B, L & O has been reported in a mouse model of neuronopathic Gaucher disease (Vitner et al.
2010). Additionally, increased proCTSD is observed in a combined CTSB-/- and CTSL-/- knock-out
mouse model which presents with ‘NCL-like’ phenotype (Koike et al. 2005; Felbor et al. 2002).
Interestingly, a recent study investigating NCL protein biomarkers present in mouse brain samples
noted an increase in activity of CTSB in CLN3, and CTSL in CLN3 and CLN2, although these changes
were not replicated in CSF samples. Although they did note elevated PRDX6 in CSF from CLN1, CLN2
and CLN3 – a marker we note elevated in the Cln6nclf secretome (Sleat et al. 2019). Comparisons with
the aberrant secretomes of other neurological disorders may help delineate what is a generalised
response to neuronal stress, and what is specific to CLN6-/- deficiency (Song et al. 2019).
Where these extracellular cathepsins originate from is unclear. As lysosomal instability is a distinct
feature of LSDs, extracellular cathepsin expression has been proposed as a consequence of ruptured
lysosomes, leading to cathepsin leakage and induction of apoptotic pathways (de Castro et al. 2016;
Zhang et al. 2009; Artal-Sanz & Tavernarakis 2005). Additionally, increased lysosomal exocytosis is
prominently associated with LSDs and neurodegenerative disease (Tsunemi et al. 2019; Samie & Xu
2014; Lloyd-Evans & Waller-Evans 2020) and may explain the increase in extracellular proteases noted
in this study. Although, not all lysosomal enzymes reported in the secreted media data set (e.g CTSC
and CTSZ) showed increased secretion, suggesting it is not as simple as increased lysosomal exocytosis
alone. Additionally, we saw CTSD to be predominantly secreted as a ~50 kDa proform indicating that
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it has not been catalytically processed in the lysosome suggestive of mistrafficking. Disease-associated
changes in the lysosome - such as altered constituents or pH - could be hindering the processing and
activation of CTSD. Indeed, reduced lysotracker staining (indicative of an increase in pH or reduced
lysosomes) has been reported in cerebellar neuronal precursor lines derived from Cln6nclf mice (Cao et
al. 2011), and primary cultures derived from a CLN6 ovine model (Best et al. 2017), and, an increase
in intralysosomal pH has been reported in a patient fibroblast line (Holopainen et al. 2001).
An alternative explanation is activated microglia, which are shown to release cathepsin proforms
(including B, D & L) in response to inflammatory cues (Kim et al. 2007; Yoshiyama et al. 2000; Lively
& Schlichter 2013). CTSB is a major causative factor in microglial-induced inflammation via the
maturation of interleukin 1ß (Kingham & Pocock 2001). Indeed, glial cells in a primed ‘proinflammatory’ state is commonplace in animal and cellular models of NCL (Bosch & Kielian 2015;
Palmer et al. 2013; Cooper et al. 2015), including the CLN6 sheep (Kay et al. 2006). However, we do
not see obvious changes in glial morphology, GFAP or CD68 expression, and no specific enrichment
of inflammatory associated proteins in our cultures, suggesting secretome changes occur before the
onset of overt neuroinflammation.
A recent study has identified CLN6 as an obligate component of a CLN6-CLN8 complex that recruits
lysosomal enzymes for ER to Golgi delivery (Bajaj et al. 2020). Therefore, we could be seeing oversecretion as a result of mistargeting. This study showed a depletion of lysosomal enzymes in enriched
lysosomal fractions isolated from Cln6nclf mice, including reduced CTSD, as we also noted in our cell
lysates (Fig. 2B). They also noted reduced CTSB, but no change in other investigated cathepsins (CTSZ
and CTSC). It is pleasing to note the continuity with this study and helps validate Cln6nclf cultures as an
in vitro model. CTSD CTSB and CTSL can be trafficked from the Golgi to the lysosome via mannose6-phospate receptors (M6PRs) (Bannoud et al. 2018; Otomo et al. 2015). A disruption of M6Pcontaining-protein to M6PR ratios, such as that seen in some models of PD (Matrone et al. 2016) and
CLN3 (Metcalf et al. 2008), can result in the proteins escaping binding in the trans-Golgi network, and
instead being directed towards the cell surface where they are secreted into the extracellular space
(Coutinho et al. 2012). As far as the authors are aware, there are no studies looking at M6PR expression

19

in CLN6, although one study has shown no difference in the M6P proteome between brain tissue from
CLN6 patients and healthy controls (Sleat et al. 2005).
Although the acidic environment of the lysosome provides the optimum pH for cathepsin activity, roles
have been identified at more neutral pH points. For example, CTSD has been shown to cleave Tau at
pH 7.0 (Kenessey et al. 1997), and CTSB can swap from an exopeptidase to an endopeptidase at a
neutral pH (Turk et al. 2001). Additionally, cathepsin activity can be altered by other components of
the extracellular space - for example, glycosaminoglycans (GAGs) can facilitate CTSB stabilisation
and activation at a more neutral pH (Bojarski et al. 2020). Interestingly, a previous study has shown an
increase in a GAG derived from Chondroitin Sulfate Proteoglycan 2 (CSPG2; a major component of
the brain ECM) in CLN6 patient urine (Teixeira et al. 2006). Other potential modulating factors include
cathepsin inhibitors, namely cystatins. Indeed, cystatin C (an inhibitor of CTSD, CTSL and CTSB)
(Soond et al. 2019) was elevated in the Cln6nclf secretome, albeit not significantly (p = 0.06), and after
48 hours of CLN6 gene therapy there was a significant decrease (p < 0.05) - suggesting corrective
treatment modulates cathepsin activity early-on.
In this study, increased cathepsin protein expression correlates with an increase in in vitro activity of
CTSL, which was restored towards normal levels after CLN6 gene therapy treatment. Plasma samples
isolated from mice in vivo also showed a reduction in CTSL activity post gene therapy, although there
was no significant difference between the control (Cln6+/-) and the affected (Cln6nclf). This is potentially
due to a less pervasive phenotype in the periphery or the age of the animals (12 months) at the time of
sample collection. By 12 months of age, the Cln6nclf mouse displays significantly reduced cortical
thickness and neuronal counts (Kleine Holthaus et al. 2019), reducing the number of potential cells
secreting protein into the extracellular space. Nevertheless, a robust reduction in plasma CTSL activity,
from treated animals compared to Cln6nclf untreated, suggests potential for CTSL as a biomarker for
monitoring therapeutic intervention in vivo, and is worth investigating further in younger animals
It must be acknowledged these activity assays are performed at the pH optima of the enzyme, meaning
this artificial environment can induce cathepsin processing either via auto-activation, or processing via
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other cathepsins. Additionally, in the case of CTSD, it could be due to the non-specific nature of this
widely used assay kit, where the substrate is also cleaved by Cathepsin E (Yasuda et al. 1999). Although
the enzyme activity assays are not reflective of the activity in vitro or in vivo, this does not negate the
potential use as biomarkers. Cathepsins as both biomarkers and drug targets has been suggested in other
neurodegenerative disorders (Hook et al. 2015). For example, AD patients have a 50% higher CTSB
than age-matched controls (Sun et al. 2010), and deleting CTSB in the transgenic amyloid precursor
protein (APP) mouse model is shown to improve memory and reduce amyloid plaque accumulation
(Kindy et al. 2012).
Cytoskeletal proteins, including the CLN6 interaction partner CRMP2, are altered in the disease
secretome
Another interesting area highlighted here is the over-secretion of proteins associated with the KEGG
terms “nervous system components” and “cytoskeletal dynamics” - another group of proteins that are
frequently dysregulated in neurodegenerative disorders (McMurray 2000). Neurons are especially
vulnerable to a disordered cytoskeleton due to their long axons, making them extra reliant upon
vesicular transport.
Of particular interest we saw an increase in CRMP2 secretion, a known molecular interacting partner
of CLN6 (Benedict et al. 2009). The CRMPs are a family of proteins which are highly expressed
throughout brain development; with roles in cytoskeletal formation, synapse dynamics, and migration
(Charrier et al. 2003). CRMP2 specifically is a positive regulator of axonal branching and polarity
(Khanna et al. 2012). Alongside CRMP2, we also saw increased secretion of CRMP5, and narrowly
cut off after FDR were CRMP1 (p = 0.058) & CRMP4 (p = 0.058). Reduced CRMP2 expression was
reported in the brains of Cln6nclf mice, particularly in the thalamus (Benedict et al. 2009). In vitro,
decreased branching of 4 DIV Cln6nclf hippocampal neurons was correlated with reduced interaction
between CLN6 and CRMP2 (Benedict et al. 2009). It is possible the reduced expression described in
the Cln6nclf brain is due to aberrant secretion as a result of mis trafficking from a lack of interaction with
CLN6 in the ER.
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After gene therapy treatment with CLN6 we also saw a reduction of CRMP4, and with combination
gene therapy (CLN5 & CLN6) a reduction in CRMP1 & CRMP2. In fact, with combination therapy,
the downregulation of proteins associated with actin binding and the cytoskeleton was significantly
enriched (Fig. 5C). Targeting CRMPs may be of therapeutic interest in NCL, with modulation of
CRMP2 by Lacosamide (an inhibitor of CRMP2 phosphorylation) demonstrating neuroprotective
effects, such as reduced glial cell activation, in a mouse model of AD (Ahn et al. 2015). Indeed,
therapeutic modulation of CRMP2 using Lacosamide resulted in moderate reduction in astrocyte
activation in 11-month old Cln6nclf mice, but ultimately this did not translate to a functional benefit
(White et al. 2019).
Short-term gene therapy with a combination of CLN5 & CLN6 restores more secretome markers
than CLN6 alone
In this study gene therapy treatment with CLN6, or a combination of CLN5 and CLN6, both begin to
restore the secretome to that of the healthy Cln6+/- cells within 48 hours. In terms of CLN6 gene therapy,
which we know corrects disease phenotypes in vivo (Cain et al. 2019; Kleine Holthaus et al. 2019), our
study provides a number of additional non-invasive biomarkers for assessing therapeutic correction. A
combination therapy of CLN6 and CLN5 had a greater effect on reducing overexpressed secreted
proteins back to healthy levels, including the downregulation of CLN6 interaction partner CRMP2 and
reduction in the aberrant lysosomal enzyme secretion of CTSB, CTSD and HEXB. This could be due
to the fact CLN5 is also reduced in CLN6 disease, or that combined overexpression means the known
interaction between the two proteins is facilitated more rapidly (Lyly et al. 2009). Additionally, the
overexpression of a lysosomal enzyme could compensate for the reduction in ER-Golgi lysosomal
enzyme transport that has been reported in CLN6 (Bajaj et al. 2020). Collectively, this suggests
combination therapeutics, or the presence of additional lysosomal enzymes, may provide an early boost
- an important consideration when investigating therapeutics for an early-onset, fast progressing
disease.
The quantity of lentivirus given to cells in this study has likely resulted in overexpression of both genes
– highlighted by the increase in the secretion of CLN5 after treatment. This overexpression could
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account for some of the noted ‘off-target’ effects, although as overexpression is commonplace in NCL
gene therapy trials in vivo (including with CLN6), we would postulate these additional changes are not
preventing a beneficial effect (Cain et al. 2019). However, these off-target changes could be reducing
the full beneficial potential. Alternatively, these changes are part of a compensatory response and may
revert to physiological levels over a longer time course.

Conclusions
This study implicates an altered secretome as part of the pathogenesis of CLN6 disease. This is
highlighted by the phenotypic overlap with other neurodegenerative disorders, such as the increased
secretion of catabolic and cytoskeletal-associated proteins. These changes occur before glial cell
activation, providing novel biomarkers for the tracking of early CLN6 disease progression in vitro. As
such, these markers provide a powerful tool for investigating therapeutics at the earliest stages of disease
progression in vitro, potentially before the occurrence of irreversible damage. Furthermore, biomarkers
- such as Cathepsin L - show promise for in vivo translation to the Cln6nclf mouse. Access to secreted
biomarkers facilitates repeated biochemical monitoring of the same cell population/ animal overtime,
making it extremely advantageous for continual therapeutic assessment in future studies.
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Figure Legends
Figure 1. Graphical overview of experimental methodology. A. Methods for obtaining conditioned
media for LC-MS, western blotting and enzyme assays. B. Methods for obtaining blood plasma for
enzyme assays. Figure created with BioRender.com
Figure 2. Differential expression analysis shows increased secretion of proteins involved in
‘catabolic processes’ from Cln6nclf cultures. Conditioned media was collected from Cln6+/- and Cln6nclf
mixed neural cell cultures generated from P0-1 pups (n = 3 pups). Proteins and their relative expression
of were analysed by LC-MS. A. Significantly increased expression (p ≤ 0.05) of 37 proteins was
observed in Cln6nclf media, visualised in an interaction network via STRING. The thickness of
connecting lines indicates the confidence score of functional interactions. Red nodes indicate proteins
associated with cellular catabolic processes (top GO term, biological process), yellow nodes are proteins
involved in myelin sheath (top GO term, cellular component), and green nodes are lysosomal proteins
(top KEGG pathway) B. Functional classification of differentially expressed proteins indicates the
largest group have catalytic activity. C. Annotation clusters for significantly enriched proteins, with a
dotted line indicating the significance cut off point ≥ 1.3, equivalent to p ≤ 0.05).
Figure 3. Validation of LC-MS changes in the Cln6nclf mouse confirms altered cathepsin
expression and activity. Primary mixed neural cultures derived from either Cln6+/- (+/-) or Cln6nclf mice
pups (nclf) were grown for 9 DIV, and protein harvested from the cell lysate and conditioned media.
The presence of Cathepsin D (CTSD) was evaluated by immunoblotting and quantified relative to b-
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actin. A. Blotting for CTSD in conditioned media showed a single proform at (~50 kDa). Increased
CTSD profrom was observed in the nclf conditioned media when normalised to b-actin in cells (***p
= 0.0003, unpaired t test, n = 4). B. Blotting for CTSD in cell lysates showed two bands, a proform at
~50 kDa and a mature form at ~25 kDa. Significantly reduced CTSD proform was present in the nclf
lysate (**p = 0.0011, two-way ANOVA with Sidak’s multiple comparisons test, n = 4). Fluorometric
activity assays were used to compare relative enzyme activities of CTSD, Cathepsin L (CTSL) and
Cathepsin B (CTSB) activity, in both C. conditioned media and D. cell lysate (unpaired t tests, n = 4 –
6). Increased CTSL activity was seen in Cln6nclf conditioned media (***p ≤ 0.0001).
Figure 4. CLN6 gene therapy treatment reduces Cathepsin L activity both in vivo and in vitro. A.
Primary cultures were treated with lentivirus expressing murine CLN6 (+LV) for 4 DIV. Enzyme
activity assays showed no effect on CTSD activity. CTSL activity was again elevated in Cln6nclf (nclf;
**p = 0.0028) compared to controls (+/-). CTSL activity was not significantly different between Cln6nclf
+ LV and healthy Cln6+/- controls (p = 0.0652). Data was analysed by one-way ANOVA and presented
normalised to the control (+/-) in relative fluorescent units (RFU), n = 2 - 4. B. Plasma was isolated
from 12 month old healthy male mice (+/-), Cln6nclf mice (nclf) and Cln6nclf mice treated with
AAV.CLN6 gene therapy since P1 (AAV). At assay endpoint there was no significant difference in
CTSD activity between any groups. At assay endpoint there was a significant decrease in CTSL activity
in nclf mice treated with AAV compared to untreated (*p = 0.0256). Data is presented as a Box and
Whisker plot (min to max) to aid visualisation of skewness in the data set, with the box containing the
interquartile range and the horizontal line contained within the box denoting the median. Data was
analysed via one-way ANOVA and presented as RFU at endpoint, n = 4 - 5. All data are displayed as
the mean +/- SEM.
Figure 5. Gene therapy with CLN6, or combined CLN6 and CLN5, reduces a subset of proteins
that are ‘over-secreted’ in Cln6nclf conditioned media. Cln6nclf mixed neural cultures were treated
with either lentivirus expressing murine CLN6 (+LV.CLN6), or in combination with CLN5
(+LV.CLN5) for 4 DIV (n = 3). Relative protein expression in conditioned media was analysed via LCMS. A. Proteins with a decreased expression post Cln6nclf after gene therapy (+LV), compared to
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proteins shown to be increased in disease (Cln6nclf; p ≤ 0.05). B. Proteins increased in expression after
gene therapy (+LV), compared to proteins increased in disease (Cln6nclf; p ≤ 0.05) C. Annotation clusters
for significantly enriched genes, with a dotted line indicating the significance cut off point ≥ 1.3
(equivalent to p ≤ 0.05). D. Heat map summarising any proteins identified as increased in Cln6nclf that
were altered by at least one of the gene therapies. Data is represented at percentage of control (Cln6+/).
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