b

University of Nebraska University of Nebraska Medical Center
Medical Center- . .
BREAKTHROUGHS FORLIF DigitalCommons@UNMC
Journal Articles: Pathology and Microbiology Pathology and Microbiology

Spring 4-16-2016

Moving towards effective therapeutic strategies for Neuronal
Ceroid Lipofuscinosis.

Ryan D. Geraets
Sanford Research

Seung yon Koh
University of South Dakota

Michelle L. Hastings
Rosalind Franklin University of Medicine and Science

Tammy Kielian
University of Nebraska Medical Center, tkielian@unmc.edu

David A. Pearce
University of South Dakota

See next page for additional authors

Follow this and additional works at: https://digitalcommons.unmc.edu/com_pathmicro_articles

b Part of the Medical Microbiology Commons, and the Pathology Commons

Recommended Citation

Geraets, Ryan D.; Koh, Seung yon; Hastings, Michelle L.; Kielian, Tammy; Pearce, David A.; and Weimer, Jill
M., "Moving towards effective therapeutic strategies for Neuronal Ceroid Lipofuscinosis." (2016). Journal
Articles: Pathology and Microbiology. 9.

https://digitalcommons.unmc.edu/com_pathmicro_articles/9

This Article is brought to you for free and open access by the Pathology and Microbiology at
DigitalCommons@UNMC. It has been accepted for inclusion in Journal Articles: Pathology and Microbiology by an
authorized administrator of DigitalCommons@UNMC. For more information, please contact
digitalcommons@unmc.edu.


http://www.unmc.edu/
http://www.unmc.edu/
https://digitalcommons.unmc.edu/
https://digitalcommons.unmc.edu/com_pathmicro_articles
https://digitalcommons.unmc.edu/com_pathmicro
https://digitalcommons.unmc.edu/com_pathmicro_articles?utm_source=digitalcommons.unmc.edu%2Fcom_pathmicro_articles%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/672?utm_source=digitalcommons.unmc.edu%2Fcom_pathmicro_articles%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/699?utm_source=digitalcommons.unmc.edu%2Fcom_pathmicro_articles%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.unmc.edu/com_pathmicro_articles/9?utm_source=digitalcommons.unmc.edu%2Fcom_pathmicro_articles%2F9&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@unmc.edu

Authors
Ryan D. Geraets, Seung yon Koh, Michelle L. Hastings, Tammy Kielian, David A. Pearce, and Jill M. Weimer

This article is available at DigitalCommons@UNMC: https://digitalcommons.unmc.edu/com_pathmicro_articles/9


https://digitalcommons.unmc.edu/com_pathmicro_articles/9

Geraets et al. Orphanet Journal of Rare Diseases (2016) 11:40
DOI 10.1186/513023-016-0414-2

Moving towards effective therapeutic

Orphanet Journal of
Rare Diseases

@ CrossMark

strategies for Neuronal Ceroid

Lipofuscinosis

Ryan D. Geraets'?, Seung yon Koh', Michelle L. Hastings®, Tammy Kielian®, David A. Pearce'? and

Jill M. Weimer'?

Abstract

The Neuronal Ceroid Lipofuscinoses (NCLs) are a family of autosomal recessive neurodegenerative disorders that
annually affect 1:100,000 live births worldwide. This family of diseases results from mutations in one of 14 different
genes that share common clinical and pathological etiologies. Clinically, the diseases are subcategorized into
infantile, late-infantile, juvenile and adult forms based on their age of onset. Though the disease phenotypes may
vary in their age and order of presentation, all typically include progressive visual deterioration and blindness,
cognitive impairment, motor deficits and seizures. Pathological hallmarks of NCLs include the accumulation of
storage material or ceroid in the lysosome, progressive neuronal degeneration and massive glial activation.
Advances have been made in genetic diagnosis and counseling for families. However, comprehensive treatment
programs that delay or halt disease progression have been elusive. Current disease management is primarily
targeted at controlling the symptoms rather than “curing” the disease. Recognizing the growing need for
transparency and synergistic efforts to move the field forward, this review will provide an overview of the
therapeutic approaches currently being pursued in preclinical and clinical trials to treat different forms of NCL as
well as provide insight to novel therapeutic approaches in development for the NCLs.

Keywords: Batten disease, Translational research, Palmitoyl-Protein Thioesterase 1, Tripeptidyl peptidase 1, Gene
therapy, RNA modulating therapies, Antisense oligonucleotides, Enzyme replacement therapy, Stem cell therapy,

Lysosomal modulators, Autophagy modulators

Background

Lysosomal storage disorders (LSDs), a group of rare disor-
ders involving the accumulation of storage material in the
lysosome, have been estimated to occur in approximately
one in 7500 live births [1, 2]. Neuronal Ceroid Lipofusci-
noses (NCLs), also referred to as Batten Disease, are a sub-
set of lysosomal storage disorders that can arise from
genetic mutations within one of 14 different genes [3]. De-
pending on the genetic mutation, these disorders can affect
individuals ranging from infants to adults, though they are
most commonly referred to as pediatric neurodegenerative
diseases (reviewed in [4-6]). The frequency of NCLs is
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dependent on ancestry and geographical setting, with, for
example, an estimated occurrence of up to one in 12,500
live births in Anglo-Saxon countries (reviewed in [7, 8]).
As previously mentioned NCLs can be caused by one
of a number of genetic mutations and can onset at differ-
ent ages. This genetic heterogeneity results in approxi-
mately 9 different forms of NCLs [4, 7]) with three most
common forms being Classic Infantile Neuronal Ceroid
Lipofuscinosis (INCL), Classic Late Infantile Neuronal
Ceroid Lipofuscinosis (LINCL), and Juvenile Neuronal
Ceroid Lipofuscinosis (JNCL; [4]). In addition to the more
common forms of NCL, individuals can also be stricken
with Classic Adult-Onset Neuronal Ceroid Lipofuscinosis,
Finnish variant Neuronal Ceroid Lipofuscinosis, variant
Late Infantile Neuronal Ceroid Lipofuscinosis (VLINCL),
Turkish variant Neuronal Ceroid Lipofuscinosis, and Con-
genital Neuronal Ceroid Lipofuscinosis (reviewed in [4, 7]).

© 2016 Geraets et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
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INCL is an autosomal recessive disorder caused by
mutations in palmitoyl protein thioesterase 1 (PPT-1), a
lysosomal serine lipase with a classical o/f hydrolase
fold [4, 7, 9]. Like all NCLs, INCL primarily affects the
CNS. Phenotypically this disorder presents with retinal
degeneration, speech and motor deterioration, seizures,
flat electroencephalogrphy recordings (EEG) by age three
and premature death at the age 8—14 years [4, 7, 10, 11].
Pathologically, cells accumulate storage material known as
granular osmophilic deposits (GRODs). Many mutations
have been identified in the human gene that contributes
to disease — 64 PPT1 mutations in 268 affected families
(http://www.ucl.ac.uk/ncl/mutation.shtml and [11]). The
top 12 mutations (3 or more families) account for 75 % of
the cases.

LINCL is caused by genetic mutations in tripeptidyl pep-
tidase 1 (TPP-1), which also codes for a soluble lysosomal
enzyme whose substrates are unknown [4, 7, 12—15]. In this
form of NCL as well as the juvenile form, neurons and
other cells of the body accumulation autofluorescent stor-
age material highly enriched in ATP synthase subunit
c. LINCL age of onset is two-four years of life with
presentation of seizures, blindness and progression
motor decline and pathologically there is massive
neuronal cell death. For LINCL, there is a steady state
occurrence of ~400-500 patients in the United States; ~
1000 patients in Europe; ~ 14,000 patients worldwide (*es-
timate assumes incidence of LINCL of 1:100,000 live
births: average survival of 10 years, birth-rate of 14/1000
in US and Europe, 19.15/1000 worldwide). There are over
100 identified mutations in TPP1 — with an Arg208Stop
and a ¢.509-1G > C slice mutation that are most common
(http://www.ucl.ac.uk/ncl/mutation.shtml and [11]). Like
PPT-1, there are also several late-onset variations of
LINCL which are typically compound heterozygous for
hypomorphic and null allele — with patients often surviv-
ing into the fifth decade of life.

JNCL is a fatal lysosomal storage disease caused by
autosomal recessive mutations in the CLN3 gene. JNCL
typically presents in children between the ages of 5-10
years, initiating as blindness and progressing to seizures,
motor loss and cognitive decline, with a decreased life ex-
pectancy into the late teens to early twenties [4, 7, 10, 11].
One very early indicator of disease is the activation of as-
trocytes and microglia in the brain of JNCL mice (CLN3
mutant lines) and human patients [16—18]. Currently, the
physiological function of the CLN3 protein remains elu-
sive, with what is known having been gleaned from CLN3
mutant neurons, yeast, Drosophila and mouse models of
the disease.

Nearly all forms of NCL result in death and, although a
physician may explore a number of treatment strategies
targeted at mitigating or controlling disease symptoms,
there are currently no curative therapies. Numerous
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approaches are being utilized to develop potential NCL
therapies. Given that each form of NCL is caused by dif-
ferent genetic mutations and protein deficiencies, thera-
peutics must be tailored specifically for each form of the
disease. However, some general therapeutic strategies may
be effective for different forms of NCL due to overlapping
characteristics; for example, enzyme replacement therapy
could be an effective approach for the forms of NCL
caused by enzyme deficiencies. In this review, we
summarize a number of the therapeutic approaches being
used to treat different forms of this devastating disease
(summarized in Fig. 1).

Current medical management strategies for NCLs
The NCLs represent different diseases caused by mutations
in as many as 14 different genes. NCLs have some common
features but they are different in their clinical features, age
of onset, cell biology and biochemistry, gene mutations and
rate and characteristics of progression. This heterogeneity
can make the discovery and use of new therapies difficult.
So what treatments do we have? People often say “there are
no known treatments for NCLs”. This is untrue. There are
ongoing studies with anti-inflammatories that have pro-
vided some evidence of improved visual outcomes in NCLs.
There are many treatments for epilepsy but very few of
these have been tested specifically in NCLs. There is no
known treatment for the dementia associated with NCL —
although behavioral symptoms and sleep defects can miti-
gate symptoms to some degree. The movement disorders
in NCL vary by form and, thus, so do the treatments. Myo-
clonus is treatable but difficult. Parkinsonism has treatment
options, though ataxia is more refractory to treatment (un-
less those generated by vitamin deficiencies). Supportive
treatment for NCL is also available— physical therapy, occu-
pational therapy, speech therapy, feeding gastrostomy, suc-
tion and airway management and caregiver support and
respite. In all, while there are treatments for NCLs, cur-
rently there are not therapies that change the outcome of
the disease.

Pipeline for drug development

Many new therapies are in the pipeline for the treatment
of NCLs. Most of these may halt or slow the progression
of disease but are unlikely to completely reverse the dis-
ease. Most symptomatic treatment studies in NCL have
come from what we know from other diseases — but very
few studies have been done specifically in NCL patients. In
INCL these have been: Lamotrigine for epilepsy [19-21];
Transdermal fentanyl for pain [22]; Melatonin for sleep/cir-
cadian rhythm disturbance [23-25]; and hematopoietic
stem cell transplant — umbilical cord blood and bone
marrow transplant for disease modification [26]. These
treatments, with a limited number of participants, are diffi-
cult to interpret because the studies are occurring at a time
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of rapid development, which significantly increases the vari-
ability between subjects, making outcomes difficult to
measure. In LINCL, the only completed drug treatment
study has been the melatonin study mentioned above.
There have been a number of LINCL disease modification
studies, such as bone marrow transplantation [27-29] and
antioxidants (selenium, VitE, [30]). It should be noted that
these antioxidant studies were completed prior to the avail-
ability of NCL molecular diagnostics. Additionally, there
are a number of ongoing studies in various stages of clinical
trial (Table 1) including gene therapy trials using adeno-
associated viral vector (ClinicalTrials.gov, NCT00151216)
and stem cell trials using human CNS derived stem cell
treatment (ClinicalTrials.gov, NCT00337636), both which
we will talk about more in this review. What do we need to
do to accelerate this process? Better understanding of the
clinical features of the different NCLs and within type vari-
ants will provide the basis for better symptomatic treat-
ments. We need better understanding of the pathobiology
of the NCLs in order to identify the best course for disease-
modifying treatments. Additionally, we need to develop
new delivery mechanisms — for delivery of enzymes or res-
toration of disease causing mutations.

Gene therapy

Over the past couple of decades gene therapy has devel-
oped into a promising therapeutic treatment option for
LSDs. Recently, the European Union approved its first gene
therapy for the treatment of lipoprotein lipase deficiency
[31]. Unlike lipoprotein lipase deficiency, NCLs are pre-
dominately neurodegenerative diseases, and thus harder to
treat. When one thinks about the use of gene therapy in
the treatment of any disease, including NCLs, there are a

number of technical hurdles that must be overcome. As
mentioned above, delivery to the primary diseased tissues is
critical. In the case of NCLs, this means delivery of the
virus into the central nervous system. There are a number
of different viral vectors that are currently utilized for gene
therapy, including as adeno-associated virus (AAV) and
lentivirus (LV). A particular vector is selected based on sev-
eral factors including: payload (of the size of the gene to be
delivered), the region they need to be delivered to and types
of cells to be targeted to, and how much of the gene needs
to be expressed [32—35]. In addition, these vectors and their
associated serotypes can be modified to gain additional de-
sired properties, including the timing of expression and
tropism to specific cell populations [32—35]. Thus a num-
ber of ongoing studies are focused on tailoring gene therapy
vectors to various forms of LSDs and NCLs.

In terms of NCLs, a number of studies have focused
on using AAV to treat both INCL and LINCL [36-41,
44-46]. Gene therapy studies done by Griffey et al. uti-
lized AAV serotype-2 (AAV2) to treat Pptl ~~ mice; col-
lectively these studies illustrated that AAV-2 increased
PPT-1 activity, reduced levels of autofluorescence, im-
proved retinopathy and eliminated some behavioral phe-
notypes [36-38]. LINCL gene therapy studies have
treated Tppl~~ mice with various AAV serotypes which
resulted in increased Tppl expression, improved behav-
ioral phenotypes and a reduction in autofluorescence
[39-41]. In addition to animal studies, LINCL gene ther-
apy clinical trials (NCT00151216 and NCTO01161576)
are currently ongoing (ClinicalTrials.gov) and a prelim-
inary report from study NCT00151216 indicates that the
AAV2 mediated gene therapy shows promise in reducing
the rate of LINCL progression [45].
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Table 1 Past and present NCL clinical trials. Currently, there are only eight NCL clinical trials in existence (clinicaltrials.gov). Most of

the trials focus on the treatment of either INCL or LINCL

Trial ID NCL Therapeutic Approach Proposed Mechanism of Action Preclinical Studies Trial Phase
Form(s)
NCT01399047 IJNCL  Anti- Reduction in neuroinflammation and production Seehafer 2011 [144] Recruiting
inflammatoryMycophenolate  of autoantibodies
mofetil
NCT01161576 LINCL  Gene Genetically engineer cells to produce non- Sondhi 2007 [41], Sondhi Recruiting
TherapyAAVrh.10CUhCLN2 mutated TPP1 2008, Sondhi 2012
NCT01414985 LINCL  Gene Genetically engineer cells to produce non- Sondhi 2007 [41], Sondhi Recruiting
TherapyAAVrh.10CUhCLN2 mutated TPP1 2008 [42], Sondhi 2012 [43]
NCT01907087 LINCL ~ ERTBMN-190 Source of recombinant functional TPP1 in which  Vuillemenot 2014 [58], Active
diseased cell can uptake and utilize Vuillemenot 2014 [59]
NCT00151216 LINCL  Gene TherapyAAV2CUhCLN2  Genetically engineer cells to produce non- Sondhi 2005 [39], Passini Active
mutated TPP1 2006 [40]
NCT00337636 INCL,  Stem CellHuman CNS Stem  Similar to ERT but, human CNS stem cells act as  Tamaki 2009 [85] Complete
LINCL  cells the source of functional PPT1 and TPP1
NCT00028262 INCL  Small MoleculeCystagon Clears lysosome of storage material Zhang 2001 [174] Complete
NCT01238315 INCL, Stem CellHuman CNS Stem Similar to ERT but, human CNS stem cells act Tamaki 2009 [85], Selden Withdrawn
LINCL  cells the source of functional PPT1 and TPP1 2013 [91]

Bold words indicate the therapeutic approach

NCL gene therapy studies are not restricted to the
aforementioned approaches. Recent studies have grouped
gene therapy with other therapeutic approaches; for ex-
ample small molecule therapies and hematopoietic stem
cell therapy [46]. Also, other AAV vectors exist and have
been noted to be more effective; for example self-
complementary vectors and AAV9 [47-51]. Previous work
with AAV9 [49, 50] and its potential use in the treatment
of NCLs was discussed at the 2014 Update of
Translational Research for Management of INCL/LINCL
Conference. Based on the results from the NCL gene ther-
apy studies and the conference, gene therapy has great
potential for being an NCL therapeutic.

Enzyme replacement

In addition to gene therapy, enzyme replacement ther-
apy (ERT) is also being heavily pursued as a therapeutic
approach for the treatment of LSDs. A basic search for
ERT and LSDs (using the Department of Health and
Humans Services (HHS) website, ClinicalTrials.gov) re-
sults in more than a hundred registered clinical trials. In
a recent technical brief, it was noted that nine ERTs are
available for the treatment of a limited number of LSDs
within the United States; but unfortunately none are for
the treatment of NCLs [52]. Nevertheless, numerous
preclinical studies have been conducted using ERT to
treat different forms of NCL. ERT seem promising spe-
cifically in INCL and LINCL as these forms of NCL are
caused by enzyme deficiencies. But a number of studies
have reported perturbation in lysosomal enzymes, in-
cluding PPT-1 and TPP-1, in other non-enzyme medi-
ated forms of the disease, suggested ERT may have more
global applications. Pre-clinical ERT studies intended to

treat an INCL mouse model have been limited to only
two studies and have revealed the following: (1) they are
able to effective produce recombinant PPT-1, (2) ERT is
able to clear autofluorescent storage material in certain
peripheral tissues, (3) they are able to achieve partial
delivery of ERT to brain via intravenous injection, (4)
treatment is able to elicit mild changes in phenotype,
and (5) administration of the recombinant PPT-1 is
tolerable in mice [53, 54].

In comparison to INCL, pre-clinical ERT studies for
LINCL have been more extensive. These studies have used
a variety of animal models of disease including mice, dogs
and monkeys and have been administered using alterna-
tive delivery methods: intravenous, intrathecal and intra-
ventricular [55-60]. Collectively, these studies have
demonstrated: (1) distribution of recombinant TPP-1 in-
cludes the brain and peripheral tissues however, distribu-
tion is dependent on the method of delivery, (2) ERT
provides improved disease phenotype and pathology, (3)
there is a reduction in autofluorescent storage material ac-
cumulation within the brain, and (4) depending on the de-
livery method and other various factors, there are minimal
adverse reactions associated with ERT in these animal
models [55-60]. In addition, some of these studies have
led to the development of an ERT clinical trial for the
treatment of LINCL (NCT01907087, Clinicaltrials.gov)

Overall, ERT seems to be a promising therapeutic ap-
proach for the treatment of some forms of NCLs. As with
many therapies, the blood-brain barrier (BBB) seems to be
a persistent obstacle for LSDs that effect the CNS [55-
68]. Given that the CNS is predominantly affected in the
NCLs, methods to surpass the BBB are being addressed in
current preclinical studies and were discussed at the 2014
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Update of Translational Research for Management of
INCL/LINCL Conference. These approaches range from
direct ERT delivery to the brain via intrathecal or intra-
ventricular injections to modifying the recombinant pro-
tein [55-60, 68]. In particular, Meng, et al., demonstrated
that intravenous injections of recombinant TPP-1 could
penetrate the blood-brain barrier if fused to a small re-
combinant section of zapolipoprotein E [60]. Given that
some of these approaches are new to the field of ERT, fur-
ther refinement is ongoing, even as the first ERT trials
have begun in NCL patients.

Small molecule carriers: Trojan horses, modified
receptor, liposomes and nanoparticles

As previously discussed, one of the more challenging obsta-
cles to overcome in LSD therapy development is pene-
trance of the blood-brain barrier. A number of approaches
are currently being explored to surpass the BBB including
peptide modification. In two separate studies, TPP-1 was
modified by either altering the protein glycosylation profile
or combining the TPP-1 peptide sequence with a specific
region of the apolipoprotein E receptor and resulted in in-
creased BBB penetrance [56, 60]. This method, sometimes
referred to as a “Trojan Horse”, utilizes natural cellular
pathways to deliver proteins across the BBB and into target
cells [65, 69]. This method has been effectively applied to
other LSDs including subtypes of Mucopolysaccharidosis
[65, 67,70, 71].

An additional strategy for effect therapeutic deliver
across the BBB are nanocarriers, including liposomes
(reviewed in [65, 71]). The use of this technology has
also been studies in animal models of both Mucopoly-
saccharidosis and Niemann Pick disease, showing
great potential [64-66, 71-73]. One advantage of
nanocarriers is targeted cell deliver, often achieved by
coating the nanoparticle with different components
(including antibodies to surface proteins) in order to
direct their delivery [65, 71]. This method has been
successfully applied in animal models LSDs to target
cell surface receptors (i.e., using antibodies to
PECAM-1, transferrin receptor (TfR) and intercellular
adhesion molecule 1 (ICAM-1) expressed on endothe-
lial cells of the BBB [64—66, 71-73]. Ansari et al., has
also generated similar liposomal carriers to transport
cargo in NCL cell models [74], further supporting the
use of both peptide modification and nanocarriers as
favorable approaches to deliver NCL therapies into the
CNS and to effected cells.

Stem cell therapy

As the field of regenerative cellular therapies expands,
various different types of stem cells are providing in-
creased utility in the treatment of neurological disorders.
But like with other treatment options, there are a
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number of technical considerations that must be taken
in selecting which type of stem cells to test for use in
treatment. What is the best type of cell to utilize? What
is the potential of the stem cell being used to 1) enhance
the immune system and/or 2) replace lost cells? How
will the stem cells be delivered to the damaged tissue?
These are all thing that must be considered. Some LSDs,
including Hurler Syndrome, have shown potential for
being treated with adipose and hematopoietic stem cells
(HSC; [75-79]). A number of NCL mouse model and
patient studies have explored the benefits of HSC ther-
apy but met with limited success partially owing to the
limited patient sample size [26, 28, 29]. The most prom-
ising of these studies has suggested that HSC, specific-
ally bone marrow treatment, offered in combination
with gene therapy in Ppt1™~ mice significantly improved
outcomes even when HSC therapy alone provided lim-
ited or no benefit. Thus, HSC should not be entirely
eliminated as a potential NCL therapeutic.

Neural stem cell therapies, derived from a variety of
sources, are also being studied as a therapeutic for LSDs
including NCLs [80, 81]. Many of these studies utilize ei-
ther murine or human neural stem cells to treat mouse
models of LSDs and data from clinical trials is thus far
limited. Collectively, these studies have shown: (1) neural
stem cells can survive within the CNS, (2) they are cap-
able of migrating away from site of injection, (3) they
can improve disease pathology, including dampening
neuroinflammation, (4) increase enzyme activity, (5) and
improve long-term survival [80-90]. However, the effect-
iveness seems highly variable depending on the type of
LSD and other compounding factors. Tamaki et al.,
showed improved disease outcomes in a Pptl™~/NSCID
mouse model following treatment with human CNS
derived stem cells and these findings resulted in a clin-
ical trial (ClinicalTrials.gov, NCT00337636; [85]). The
outcomes from this trial point toward successful trans-
plantation of CNS derived stem cells into both INCL
and LINCL patients ([91]) and thus merit continued ex-
ploration as a possible treatment.

One source of stem cells yet to be explored as a treat-
ment option for NCLs are induced pluripotent stem
cells (iPSCs). Since being first described in 2006 by
Takahashi and Yamanaka, iPSCs have been used for vari-
ous research purposes [92, 93]. A limited yet expanding
number of studies have focused on using iPSCs for
therapeutic purposes [93-96]. Given their potential as a
therapy, the use of iPSCs as a therapeutic approach for
NCLs is now being considered by a number of research
laboratories.

RNA modulation
RNA modulation therapies are a relatively new thera-
peutic approach for lysosomal storage diseases, especially
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the NCLs. There are a number of different RNA modula-
tion therapies [i.e., antisense oligonucleotides (ASO), non-
sense suppression compounds, nonsense mediated decay
(NMD) inhibitors] that have been used effectively in pre-
clinical and clinical trials for a number of different dis-
eases [97-111]. These therapies use different strategies to
reach a similar end-goal — that of producing a partially or
fully functional protein from the targeted mRNA
transcript.

One therapeutic strategy aimed at treating diseases
caused by nonsense mutations involves the use of non-
sense suppression compounds which promote the read-
through of nonsense or premature termination codons
(PTCs). A proportion of PTC-containing transcripts
escape NMD and these compounds induce the ribosome
to incorporate a near cognate amino acid at the PTC,
essentially “reading through” the termination codon.
For these mRNAs, translation continues through the
entire transcript, terminates at the natural termination
codon and thus generates a full-length protein with a
single amino acid substitution at the nonsense mutation.
Read-through therapy, or nonsense suppression therapy, is
currently in clinical trials (Clinicaltrials.gov, NCT00264888,
NCT00592553, NCT01826487, NCT00237380, NCT01140451,
NCT01918384), [112, 113]).

Can these therapies be effectively applied to the NCLs?
Nonsense suppression therapies have been proposed as
treatments for a whole host of LSDs that result from
nonsense mutations. In fact, nonsense mutations in
CLN1 are present in more than 50 % of INCL patients
[114]. Multiple studies have used different read-through
compounds to treat several models of LSDs, including
INCL and LINCL [97-99, 102, 104, 107, 108]. Specific to
the NCLs, gentamicin, an aminoglycoside, can been used
as a nonsense suppression therapy and can increase TPP-
1 activity in LINCL fibroblasts [98]. Moreover, two recent
studies have demonstrated the potential effectiveness of
Ataluren (PTC124; currently in clinical trials for Duchenne
Muscular Dystrophy (Clinicaltrials.gov; NCT00264888,
NCT00592553, NCT01826487) and cystic fibrosis (Clinical-
rials.gov; NCT00237380, NCT01140451)) as a nonsense
suppression therapy for INCL and LINCL with both re-
ports indicating increases in enzyme activity after treatment
of patient-derived lymphoblast cell lines [102, 107]. The po-
tential utility of PTC-124 was further illustrated in vivo
using a recently developed ClnI®"*™™ mouse model [108]
which also showed elevated enzyme activity levels over un-
treated mutant mice. Although PTC-124 has the advantage
of being orally bioavailable and has low toxicity, it has a
narrow therapeutic window and short half-life [115] — so
patients may need to be treated as much as three times per
day, which limits its practical use in patients. However, a
number of additional nonsense suppression therapies are
currently being developed which aim to improve
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therapeutic efficacy. Additionally, a number of teams are
starting to combine nonsense suppression therapies with
other treatments. For example, Keeling et al. has shown
that combining read-through compounds with nonsense
mediated decay (NMD) inhibitors intensifies nonsense sup-
pression [106], broadening the possibilities for another po-
tential avenue of NCL therapies.

Another RNA modulating therapeutic approach is the
use of antisense oligonucleotides (ASOs). These short,
modified nucleic acids are designed to bind a target RNA
through complementary base-pairing [103]. The binding
of an ASO to RNA can modify RNA processing by steric-
ally blocking the binding of RNA binding proteins. ASOs
have many favorable drug-like features including low tox-
icity, easy deliverability to a wide-range of cells in vivo,
and stability, with activity in cells lasting up to a year after
a single dose [110]. Several ASO drugs are used in the
clinic and many others are in clinical trials for a number
of diseases and conditions including the pediatric neuro-
degenerative disease spinal muscular atrophy and
Duchenne’s muscular dystrophy [103, 110, 116] as well as
a number that are being utilized in preclinical studies, in-
clude one for the pediatric neurosensory disorder Usher
syndrome [117] and in the lysosomal storage disorder,
Niemann-Pick Type C [101]. Depending on the genetic
mutation, ASOs could potentially be used to treat various
forms of NCLs. Overall, RNA modulation therapies are a
new and expanding therapeutic approach and have great
potential as a therapy for NCL.

ASOs may be useful in combination with nonsense sup-
pression therapies to improve the protein production from
genes with nonsense mutations. A limitation to the non-
sense suppression approach is the activity of the naturally
occurring process in eukaryotic cells called nonsense me-
diated decay (NMD; Fig. 2) [118]. NMD maintains RNA
fidelity by eliminating mRNA transcripts that have PTCs
[119]. In this way, NMD prevents the production of aber-
rant, truncated proteins. However, at the same time, by
eliminating mRNA with PTCs, NMD also limits the
amount of mRNA that can be targeted by nonsense sup-
pression drugs for translational read-through and full-
length protein production Miller Pearce. In order to over-
come this limitation, small molecule inhibitors of NMD
have been explored as potential therapeutic compounds
[120]. The rationale for using NMD inhibitors as a treat-
ment for diseases caused by nonsense mutations is that by
making NMD less efficient, the abundance of mRNA that
is translated will increase, which will increase the efficacy
of nonsense suppression drugs. Recently, Krainer and col-
leagues demonstrated that ASOs that basepair at specific
sequences of a PTC-containing pre-mRNA, were able to
protect the mRNA from NMD [121]. When used in com-
bination with readthrough compounds, the ASO in-
creased full-length protein production from the nonsense-
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mutant allele more than the readthrough compound
alone. A similar approach can be envisioned to aid in the
efficacy of nonsense suppression approaches for NCL.

Anti-inflammatories

Perturbation in normal inflammation response has long
been suspected as an integral part of the pathobiology of
a number of neurodegenerative diseases including lyso-
somal storage disorders [122—129]. It appears that neu-
roinflammation in LSDs can encompass numerous
components such as, alterations in inflammatory associ-
ated gene expression, adjustments in cytokine levels,
microglia activation, lymphocyte infiltration and produc-
tion of auto-antibodies; however, not all LSDs display
the same components [16, 17, 123, 125-147]. Some if
not all of the aforementioned constituents of neuroin-
flammation have been shown to play a role in the patho-
genesis of NCLs: INCL [130, 131, 138, 140, 142, 143,
145, 148-150]; LINCL [150-152] JNCL [16, 17, 133,
134, 139, 144, 146, 147, 150]; CLN5 [150, 153, 154]; and
CLNG6 [136, 137].
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Based on the fact that inflammation is involved in NCL
disease progression, the use of anti-inflammatories as a
therapeutic approach has been addressed. Mycophenolate
mofetil, an immunosuppressant, when used in Cln3™~ mice
appeared to protect against neuroinflammation, deposition
of immunoglobulin G in the brain, and neuronal cell death
[144] and these findings contributed to an ongoing JNCL
clinical trial (NCT01399047; Clinicaltrials.gov). In contrast,
the use of another anti-inflammatory, minocycline, in a
Cln6 ovine model did not alter disease pathology [136].
Additionally, a number of scientists are actively pursuing
the use of anti-inflammatories to target components of
JNCL associated neuroinflammation. Collectively, these
studies indicate that the success of anti-inflammatories may
be dependent on the form of NCL, and since anti-
inflammatories do not address the underlying cause of
NCLs, these therapies may function best if used in combin-
ation with other treatments.

Lysosomal modulators
Lysosomal storage disorders result from a deficiency in ei-
ther a soluble lysosomal enzyme or a lysosomal
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transmembrane protein, which can result in the accu-
mulation of lysosomal storage material. One obvious
approach is in modulating the lysosome to promote
the clearance of lysosomal storage material. Sardiello
et al. have previously reported that TFEB, a transcrip-
tion factor, can modulate the lysosome by altering the
expression of a number of lysosomal genes [155].
Since then, Palmieri et al. have clarified the genetic
targets of TFEB which include various CLN genes
[156]. Due to the effect of TFEB activation on lyso-
somal genes, TFEB has become a therapeutic target
for lysosomal storage disorders in general, including
the NCLs [157-162]. Studies have identified a num-
ber of TFEB activators; one of which reduces storage
accumulation in LINCL patient fibroblasts [155, 161,
162]. Considering TFEBs targeting of CLN genes and
the recently identified activators of TFEB, lysosomal
modulation via TFEB appears to be a viable thera-
peutic approach for NCLs. In addition to TFEB acti-

vators, other compounds have been shown to
modulate the lysosome of LSDs, including, &-
tocopherol [163]. It is important to note that

therapeutics based on lysosomal modulation do not
address the underlying cause of NCLs and thus may
be more suitable as a combinatorial therapy.

Small molecules and alternatively targeted
pathways

In addition to the molecules previously discussed, a number
of newer small molecule compounds are just beginning to
be tested for their therapeutic potential in NCLs. Recently,
CRMP2 has been associated with neurodegenerative dis-
eases including the NCLs [164—166]). Due to this associ-
ation, the targeting of CRMP2 utilizing various compounds
(i.e. LKE, lacosamide) may be a therapeutic option for
NCLs [165-172]. In addition, NtBuHA, a hydroxylamine
derivative, was screened by Sarkar et al. in INCL cell lines
and a mouse model; results indicate improved disease asso-
ciated phenotypes, such as storage material and neurode-
generation [173]. Lastly, the small molecule compounds
cysteamine bitartate and N-acetylcysteine have been
assessed using models of INCL, which lead to the clinical
trial (Cinicltrials.gov, NCT00028262 [174—176])

Based on the aforementioned compounds and their
results, small molecules seem to be a potential thera-
peutic option for the different forms of NCL. In order to
identify new small molecule therapies, high throughput
drug screens (HTS) have been used with some success
in a number of LSD studies to screen various compound
libraries [177—-179]. Overall, both novel and established
small molecule compounds could be uncovered through
these studies. However, depending on the compounds
mechanism of action they too may function best as a
combinatorial therapy.
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Natural treatments (ex. Antioxidents, selenium,
VitE, curcumin)

Analysis of natural compound treatments (i.e., Vitamin E,
selenium) for NCLs began in the late 20th century. Naidu
et al,, presented these studies in their report discussing the
use of selenium in three cases of NCL [30]. Since then, vari-
ous studies have focused on using this therapeutic approach
in NCL models. The following are just a few examples:
antioxidants Vitamin E [180] and Resveratrol [181-183];
endoplasmic reticulum modifiers TMAO [184] and
TUDCA [184]; and NtBuHA [173]. Particularly, resveratrol
has shown beneficial effects when used to treat both INCL
and JNCL cell lines in addition to CinlI knockout mice
[181-183]. Even though different homeopathic treatments
have demonstrated promising results, they too only address
secondary consequences and not the underlying cause of
NCLs. Therefore, in addition to lysosomal modulators, this
therapeutic approach may function well as a combinatorial
therapy.

Conclusions

As the various treatment options that we have reviewed
are being explored, we must simultaneously ensure that
we have a strong foundation on which to successfully ac-
celerate these treatments into and through clinical trials.
This includes making sure that we have the necessary
tools in place to expedite these studies including com-
prehensive natural history studies of the NCLs, detailed
and easy-to-use clinical rating scales, systems for early
diagnosis (including clinical education and distance
medicine for virtual diagnosis), and reliable biomarkers
for tracking disease progression. Our clinical and basic
research teams must be well trained in the ethical and
management issues involved in conducting clinical trials.
Additionally, even at the earliest stages of pre-clinical
work in animal models of the NCLS, the rigor of clinical
research must be applied. Failure to maintain a high
level of rigor can result in our wrongly advancing (or
dropping) therapeutic targets, unnecessary higher costs
of production, unknown risks/benefits, ethical concerns
pertaining to risking patients with invalid candidate ther-
apeutics, and/or late state trial failures that in turn pre-
vent patients from being involved in other trials. Thus, a
number of reports from the NIH and the pharmaceutical
industry have stressed the growing importance of rigor
in how preclinical studies are designed and executed in
order to optimize the predictive value of preclinical
studies [185]. How do we, as members of the research
community ensure that this is happening so that we can
collectively accelerate treatments for the NCLs? We
need to design our studies with increased rigor, includ-
ing blinding our research staff and randomization of
subject group assignment, and ensure that these details
are transparent in grant proposal and research reports.
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Based on the numerous therapeutic approaches dis-
cussed here and their potential as treatments of NCLs,
these factors have to be strongly considered due to the
limited number of patients and the ultimate goal of
identifying curative therapeutics.

We must also all acknowledge that although this re-
view focuses on a number of potential NCL therapies, it
does not include every possibility. In addition to drawing
on the current literature to identify areas of current and
potential focus for therapy development, the authors of
this review are also very active in the NCL research
community and attend a number of research forums fo-
cused on these topics. In particular, a portion of the
topics discussed here and opinions on these potential
therapeutic approaches are highlights from a periodic
forum held between member of the research commu-
nity, patient advocates and public policy group entitled
Batten Disease: Updates on Translational Research for
Management of INCL/LINCL. However, the field of
translational research is moving at an accelerated pace
and we as research scientist, clinical and regulatory offi-
cials must work collectively to streamline efforts that ef-
fectively and efficiently allow new drugs and treatment
strategies to move from the basic laboratory to the pa-
tient as quickly as possible.

Abbreviations

ASQO: antisense oligonucleotide; BBB: blood brain barrier; CNS: central
nervous system; ERT: enzyme replacement therapy; GRODs: granular
osmophilic deposits; HSC: hematopoietic stem cell; INCL: Infantile Neuronal
Ceroid Lipofuscinoses (INCL); iPSC: induced pluripotent stem cell;

JNCL: Juvenile Neuronal Ceroid Lipofuscinoses; LINCL: Late Infantile Neuronal
Ceroid Lipofuscinoses; NCL: Neuronal Ceroid Lipofuscinosis; NMD: nonsense
mediated decay; PPT1: palmitoyl-protein thioesterase 1; TPP1: tripeptidyl
peptidase 1.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

RG, SYK, MLH, TK, DAP and JMW participated in the process of literature
review and in drafting the final manuscript. JMW supervised the project. RG,
MLH, TK, DAP and JMW all participate in a periodic forum entitled “Batten
Disease: Updates on Translational Research for Management of INCL/LINCL"
in which many of the highlighted therapies are discussed. All authors read
and approved the final manuscript.

Acknowledgements

This work was supported by grants from the Batten Research Alliance (MLH),
the Batten Disease Support and Research Association (MLH), intuitional
support from Sanford Research (DAP and JMW) and NIH support
TR21NS084392-01A1 (TK) and ROTNS082283-02 (JMW).

Author details

'Children’s Health Research Center, Sanford Research, Sioux Falls, SD, USA.
Sanford School of Medicine at the University of South Dakota, Sioux Falls,
SD, USA. *Department of Cell Biology and Anatomy, Chicago Medical School,
Rosalind Franklin University of Medicine and Science, North Chicago, IL, USA.
“Department of Pathology and Microbiology, University of Nebraska Medical
Center, Omaha, NE, USA.

Received: 13 November 2015 Accepted: 16 March 2016
Published online: 16 April 2016

Page 9 of 13

References

1. Wang RY et al. Lysosomal storage diseases: diagnostic confirmation and
management of presymptomatic individuals. Genet Med. 2011;13(5):457-84.

2. Meikle PJ et al. Prevalence of lysosomal storage disorders. JAMA. 1999;
281(3):249-54.

3. Williams RE, Mole SE. New nomenclature and classification scheme for the
neuronal ceroid lipofuscinoses. Neurology. 2012;79(2):183-91.

4. Mink JW et al. Classification and natural history of the neuronal ceroid
lipofuscinoses. J Child Neurol. 2013;28(9):1101-5.

5. Cooper JD. Moving towards therapies for juvenile Batten disease? Exp
Neurol. 2008;211(2):329-31.

6. Sondhi D et al. Advances in the treatment of neuronal ceroid lipofuscinosis.
Expert Opin Orphan Drugs. 2013;1(12):951-75.

7. Chabrol B, Caillaud C, Minassian B. Neuronal ceroid lipofuscinoses. Handb
Clin Neurol. 2013;113:1701-6.

8. Boustany R-MN. Lysosomal storage diseases - the horizon exapnds. Nat Rev
Neurol. 2013;9:583-98.

9. Bellizzi Il JJ, Widom J, Christopher K, Lu J-Y, Das AK, Hofmann SL, Clardy J. The
crystal structure of palmitoyl protein thioesterase 1 and the molecular basis of
infantile neuronal ceroid lipofuscinosis. Proc Natl Acad Sci U S A. 2000,97(9):4573-8.

10.  Mole SE, Williams RE, Goebel HH. Correlations between genotype,
ultrastructural morphology and clinical phenotype in the neuronal ceroid
lipofuscinoses. Neurogenetics. 2005;6(3):107-26.

11, Kousi M, Lehesjoki AE, Mole SE. Update of the mutation spectrum and
clinical correlations of over 360 mutations in eight genes that underlie the
neuronal ceroid lipofuscinoses. Hum Mutat. 2012;33(1):42-63.

12. Sleat DE et al. Association of mutations in a lysosomal protein with
classical late-infantile neuronal ceroid lipofuscinosis. Science. 1997;
277(5333):1802-5.

13. Sohar I et al. Biochemical characterization of a lysosomal protease deficient in
classical late infantile neuronal ceroid lipofuscinosis (LINCL) and development
of an enzyme-based assay for diagnosis and exclusion of LINCL in human
specimens and animal models. J Neurochem. 1999;73(2):700-11.

14, Sleat DE et al. Mutational analysis of the defective protease in classic late-
infantile neuronal ceroid lipofuscinosis, a neurodegenerative lysosomal
storage disorder. Am J Hum Genet. 1999;64(6):1511-23.

15. Vines DJ, Warburton MJ. Classical late infantile neuronal ceroid lipofuscinosis
fibroblasts are deficient in lysosomal tripeptidyl peptidase I. FEBS Lett. 1999;
443(2):131-5.

16.  Pontikis CC et al. Late onset neurodegeneration in the CIn3—/— mouse
model of juvenile neuronal ceroid lipofuscinosis is preceded by low level
glial activation. Brain Res. 2004;1023(2):231-42.

17. Xiong J, Kielian T. Microglia in juvenile neuronal ceroid lipofuscinosis are primed
toward a pro-inflammatory phenotype. J Neurochem. 2013;127(2):245-58.

18. Pontikis CC et al. Thalamocortical neuron loss and localized astrocytosis in
the CIn3Deltaex7/8 knock-in mouse model of Batten disease. Neurobiol Dis.
2005;20(3):823-36.

19. Aberg L et al. Lamotrigine therapy in infantile neuronal ceroid lipofuscinosis
(INCL). Neuropediatrics. 1997;28(1):77-9.

20. Aberg L, Kirveskari E, Santavuori P. Lamotrigine therapy in juvenile neuronal
ceroid lipofuscinosis. Epilepsia. 1999;40(6):796-9.

21. Aberg LE et al. Epilepsy and antiepileptic drug therapy in juvenile neuronal
ceroid lipofuscinosis. Epilepsia. 2000;41(10):1296-302.

22. Mannerkoski MK et al. Transdermal fentany! therapy for pains in children
with infantile neuronal ceroid lipofuscinosis. Eur J Paediatr Neurol.
2001;5(Suppl A):175-7.

23. Hatonen T et al. Melatonin ineffective in neuronal ceroid lipofuscinosis
patients with fragmented or normal motor activity rhythms recorded by
wrist actigraphy. Mol Genet Metab. 1999;66(4):401-6.

24. Hatonen T et al. Bright light suppresses melatonin in blind patients with
neuronal ceroid-lipofuscinoses. Neurology. 1998;50(5):1445-50.

25.  Heikkila E et al. Circadian rhythm studies in neuronal ceroid-lipofuscinosis
(NCL). Am J Med Genet. 1995:57(2):229-34.

26. Lonngvist T et al. Hematopoietic stem cell transplantation in infantile
neuronal ceroid lipofuscinosis. Neurology. 2001;57(8):1411-6.

27. Lake BD et al. Bone marrow transplantation in Batten disease (neuronal
ceroid-lipofuscinosis). Will it work? Preliminary studies on coculture
experiments and on bone marrow transplant in late infantile Batten disease.
Am J Med Genet. 1995;57(2):369-73.

28.  Lake BD et al. Bone marrow transplantation in late infantile Batten disease
and juvenile Batten disease. Neuropediatrics. 1997;28(1):80-1.



Geraets et al. Orphanet Journal of Rare Diseases (2016) 11:40

29.

30.

31.

32.

33.

34.

35

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

Yuza Y et al. Allogenic bone marrow transplantation for late-infantile
neuronal ceroid lipofuscinosis. Pediatr Int. 2005,47(6):681-3.

Naidu S et al. Selenium treatment in neuronal ceroid-lipofuscinosis. Am J
Med Genet Suppl. 1988,5:283-9.

Gruber K. Europe gives gene therapy the green light. Lancet. 2012;
380(9855):e10.

Byrne BJ et al. Gene therapy approaches for lysosomal storage disease:
next-generation treatment. Hum Gene Ther. 2012;23(8):808-15.

Weinberg MS, Samulski RJ, McCown TJ. Adeno-associated virus (AAV) gene
therapy for neurological disease. Neuropharmacology. 2013;69:82-8.

Cheng SH. Gene Therapy for the Neurological Manifestations in Lysosomal
storage disorders. J Lipid Res. 2014;55(9):1827-38.

Simonato M et al. Progress in gene therapy for neurological disorders. Nat
Rev Neurol. 2013:9(5):277-91.

Griffey M et al. Adeno-associated virus 2-mediated gene therapy decreases
autofluorescent storage material and increases brain mass in a murine model
of infantile neuronal ceroid lipofuscinosis. Neurobiol Dis. 2004;16(2):360-9.
Griffey M et al. AAV2-mediated ocular gene therapy for infantile neuronal
ceroid lipofuscinosis. Mol Ther. 2005;12(3):413-21.

Griffey MA et al. CNS-directed AAV2-mediated gene therapy ameliorates
functional deficits in a murine model of infantile neuronal ceroid
lipofuscinosis. Mol Ther. 2006;13(3):538-47.

Sondhi D et al. AAV2-mediated CLN2 gene transfer to rodent and non-
human primate brain results in long-term TPP-I expression compatible with
therapy for LINCL. Gene Ther. 2005;12(22):1618-32.

Passini MA et al. Intracranial delivery of CLN2 reduces brain pathology in a
mouse model of classical late infantile neuronal ceroid lipofuscinosis. J
Neurosci. 2006;26(5):1334-42.

Sondhi D et al. Enhanced survival of the LINCL mouse following CLN2 gene
transfer using the rh.10 rhesus macaque-derived adeno-associated virus
vector. Mol Ther. 2007;15(3):481-91.

Sondhi D et al. Survival advantage of neonatal CNS gene transfer for late
infantile neuronal ceroid lipofuscinosis. Exp Neurol. 2008,213(1):18-27.
Sondhi D et al. Long-term expression and safety of administration of AAVrh.
T0hCLN2 to the brain of rats and nonhuman primates for the treatment of
late infantile neuronal ceroid lipofuscinosis. Hum Gene Ther Methods. 2012;
23:324-335.

Macauley SL, Roberts MS, Wong AM, McSloy FB, Reddy AS, Cooper JD,
Sands MS. Synergistic effects of CNS-directed gene therapy and bone
marrow transplantation in the murine model of infantile neuronal ceroid
lipofuscinosis. Ann Neurol. 2012;71(6):797-804.

Worgall S et al. Treatment of late infantile neuronal ceroid lipofuscinosis by
CNS administration of a serotype 2 adeno-associated virus expressing CLN2
cDNA. Hum Gene Ther. 2008;19(5):463-74.

Roberts MS et al. Combination small molecule PPT1 mimetic and CNS-
directed gene therapy as a treatment for infantile neuronal ceroid
lipofuscinosis. J Inherit Metab Dis. 2012;35(5):847-57.

Wang Z et al. Rapid and highly efficient transduction by double-stranded adeno-
associated virus vectors in vitro and in vivo. Gene Ther. 2003;10(26):2105-11.
McCarty DM et al. Adeno-associated virus terminal repeat (TR) mutant
generates self-complementary vectors to overcome the rate-limiting step to
transduction in vivo. Gene Ther. 2003;10(26):2112-8.

Gray SJ et al. Preclinical differences of intravascular AAV9 delivery to
neurons and glia: a comparative study of adult mice and nonhuman
primates. Mol Ther. 2011;19(6):1058-69.

Federici T et al. Robust spinal motor neuron transduction following
intrathecal delivery of AAV9 in pigs. Gene Ther. 2012;19(8):852-9.

Gadalla KK et al. Improved survival and reduced phenotypic severity
following AAV9/MECP2 gene transfer to neonatal and juvenile male Mecp2
knockout mice. Mol Ther. 2013;21(1):18-30.

Ratko et al. Enzyme-replacement therapies for lysosomal storage diseases. U.

S. Dept. Health and Human Services: Agency for Healthcare Research and
Quiality. 2013;12(13)-EHC154-EF.

Lu JY, Hu J, Hofmann SL. Human recombinant palmitoyl-protein thioesterase-1
(PPT1) for preclinical evaluation of enzyme replacement therapy for infantile
neuronal ceroid lipofuscinosis. Mol Genet Metab. 2010,99(4):374-8.

Hu J et al. Intravenous high-dose enzyme replacement therapy with
recombinant palmitoyl-protein thioesterase reduces visceral lysosomal
storage and modestly prolongs survival in a preclinical mouse model of
infantile neuronal ceroid lipofuscinosis. Mol Genet Metab.
2012;107(1-2):213-21.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Page 10 of 13

Chang M et al. Intraventricular enzyme replacement improves disease
phenotypes in a mouse model of late infantile neuronal ceroid
lipofuscinosis. Mol Ther. 2008;16(4):649-56.

Meng Y et al. Systemic administration of tripeptidyl peptidase Iin a mouse
model of late infantile neuronal ceroid lipofuscinosis: effect of glycan
modification. PLoS One. 2012;7(7):240509.

Xu S et al. Large-volume intrathecal enzyme delivery increases survival of a
mouse model of late infantile neuronal ceroid lipofuscinosis. Mol Ther.
2011;19(10):1842-8.

Vuillemenot BR et al. Recombinant human tripeptidyl peptidase-1 infusion
to the monkey CNS: safety, pharmacokinetics, and distribution. Toxicol Appl
Pharmacol. 2014;277(1):49-57.

Vuillemenot BR et al. Nonclinical evaluation of CNS-administered TPP1
enzyme replacement in canine CLN2 neuronal ceroid lipofuscinosis. Mol
Genet Metab. 2014;114:281-93.

Meng Y et al. Effective intravenous therapy for neurodegenerative disease
with a therapeutic enzyme and a peptide that mediates delivery to the
brain. Mol Ther. 2014;22(3):547-53.

Lin L, Lobel P. Expression and analysis of CLN2 variants in CHO cells: Q100R
represents a polymorphism, and G389E and R447H represent loss-of-
function mutations. Hum Mutat. 2001;18(2):165.

Lin L, Lobel P. Production and characterization of recombinant human
CLN2 protein for enzyme-replacement therapy in late infantile neuronal
ceroid lipofuscinosis. Biochem J. 2001;357(Pt 1):49-55.

Kang TS, Stevens RC. Structural aspects of therapeutic enzymes to treat
metabolic disorders. Hum Mutat. 2009;30(12):1591-610.

Boado RJ et al. Reversal of lysosomal storage in brain of adult MPS-I mice
with intravenous Trojan horse-iduronidase fusion protein. Mol Pharm.
2011;8(4):1342-50.

Boado RJ, Pardridge WM. The Trojan Horse Liposome Technology for Nonviral
Gene Transfer across the Blood-brain Barrier. J Drug Deliv. 2011,2011:296151.
Papademetriou J et al. Comparative binding, endocytosis, and
biodistribution of antibodies and antibody-coated carriers for targeted
delivery of lysosomal enzymes to ICAM-1 versus transferrin receptor. J
Inherit Metab Dis. 2013;36(3):467-77.

Sorrentino NC et al. A highly secreted sulphamidase engineered to cross
the blood-brain barrier corrects brain lesions of mice with
mucopolysaccharidoses type IIIA. EMBO Mol Med. 2013;5(5):675-90.

Katz ML et al. Enzyme replacement therapy attenuates disease progression
in a canine model of late-infantile neuronal ceroid lipofuscinosis (CLN2
disease). J Neurosci Res. 2014;92(11):1591-8.

Pardridge WM. Molecular Trojan horses for blood-brain barrier drug delivery.
Discov Med. 2006;6(34):139-43.

Wang D et al. Engineering a lysosomal enzyme with a derivative of
receptor-binding domain of apoE enables delivery across the blood-brain
barrier. Proc Natl Acad Sci U S A. 2013;110(8):2999-3004.

Muro S. New biotechnological and nanomedicine strategies for treatment
of lysosomal storage disorders. Wiley Interdiscip Rev Nanomed
Nanobiotechnol. 2010;2(2):189-204.

Garnacho C et al. Delivery of acid sphingomyelinase in normal and
niemann-pick disease mice using intercellular adhesion molecule-1-targeted
polymer nanocarriers. J Pharmacol Exp Ther. 2008;325(2):400-8.
Papademetriou | et al. Combination-targeting to multiple endothelial cell
adhesion molecules modulates binding, endocytosis, and in vivo
biodistribution of drug nanocarriers and their therapeutic cargoes. J Control
Release. 2014;188:87-98.

Ansari NH et al. Delivery of liposome-sequestered hydrophobic proteins to
lysosomes of normal and Batten disease cells. J Neurosci Res. 1997;47(3):341-7.
Peters C et al. Hematopoietic cell transplantation for inherited metabolic
diseases: an overview of outcomes and practice guidelines. Bone Marrow
Transplant. 2003;31(4):229-39.

Malatack JJ, Consolini DM, Bayever E. The status of hematopoietic stem cell
transplantation in lysosomal storage disease. Pediatr Neurol. 2003;,29(5):391-403.
Wynn RF et al. Improved metabolic correction in patients with lysosomal
storage disease treated with hematopoietic stem cell transplant compared
with enzyme replacement therapy. J Pediatr. 2009;154(4):609-11.

Miller WP et al. Outcomes after allogeneic hematopoietic cell
transplantation for childhood cerebral adrenoleukodystrophy: the largest
single-institution cohort report. Blood. 2011;118(7):1971-8.

Poe MD, Chagnon SL, Escolar ML. Early treatment is associated with
improved cognition in Hurler syndrome. Ann Neurol. 2014;76(5):747-53.



Geraets et al. Orphanet Journal of Rare Diseases (2016) 11:40

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Chiu AY, Rao MS. Cell-based therapy for neural disorders-anticipating
challenges. Neurotherapeutics. 2011,8(4):744-52.

Shihabuddin LS, Cheng SH. Neural stem cell transplantation as a therapeutic
approach for treating lysosomal storage diseases. Neurotherapeutics.
2011;8(4):659-67.

Sidman RL et al. Injection of mouse and human neural stem cells into
neonatal Niemann-Pick A model mice. Brain Res. 2007;1140:195-204.
Ahmad | et al. Neural stem cell implantation extends life in Niemann-Pick
C1 mice. J Appl Genet. 2007;48(3):269-72.

Jeyakumar M et al. Neural stem cell transplantation benefits a monogenic
neurometabolic disorder during the symptomatic phase of disease. Stem
Cells. 2009;27(9):2362-70.

Tamaki SJ et al. Neuroprotection of host cells by human central nervous
system stem cells in a mouse model of infantile neuronal ceroid
lipofuscinosis. Cell Stem Cell. 2009;5(3):310-9.

Lee JM, Bae JS, Jin HK. Intracerebellar transplantation of neural stem cells
into mice with neurodegeneration improves neuronal networks with
functional synaptic transmission. J Vet Med Sci. 2010;72(8):999-1009.

Neri M et al. Neural stem cell gene therapy ameliorates pathology and
function in a mouse model of globoid cell leukodystrophy. Stem Cells.
2011;29(10):1559-71.

Arthur JR et al. Therapeutic effects of stem cells and substrate reduction in
juvenile Sandhoff mice. Neurochem Res. 2012;37(6):1335-43.

Kim SU. Lysosomal storage diseases: Stem cell-based cell- and gene-therapy.
Cell Transplant. 2014. [Epub ahead of print].

Lee JP et al. Stem cells act through multiple mechanisms to benefit mice
with neurodegenerative metabolic disease. Nat Med. 2007;13(4):439-47.
Selden NR et al. Central nervous system stem cell transplantation for
children with neuronal ceroid lipofuscinosis. J Neurosurg Pediatr.
2013;11(6):643-52.

Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell.
2006;126(4):663-76.

Robinton DA, Daley GQ. The promise of induced pluripotent stem cells in
research and therapy. Nature. 2012;481(7381):295-305.

Hanna J et al. Treatment of sickle cell anemia mouse model with iPS cells
generated from autologous skin. Science. 2007;318(5858):1920-3.

Wernig M et al. Neurons derived from reprogrammed fibroblasts
functionally integrate into the fetal brain and improve symptoms of rats
with Parkinson’s disease. Proc Natl Acad Sci U S A. 2008;105(15):5856-61.
Lu X, Zhao T. Clinical therapy using iPSCs: hopes and challenges. Genomics
Proteomics Bioinformatics. 2013;11(5):294-8.

Keeling KM et al. Gentamicin-mediated suppression of Hurler syndrome
stop mutations restores a low level of alpha-L-iduronidase activity and
reduces lysosomal glycosaminoglycan accumulation. Hum Mol Genet.
2001;10(3):291-9.

Sleat DE et al. Aminoglycoside-mediated suppression of nonsense
mutations in late infantile neuronal ceroid lipofuscinosis. Eur J Paediatr
Neurol. 2001;5(Suppl A):57-62.

Hein LK et al. alpha-L-iduronidase premature stop codons and potential
read-through in mucopolysaccharidosis type | patients. J Mol Biol. 2004;
338(3):453-62.

Zingman LV et al. Aminoglycoside-induced translational read-through in
disease: overcoming nonsense mutations by pharmacogenetic therapy. Clin
Pharmacol Ther. 2007;81(1):99-103.

Rodriguez-Pascau L et al. Antisense oligonucleotide treatment for a
pseudoexon-generating mutation in the NPC1 gene causing Niemann-Pick
type C disease. Hum Mutat. 2009;30(11):E993-1001.

Sarkar C, Zhang Z, Mukherjee AB. Stop codon read-through with PTC124
induces palmitoyl-protein thioesterase-1 activity, reduces thioester load and
suppresses apoptosis in cultured cells from INCL patients. Mol Genet Metab.
2011;104(3):338-45.

Rigo F et al. Antisense-based therapy for the treatment of spinal muscular
atrophy. J Cell Biol. 2012;199(1):21-5.

Wang D et al. The designer aminoglycoside NB84 significantly reduces
glycosaminoglycan accumulation associated with MPS I-H in the Idua-
W392X mouse. Mol Genet Metab. 2012;105(1):116-25.

Havens MA, Duelli DM, Hastings ML. Targeting RNA splicing for disease
therapy. Wiley Interdiscip Rev RNA. 20134(3):247-66.

Keeling KM et al. Attenuation of nonsense-mediated mRNA decay enhances
in vivo nonsense suppression. PLoS One. 2013;8(4):e60478.

111,

112.

114.

115.

116.

117.

119.

120.

121.

122.

123.

124.

125.

126.

128.

131.

Page 11 of 13

. Miller N, Chan CH, Pearce DA. The role of nonsense-mediated decay in

neuronal ceroid lipofuscinosis. Hum Mol Genet. 2013;22(13):2723-34.

. Miller JN, Kovacs AD, Pearce DA. The novel CIn1R151X mouse model of

infantile neuronal ceroid lipofuscinosis (INCL) for testing nonsense
suppression therapy. Hum Mol Genet. 2014;24:185-96.

. Miller JN, Pearce DA. Nonsense-mediated decay in genetic disease: friend or

foe? Mutat Res Rev Mutat Res. 2014;762:52-64.

. Rigo F, Seth PP, Bennett CF. Antisense oligonucleotide-based therapies for

diseases caused by pre-mRNA processing defects. Adv Exp Med Biol. 2014;
825:303-52.

Siva K, Covello G, Denti MA. Exon-skipping antisense oligonucleotides to
correct missplicing in neurogenetic diseases. Nucleic Acid Ther. 2014;24(1):
69-86.

Finkel RS et al. Phase 2a study of ataluren-mediated dystrophin production
in patients with nonsense mutation Duchenne muscular dystrophy. PLoS
One. 2013;8(12):€81302.

. Kerem E et al. Effectiveness of PTC124 treatment of cystic fibrosis

caused by nonsense mutations: a prospective phase Il trial. Lancet.
2008;372(9640):719-27.

Brooks DA, Muller VJ, Hopwood JJ. Stop-codon read-through for patients
affected by a lysosomal storage disorder. Trends Mol Med. 2006;12(8):367-73.
Hirawat S et al. Safety, tolerability, and pharmacokinetics of PTC124, a
nonaminoglycoside nonsense mutation suppressor, following single- and
multiple-dose administration to healthy male and female adult volunteers. J
Clin Pharmacol. 2007;47(4):430-44.

Kole R, Krainer AR, Altman S. RNA therapeutics: beyond RNA interference
and antisense oligonucleotides. Nat Rev Drug Discov. 2012;11(2):125-40.
Lentz JJ et al. Rescue of hearing and vestibular function by antisense
oligonucleotides in a mouse model of human deafness. Nat Med. 2013;
19(3):345-50.

. Popp MW, Maguat LE. The dharma of nonsense-mediated mRNA decay in

mammialian cells. Mol Cells. 2014;37(1):1-8.

Schweingruber C et al. Nonsense-mediated mRNA decay - mechanisms of
substrate MRNA recognition and degradation in mammalian cells. Biochim
Biophys Acta. 2013;1829(6-7):612-23.

Huang L, Wilkinson MF. Regulation of nonsense-mediated mRNA decay.
Wiley Interdiscip Rev RNA. 2012;3(6):807-28.

Nomakuchi TT et al. Antisense oligonucleotide-directed inhibition of
nonsense-mediated mMRNA decay. Nat Biotechnol. 2015;34:164-6.

Glass CK et al. Mechanisms underlying inflammation in neurodegeneration.
Cell. 2010;140(6):918-34.

Killedar S et al. Mucopolysaccharidosis 1lIB, a lysosomal storage disease, triggers
a pathogenic CNS autoimmune response. J Neuroinflammation.

2010;7:39.

Schultz ML et al. Clarifying lysosomal storage diseases. Trends Neurosci.
2011;34(8):401-10.

Vitner EB et al. Contribution of brain inflammation to neuronal cell death
in neuronopathic forms of Gaucher's disease. Brain.

2012;135(Pt 6):1724-35.

Parente MK et al. Dysregulation of gene expression in a lysosomal storage
disease varies between brain regions implicating unexpected mechanisms
of neuropathology. PLoS One. 2012;7(3):232419.

. Abo-Ouf H et al. Deletion of tumor necrosis factor-alpha ameliorates

neurodegeneration in Sandhoff disease mice. Hum Mol Genet.
2013;22(19):3960-75.

Archer LD et al. Mucopolysaccharide diseases: a complex interplay between
neuroinflammation, microglial activation and adaptive immunity. J Inherit
Metab Dis. 2014;37(1):1-12.

. Cologna SM et al. Human and mouse neuroinflammation markers in

Niemann-Pick disease, type C1. J Inherit Metab Dis. 2014;37(1):83-92.

. Groh J et al. Immune cells perturb axons and impair neuronal survival in a

mouse model of infantile neuronal ceroid lipofuscinosis. Brain.

2013;136(Pt 4):1083-101.

Bible E et al. Regional and cellular neuropathology in the palmitoyl protein
thioesterase-1 null mutant mouse model of infantile neuronal ceroid
lipofuscinosis. Neurobiol Dis. 2004;16(2):346-59.

. Cooper JD. Progress towards understanding the neurobiology of Batten

disease or neuronal ceroid lipofuscinosis. Curr Opin Neurol. 2003;16(2):121-8.

. Brooks Al et al. Functional categorization of gene expression changes in the

cerebellum of a CIn3-knockout mouse model for Batten disease. Mol Genet
Metab. 2003;78(1):17-30.



Geraets et al. Orphanet Journal of Rare Diseases (2016) 11:40

134.

135.

136.

137.

138.

139.

140.

142.

143.

144.

145.

146.

147.

148.

149.

150.

152.

153.

154.

155.

156.

157.

158.

159.

Burkovetskaya M et al. Evidence for aberrant astrocyte hemichannel activity in
Juvenile Neuronal Ceroid Lipofuscinosis (JNCL). PLoS One. 2014;9(4):€95023.
Jalanko A et al. Mice with Ppt1Dex4 mutation replicate the INCL phenotype
and show an inflammation-associated loss of interneurons. Neurobiol Dis.
2013;18:226-41.

Kay GW, Palmer DN. Chronic oral administration of minocycline to sheep
with ovine CLN6 neuronal ceroid lipofuscinosis maintains pharmacological
concentrations in the brain but does not suppress neuroinflammation or
disease progression. J Neuroinflammation. 2013;10:97.

Kay GW et al. Activation of non-neuronal cells within the prenatal
developing brain of sheep with neuronal ceroid lipofuscinosis. Brain Pathol.
2006;16(2):110-6.

Kielar C et al. Molecular correlates of axonal and synaptic pathology in
mouse models of Batten disease. Hum Mol Genet. 2009;18(21):4066-80.

Lim MJ et al. IgG entry and deposition are components of the
neuroimmune response in Batten disease. Neurobiol Dis.

2007;25(2):239-51.

Macauley SL, Pekny M, Sands MS. The role of attenuated astrocyte activation in
infantile neuronal ceroid lipofuscinosis. J Neurosci. 2011;31(43):15575-85.

. Macauley SL et al. Cerebellar pathology and motor deficits in the palmitoy!

protein thioesterase 1-deficient mouse. Exp Neurol. 2009;217(1):124-35.
Macauley SL et al. An anti-neuroinflammatory that targets dysregulated glia
enhances the efficacy of CNS-directed gene therapy in murine infantile
neuronal ceroid lipofuscinosis. J Neurosci. 2014;34(39):13077-82.

Kielar C et al. Successive neuron loss in the thalamus and cortex in a mouse
model of infantile neuronal ceroid lipofuscinosis. Neurobiol Dis.
2007;25(1):150-62.

Seehafer SS et al. Immunosuppression alters disease severity in juvenile
Batten disease mice. J Neuroimmunol. 2011;230(1-2):169-72.

Qiao X, Lu JY, Hofmann SL. Gene expression profiling in a mouse model of
infantile neuronal ceroid lipofuscinosis reveals upregulation of immediate
early genes and mediators of the inflammatory response. BMC Neurosci.
2007;8:95.

Weimer JM et al. Alterations in striatal dopamine catabolism precede loss of
substantia nigra neurons in a mouse model of juvenile neuronal ceroid
lipofuscinosis. Brain Res. 2007;1162:98-112.

Weimer JM et al. Cerebellar defects in a mouse model of juvenile neuronal
ceroid lipofuscinosis. Brain Res. 2009;1266:93-107.

Jalanko A et al. Mice with Ppt1Deltaex4 mutation replicate the INCL
phenotype and show an inflammation-associated loss of interneurons.
Neurobiol Dis. 2005;18(1):226-41.

Macauley SL, Sands MS. Promising CNS-directed enzyme replacement
therapy for lysosomal storage diseases. Exp Neurol.

2009;218(1):5-8.

Tyynela J et al. Hippocampal pathology in the human neuronal ceroid-
lipofuscinoses: distinct patterns of storage deposition, neurodegeneration
and glial activation. Brain Pathol. 2004;14(4):349-57.

. Mahmood F et al. A zebrafish model of CLN2 disease is deficient in

tripeptidyl peptidase 1 and displays progressive neurodegeneration
accompanied by a reduction in proliferation. Brain.

2013;136(Pt 5):1488-507.

Mole SE, Williams RE, Goebel HH. The neuronal ceroid lipofuscinoses (Batten
disease). 2nd ed. Oxford: Oxford University Press; 2011. p. 444.

Kopra O et al. A mouse model for Finnish variant late infantile neuronal
ceroid lipofuscinosis, CLN5, reveals neuropathology associated with early
aging. Hum Mol Genet. 2004;13(23):2893-906.

von Schantz C et al. Brain gene expression profiles of CIn1 and CIn5
deficient mice unravels common molecular pathways underlying neuronal
degeneration in NCL diseases. BMC Genomics. 2008,9:146.

Sardiello M et al. A gene network regulating lysosomal biogenesis and
function. Science. 2009;325(5939):473-7.

Palmieri M et al. Characterization of the CLEAR network reveals an
integrated control of cellular clearance pathways. Hum Mol Genet. 2011;
20(19):3852-66.

Medina DL et al. Transcriptional activation of lysosomal exocytosis promotes
cellular clearance. Dev Cell. 2011;21(3):421-30.

Feeney EJ et al. What else is in store for autophagy? Exocytosis of
autolysosomes as a mechanism of TFEB-mediated cellular clearance in
Pompe disease. Autophagy. 2013;9(7):1117-8.

Song W et al. TFEB regulates lysosomal proteostasis. Hum Mol Genet. 2013;
22(10):1994-2009.

161.

162.

163.

164.

165.

167.

168.

169.

171,

172.

173.

176.

177.

178.

179.

181.

182.

Page 12 of 13

. Spampanato C et al. Transcription factor EB (TFEB) is a new therapeutic

target for Pompe disease. EMBO Mol Med.

2013;5(5):691-706.

Song W et al. 2-Hydroxypropyl-beta-cyclodextrin promotes transcription
factor EB-mediated activation of autophagy: implications for therapy. J Biol
Chem. 2014;289(14):10211-22.

Moskot M et al. The phytoestrogen genistein modulates lysosomal
metabolism and transcription factor EB (TFEB) activation. J Biol Chem. 2014;
289(24):17054-69.

Xu M et al. delta-Tocopherol reduces lipid accumulation in Niemann-Pick
type C1 and Wolman cholesterol storage disorders. J Biol Chem. 2012;
287(47):39349-60.

Benedict JW et al. Protein product of CLN6 gene responsible for variant
late-onset infantile neuronal ceroid lipofuscinosis interacts with CRMP-2. J
Neurosci Res. 2009;87(9):2157-66.

Hensley K et al. Collapsin response mediator protein-2: an emerging
pathologic feature and therapeutic target for neurodisease indications. Mol
Neurobiol. 2011;43(3):180-91.

. Khanna R et al. Opening Pandora'’s jar: a primer on the putative roles of

CRMP2 in a panoply of neurodegenerative, sensory and motor neuron, and
central disorders. Future Neurol. 2012;7(6):749-71.

Hensley K et al. Proteomic identification of binding partners for the
brain metabolite lanthionine ketimine (LK) and documentation of LK
effects on microglia and motoneuron cell cultures. J Neurosci. 2010;
30(8):2979-88.

Hensley K, Venkova K, Christov A. Emerging biological importance of
central nervous system lanthionines. Molecules.

2010;15(8):5581-94.

Nada SE et al. A derivative of the CRMP2 binding compound lanthionine
ketimine provides neuroprotection in a mouse model of cerebral ischemia.
Neurochem Int. 2012;61(8):1357-63.

. Hubbard C et al. Lanthionine ketimine ethy! ester partially rescues

neurodevelopmental defects in unc-33 (DPYSL2/CRMP2) mutants. J
Neurosci Res. 2013;91(9):1183-90.

Beyreuther BK et al. Lacosamide: a review of preclinical properties. CNS
Drug Rev. 2007;13(1):21-42.

Curia G et al. Lacosamide: a new approach to target voltage-gated sodium
currents in epileptic disorders. CNS Drugs.

2009;23(7):555-68.

Sarkar C et al. Neuroprotection and lifespan extension in Ppt1(—/=) mice by
NtBuHA: therapeutic implications for INCL. Nat Neurosci.
2013;16(11):1608-17.

. Zhang Z et al. Lysosomal ceroid depletion by drugs: therapeutic

implications for a hereditary neurodegenerative disease of childhood. Nat
Med. 2001;7(4):478-84.

. Bavarsad Shahripour R, Harrigan MR, Alexandrov AV. N-acetylcysteine (NAC)

in neurological disorders: mechanisms of action and therapeutic
opportunities. Brain Behav. 2014;4(2):108-22.

Levin SW et al. Oral cysteamine bitartrate and N-acetylcysteine for patients
with infantile neuronal ceroid lipofuscinosis: a pilot study. Lancet Neurol.
2014;13(8):777-87.

Zheng W et al. Three classes of glucocerebrosidase inhibitors identified by
quantitative high-throughput screening are chaperone leads for Gaucher
disease. Proc Natl Acad Sci U S A. 2007;104(32):13192-7.

Geng H et al. Novel patient cell-based HTS assay for identification of
small molecules for a lysosomal storage disease. PLoS One.
2011;6(12):229504.

Ribbens J et al. A high-throughput screening assay using Krabbe disease
patient cells. Anal Biochem. 2013;434(1):15-25.

. Griffin JL et al. Vitamin E deficiency and metabolic deficits in neuronal

ceroid lipofuscinosis described by bioinformatics. Physiol Genomics.
2002;11(3):195-203.

Yoon DH et al. Protective potential of resveratrol against oxidative stress
and apoptosis in Batten disease lymphoblast cells. Biochem Biophys Res
Commun. 2011;414(1):49-52.

Wei H et al. Disruption of adaptive energy metabolism and elevated
ribosomal p-SeK1 levels contribute to INCL pathogenesis: partial rescue by
resveratrol. Hum Mol Genet. 2011;20(6):1111-21.

. Saha A et al. The blood-brain barrier is disrupted in a mouse model of

infantile neuronal ceroid lipofuscinosis: amelioration by resveratrol. Hum
Mol Genet. 2012;21(10):2233-44.



Geraets et al. Orphanet Journal of Rare Diseases (2016) 11:40 Page 13 of 13

184. Wei H et al. ER and oxidative stresses are common mediators of apoptosis
in both neurodegenerative and non-neurodegenerative lysosomal storage
disorders and are alleviated by chemical chaperones. Hum Mol Genet.
2008;17(4):469-77.

185. Landis SC et al. A call for transparent reporting to optimize the predictive
value of preclinical research. Nature. 2012;490(7419):187-91.

Submit your next manuscript to BioMed Central
and we will help you at every step:

¢ We accept pre-submission inquiries

¢ Our selector tool helps you to find the most relevant journal
¢ We provide round the clock customer support

¢ Convenient online submission

¢ Thorough peer review

¢ Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at R
www.biomedcentral.com/submit ( BiolVed Central




	Moving towards effective therapeutic strategies for Neuronal Ceroid Lipofuscinosis.
	Recommended Citation
	Authors

	Moving towards effective therapeutic st...ies for Neuronal Ceroid Lipofuscinosis

