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The neuronal ceroid lipofuscinoses (NCL, Batten disease) are a group of inherited neurodegenerative diseases.
Infantile neuronal ceroid lipofuscinosis (INCL, infantile Batten disease, or infantile CLN1 disease) is caused by
a deficiency in the soluble lysosomal enzyme palmitoyl protein thioesterase-1 (PPT1) and has the earliest
onset and fastest progression of all the NCLs. Several therapeutic strategies including enzyme replacement,
gene therapy, stem cell-mediated therapy, and small molecule drugs have resulted in minimal to modest im-
provements in the murine model of PPT1-deficiency. However, more recent studies using various combina-
tions of these approaches have shown more promising results; in some instances more than doubling the
lifespan of PPT1-deficient mice. These combination therapies that target different pathogenic mechanisms
may offer the hope of treating this profoundly neurodegenerative disorder. Similar approaches may be useful
when treating other forms of NCL caused by deficiencies in soluble lysosomal proteins. Different therapeutic
targets will need to be identified and novel strategies developed in order to effectively treat forms of NCL
caused by deficiencies in integral membrane proteins such as juvenile neuronal ceroid lipofuscinosis. Finally,
the challenge with all of the NCLs will lie in early diagnosis, improving the efficacy of the treatments, and ef-
fectively translating them into the clinic. This article is part of a Special Issue entitled: The Neuronal Ceroid
Lipofuscinoses or Batten Disease.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Infantile neuronal ceroid lipofuscinosis (INCL, infantile Batten dis-
ease, or infantile CLN1 disease) is a rapidly progressing lysosomal stor-
age disorder (LSD) caused by defects in the gene coding for palmitoyl
protein thioesterase-1 (CLN1) [42]. This soluble lysosomal enzyme is re-
sponsible for cleaving long-chain fatty acid residues from cysteine resi-
dues on amultitude of protein targets [26,27,41]. In the absence of PPT1
activity, undegraded substrates accumulate in both CNS and systemic
tissues. Infantile CLN1 disease can be distinguished ultrastructurally
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from other forms of NCL by the accumulation of granular osmiophilic
deposits in the CNS and in cultured fibroblasts. A hallmark of the
NCLs, including infantile CLN1 disease, is the progressive accumulation
of autofluorescent material (lipofuscin), most notably in the nervous
system, but which is also found in some other tissues [33]. Profound
neuronal degeneration, cortical thinning, and overall brain atrophy are
prominent features of infantile CLN1 disease [14,15]. The mass of an af-
fected child's brain at autopsy may be only 50% of a comparably aged
normal child.

Children with infantile CLN1 disease generally develop symptoms
around 18 months of age, which include visual defects and blindness,
motor and cognitive deficits, seizures and ultimately early death
[36,46]. No treatment or cure is currently available for these children.

Two mouse models of infantile CLN1 disease were developed that
are completely deficient in PPT1 activity [13,18]. These animals reca-
pitulate many features of the human disease including progressive
neurodegeneration, cortical thinning, brain atrophy, autofluorescent
accumulation, retinal dysfunction, spontaneous seizures, motor defi-
cits and shortened lifespan [1,11,13]. These mice are accurate
phenocopies of the human disease and are valuable tools for studying
disease pathogenesis and testing treatment strategies.

http://dx.doi.org/10.1016/j.bbadis.2013.05.026
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The development of treatments for infantile CLN1 disease has
been greatly accelerated by the availability of accurate mouse models.
Unfortunately, few single therapies have provided any extension in
lifespan, and as described below, any improvements observed using
single therapies have been rather modest. However, emerging data
from combination therapies for various LSDs, and in infantile CLN1
disease in particular, suggest that this approach offers much promise
for treating this intractable disease.

2. Enzyme replacement therapy

Enzyme replacement therapy, or ERT, is a conceptually simplemeth-
od for treating an enzyme deficiency. Enzyme replacement therapy
takes advantage of the fact that lysosomal enzymes can be secreted by
cells and taken up by neighboring cells through a receptor-mediated
process; either themannose-6-phosphate or themannose receptor sys-
tems [20]. This process was originally referred to as ‘cross-correction’
[31]. Recombinant enzyme that is post-translationally glycosylated
and contains terminal mannose or mannsose-6-phosphate residues
will be endocytosed by cells in vivo following an injection. Enzyme re-
placement therapy is relatively effective at treating the systemic disease
associated with several other lysosomal storage diseases following in-
travenous injection. This approach had not, until recently, been
attempted in infantile CLN1 disease due to its predominantly neurolog-
ical pathology. Lysosomal enzymes, in general, do not cross the blood
brain barrier (BBB) effectively. Although some systemically delivered
recombinant human PPT1 (rhPPT1) does appear to cross the BBB in
the mouse model of infantile CLN1 disease, this was in very small
amounts [17]. Nonetheless, intravenous rhPPT1 delivery was tested
for tolerability, tissue distribution, and efficacy in Ppt1−/− mice. Levels
of PPT1 activity reached near normal levels in the visceral tissues of
treated Ppt1−/− mice. As expected, levels of PPT1 activity in the brain
remained quite low, although at high dose a small amount of activity
was seen at 2 h post-injection. Unfortunately, PPT1 activity was
undetectable in the brain by 24 h post-injection [25]. However, system-
ically ERTmight be able to reduce the disease burden in visceral organs
and thus have a positive impact on disease course. Indeed, the animals
receiving weekly intravenous injections of rhPPT1 from birth had
some improvements in neuropathology and significant autofluorescent
clearance in visceral tissues [25]. Importantly, these animals also had a
modest, but significant increase in lifespan from 236 to 271 days, and
a similar improvement in motor function. Although intravenous deliv-
ery of ERTwill likely be ineffective as a stand-alone therapy for infantile
CLN1 disease, it may be very effective at treating the systemic disease as
part of a combination approach including CNS-targeted therapies. Alter-
natively, chronic delivery of recombinant enzyme to the CNS through
an implantable pump or periodic intrathecal injections might provide
significant benefit to the CNS. This approach has resulted in improve-
ments in the CNS in animal models and is being tested in children
with different lysosomal enzyme deficiencies [6,7,16,23,28,43].

3. Bone marrow transplantation

Bone marrow transplantation (BMT) or hematopoietic stem cell
transplantation (HSCT) has each been employed to treat LSDs for de-
cades. The efficacy of this approach varies with respect to the specific
lysosomal storage disease, as well as the age when the transplant is
initiated. Like ERT, this approach largely relies on the phenomenon
of cross-correction [31]. It is believed that a small number of normal
donor cells of hematopoietic origin can migrate into the brain and
supply enzyme to a large number of deficient host cells. Unfortunate-
ly, both pre-clinical and clinical experience with BMT alone has prov-
en ineffective for infantile CLN1 disease [5,21,22,29]. In fact, not only
is there no increase in lifespan but also there is a deterioration in
motor function in PPT1-deficient mice treated with BMT during the
neonatal period [29].
4. Gene therapy

Intracranial gene therapywas first attempted in Ppt1−/−mice utiliz-
ing a first-generation adeno-associated virus (AAV) vector (AAV2)
injected in two locations per hemisphere in the forebrain [10]. A
reduction in autofluorescent storage material, as well as increase in
the brain mass and cortical thickness were reported. Further investiga-
tion demonstrated that CNS-directed gene therapy is more efficacious
when the cerebellum is targeted along with the forebrain [12]. Signifi-
cantly greater enzyme activity and reductions in autofluorescent accu-
mulation, as well as increased in brain weight were observed with
this improved strategy. Importantly, the combination of forebrain and
cerebellar injections resulted in improvements in motor function and
decreased seizure activity. Unfortunately, there was no significant
increase in lifespan. In a related study, Ppt1−/− mice were injected
intravitreally with the same AAV2-PPT1 vector [11]. The infantile
CLN1 disease mice receiving eye-directed gene therapy demonstrating
marked improvements in both retinal pathology and function. Interest-
ingly, intravitreal injections allowed for anterograde axonal transport
of PPT1 activity into the brains of treated mice and decreased
neurodegeneration throughout the optic tracts [11]. This approach,
perhaps combined with direct intracranial injections could provide
more widespread delivery of PPT1 activity to the CNS. This is vital in a
disorder such as infantile CLN1 disease in which CNS pathology is
widespread.

A recent study in PPT1-deficient mice demonstrated that bonemar-
row transplantation can synergize with CNS-directed gene transfer
to greatly enhance the efficacy of either approach [29]. As mentioned
above, clinical experience has demonstrated that the NCLs are refracto-
ry to BMT [5,21,22]. This was confirmed in the mouse model of INCL,
since Ppt1−/− mice receiving BMT had identical lifespans as untreated
animals (median ~35.5 weeks). Treatment with a second-generation
AAV vector (AAV2/5) alone resulted in a median lifespan of
~54 weeks. This clearly demonstrates the value of increased PPT1
distribution and expression. Interestingly, and quite surprisingly,
animals receiving both AAV2/5-mediated, CNS-directed gene thera-
py and BMT had a median lifespan of ~74 weeks. This increase in
lifespan is coupled with significant improvements in motor function,
with combination-treated animals performing nearly normally until
~56 weeks of age. Consistent with the improved lifespan and behav-
ioral measures, significant improvements in histological markers of
disease were also observed. Although the mechanism of synergy be-
tween gene therapy and BMT is not currently known, this strategy
holds promise for the treatment of this invariably fatal neurodegen-
erative disease.
5. Neuronal stem cells

The advancements in recent years in stem cell technology have
raised the possibility that neuronal stem cell transplantation might
be a viable treatment strategy for infantile CLN1 disease. Stem
cells isolated from the human central nervous system have been cul-
tured, purified and banked [38,40]. These cells were successfully
transplanted into the brains of immunodeficient NOD-SCID mice,
which will not reject the human cells [38]. When normal (PPT1-
positive) human neuronal stem cells were transplanted into PPT1-
deficient mice on the NOD-SCID background, the cells engrafted
and migrated widely throughout the brain [39]. Interestingly,
these cells provided sufficient levels of PPT1 activity to decrease
autofluorescence, delay loss of host neurons and improve motor
function. These pre-clinical data were used to support a phase one
neuronal stem cell clinical trial in infantile CLN1 disease and late
infantile CLN2 disease children. Although some safety concerns
remain, neuronal stem cell therapy may be an appropriate treat-
ment for infantile CLN1 disease and other LSDs.
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6. Small molecule drugs

Small molecule drugs that effectively treat LSDs in general have
been elusive. Most small molecule drug treatments tend to target
downstream effects of disease, and therefore have limited efficacy.
However, two small molecule drugs have shown promise in both
cell and whole animal models of infantile CLN1 disease and may be
useful as stand-alone treatments or, more likely, as adjunct therapies
in combination with other approaches.

6.1. Resveratrol

Resveratrol, an antioxidant compound derived from the skins of red
grapes, has been shown to decrease oxidative stress and apoptotic
markers in cultured cells froman infantile CLN1 disease patient [50]. Ox-
idative and ER stress have been identified in many LSDs, including INCL
[44], where it is known to activate the caspase 9 apoptotic pathway
[19,44]. Furthermore, PPT1 deficiency leads to disruption of energy me-
tabolism [45,47], presumably related to the ER and oxidative stress. In
both PPT1-deficientfibroblasts andmice, treatmentwith resveratrol im-
proved the energy profile and reduced apoptotic markers [45]. Further-
more, Ppt1−/− mice treated with resveratrol in their diet had a
significant increase in lifespan, from ~34 weeks to ~37 weeks [45]. Al-
though this increase is relatively small, it is nonetheless impressive
given the fact that resveratrol does not target the primary cause of dis-
ease, PPT1-deficiency. Additionally, resveratrol may reduce BBB perme-
ability in INCL through its anti-inflammatory effects [35]. The BBB is
somewhat ‘leaky’ in infantile CLN1 disease and it has been suggested
that this is due the actions of TH17-lymphocytes and their secretion of
matrix metaloproteases, which may degrade tight junctions needed to
maintain the barrier [35].

6.2. Cysteamine

Lysosomotropic drugs that have similar chemical actions to PPT1
have been proposed as a possible treatment for infantile CLN1 disease
since they can localize to the lysosome and cleave thioester linkages
similar to PPT1 [51]. Phosphocysteamine is a small molecule drug that
meets those criteria. Furthermore, phosphocysteamine is capable of
crossing the BBB, which is of obvious importance in INCL [51]. Cultured
human lymphoblasts from infantile CLN1 disease patients treated with
phosphocysteamine had greatly reduced storage material compared to
cells treated with vehicle [51]. While in vitro data clearly demonstrate
that phosphocysteamine is not as effective at disrupting thioester link-
ages as PPT1 [24], this remains a potentially viable therapeutic ap-
proach. The drug may be able to reduce the load of accumulating
products enough to delay disease progression, andmight be particularly
effective when combined with therapies directed at the root cause of
disease. Recently, phosphocysteamine was tested in the mouse model
of PPT1-deficiency, both alone and in combination with CNS-directed
gene therapy using an AAV2/5 vector [34]. These animals tolerated
the therapy well, and were analyzed through behavioral tests as well
as histological assessments. As described above, CNS-directed gene
therapy provided persistent and significant improvements in lifespan,
motor function and histological markers of disease. In contrast,
phosphocysteamine alone provided a small and transient improvement
in motor function. Additionally, animals receiving phosphocysteamine
alone did not have any increase in lifespan or improvements in pathol-
ogy. The addition of phosphocysteamine to CNS-directed gene therapy
did not further improve pathology or lifespan, but did provide addition-
al benefit in motor function [34]. This is promising as it indicates that
some clinical benefit can be gained through phosphocysteamine thera-
py, at least in the area of quality of life. Consistent with the pre-clinical
data obtained in themurinemodel of infantile CLN1 disease, the results
of a recent clinical trial in children with INCL showed that systemic
treatment with phosphocysteamine provided little clinical benefit [9].
However, it remains possible that the addition of this treatment to
more complex combination therapy approaches (e.g. gene therapy +
BMT or gene therapy + ERT) may provide even greater benefit.

7. Other neuronal ceroid lipofuscinoses

Infantile neuronal ceroid lipofuscinosis is one member of the NCL
family of neurodegenerative diseases. There are several other forms of
NCL caused by a deficiency in a soluble lysosomal enzyme. The most
common is late infantile neuronal ceroid lipofuscinosis (LINCL, late in-
fantile Batten disease, or late infantile CLN2 disease), which is caused
by a deficiency in the lysosomal enzyme tripeptidyl peptidase 1
(TPP1). Since both late infantile CLN2 disease and infantile CLN1 disease
share a common defect (soluble lysosomal enzyme deficiency), similar
therapeutic strategies might be effective for both. In fact, it has been
shown that intracerebroventricular or intrathecal administration of re-
combinant TPP1 reduces neuroinflammation, decreases the accumula-
tion of autofluorescent material, and improves the clinical course of
disease in the murine model of late infantile CLN2 disease [3,49]. En-
couragingly, intrathecal administration of recombinant TPP1 also re-
duces lysosomal storage in a large animal model (canine) of late
infantile CLN2 disease [43]. Interestingly, intravenous administration
of recombinant TPP1 also results in ~10% normal levels of enzyme in
the CNS [30]. Central nervous system-directed gene therapy using
AAV vectors expressing TPP1 has also shown promise in the late infan-
tile CLN2 disease mouse [2,32]. These pre-clinical experiments led to a
clinical trial using an AAV2 vector in children with late infantile CLN2
disease [48]. Although there was little benefit observed in the treated
children, this approach was well tolerated. It should be noted that this
was designed as a safety trial performed in severely affected children.
The use of improved AAV vectors in early stage or pre-symptomatic
children might provide some clinical benefit. Although these data are
promising single treatments have led to only partial correction of late
infantile CLN2 disease, similar to the results in infantile CLN1 disease.
It would be interesting to determine the efficacy of combination treat-
ments in late infantile CLN2 disease.

A number of NCLs are caused by deficiencies in integral membrane
proteins that are not secreted and, therefore, cannot correct sur-
rounding cells in a manner similar to the soluble lysosomal enzymes.
Juvenile neuronal ceroid lipofuscinosis (JNCL, juvenile Batten disease,
or juvenile CLN3 disease) is the most common form of NCL and is
caused by a deficiency of an integral membrane protein of unknown
function. Since the protein cannot “cross-correct” adjacent cells and
the function is unknown, it has been extremely difficult to devise or
even envision an effective therapeutic strategy. However, it might
be possible to target secondary pathogenic mechanisms and decrease
the severity of the disease. It has been shown that the mouse model of
juvenile CLN3 disease and children with the disease develop autoan-
tibodies to several proteins, including glutamic acid decarboxylase
(GAD65) [4]. It has also been shown that immunosuppression with
mycophenolate decreases the neuroinflammation and improves
motor function in the mouse model of juvenile CLN3 disease [37]. A
clinical trial in JNCL children using mycophenolate has been initiated.
However, much more research will be required to determine the
function of the protein deficient in juvenile CLN3 disease and develop
effective therapies for this invariably fatal disorder.

8. Conclusions

Infantile CLN1 disease has, until recently, been refractory to most
therapeutic interventions. This is likely due to the fact that the CNS is
difficult to effectively target. However, it is also possible that providing
therapy exclusively to the CNS could limit efficacy. It is known that PPT1
is expressed in virtually every cell type and there is histologic evidence
of disease in multiple organ systems, including the heart [8]. With the
more recent development of an appropriate mouse model and better
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understanding of the root causes of disease, advancements in treatment
options have been progressing steadily. Although single therapies have
generally resulted in modest improvements, the dramatic synergy ob-
served through combining CNS-directed gene therapy and BMT suggests
that combinatorial approachesmay be the best strategy for treating INCL.
Since infantile CLN1 disease has an early onset (6 months–1 year) and
rapid progression (death typically by 3–6 years of age), early diagnosis,
perhaps through a newborn screening program, will greatly enhance
the efficacy of any therapeutic intervention. Other forms of NCL caused
by deficiencies in soluble lysosomal will likely respond to similar ap-
proaches as those being developed for infantile CLN1 disease. Unfortu-
nately, NCLs caused by deficiencies in integral membrane proteins will
require much more research in order to understand the function of the
various proteins and to devise effective therapeutic strategies.

References

[1] E. Bible, P. Gupta, et al., Regional and cellular neuropathology in the palmitoyl
protein thioesterase-1 null mutant mouse model of infantile neuronal ceroid
lipofuscinosis, Neurobiol. Dis. 16 (2) (2004) 346–359.

[2] M.A. Cabrera-Salazar, E.M. Roskelley, J. Bu, B.L. Hodges, N. Yew, J.C. Dodge, L.S.
Shihabuddin, I. Sohar, D.E. Sleat, R.K. Scheule, B.L. Davidson, S.H. Cheng, P. Lobel,
M.A. Passini, Timing of therapeutic intervention determines functional and survival
outcomes in a mouse model of late infantile neuronal ceroid lipofuscinosis, Mol.
Ther. 15 (2007) 1782–1788.

[3] M. Chang, J.D. Cooper, D.E. Sleat, S.H. Cheng, J.C. Dodge, M.A. Passini, P. Lobel, B.L.
Davidson, Intraventricular enzyme replacement improves disease phenotypes in a
mouse model of late infantile neuronal ceroid lipofuscinosis, Mol. Ther. 16 (2008)
649–656.

[4] S. Chattopadhyay, M. Ito, J.D. Cooper, A.I. Brooks, T.M. Curran, J.M. Powers, D.A.
Pearce, An autoantibody inhibitory to glutamic acid decarboxylase in the neuro-
degenerative disorder Batten disease, Hum. Mol. Genet. 11 (2002) 1421–1431.

[5] H.J. Deeg, H.M. Shulman, et al., Batten's disease: failure of allogeneic bone marrow
transplantation to arrest disease progression in a canine model, Clin. Genet. 37
(4) (1990) 264–270.

[6] A.D. Dierenfeld, M.F. McEntee, et al., Replacing the enzyme α-L-iduronidase at birth
ameliorates symptoms in the brain and periphery of dogs withmucopolysaccharidosis
type I, Sci. Transl. Med. 2 (2010) ra89.

[7] J.C. Dodge, J. Clarke, et al., Intracerebroventricular infusion of acid sphingomyelinase
corrects CNS manifestations in a mouse model of Niemann-pick a disease, Exp.
Neurol. 215 (2009) 349–357.

[8] N. Galvin, C. Vogler, et al., A murine model of infantile neuronal ceroid
lipofuscinosis-ultrastructural evaluation of storage in the central nervous system
and viscera, Pediatr. Dev. Pathol. 11 (3) (2008) 185–192.

[9] M. Gavin, G.Y. Wen, J. Messing, S. Adelman, A. Logush, E.C. Jenkins, W.T. Brown, M.
Velinov, Substrate Reduction Therapy in Four Patients with Milder CLN1 Mutations
and Juvenile-Onset Batten Disease Using Cysteamine Bitartrate, 2013, JIMD Rep.
2013 Apr 16. [Epub ahead of print] PMID: 23588842.

[10] M. Griffey, E. Bible, et al., Adeno-associated virus 2-mediated gene therapy decreases
autofluorescent storage material and increases brain mass in a murine model of in-
fantile neuronal ceroid lipofuscinosis, Neurobiol. Dis. 16 (2) (2004) 360–369.

[11] M. Griffey, S.L. Macauley, et al., AAV2-mediated ocular gene therapy for infantile
neuronal ceroid lipofuscinosis, Mol. Ther. 12 (3) (2005) 413–421.

[12] M.A. Griffey, D. Wozniak, et al., CNS-directed AAV2-mediated gene therapy ame-
liorates functional deficits in a murine model of infantile neuronal ceroid
lipofuscinosis, Mol. Ther. 13 (3) (2006) 538–547.

[13] P. Gupta, A.A. Soyombo, et al., Disruption of PPT1 or PPT2 causes neuronal ceroid
lipofuscinosis in knockout mice, Proc. Natl. Acad. Sci. U. S. A. 98 (24) (2001)
13566–13571.

[14] M. Haltia, J. Rapola, et al., Infantile type of so-called neuronal ceroid-lipofuscinosis. His-
tological and electron microscopic studies, Acta Neuropathol. 26 (2) (1973) 157–170.

[15] M. Haltia, J. Rapola, et al., Infantile type of so-called neuronal ceroid-lipofuscinosis.
2. Morphological and biochemical studies, J. Neurol. Sci. 18 (3) (1973) 269–285.

[16] K.M. Hemsley, A.J. Luck, et al., Examination of intravenous and intra-CSF injection
protein delivery for treatment of neurologic disease, Eur. J. Neurosci. 29 (2009)
1197–1214.

[17] J. Hu, J.Y. Lu, et al., Intravenous high-dose enzyme replacement therapy with re-
combinant palmitoyl-protein thioesterase reduces visceral lysosomal storage
and modestly prolongs survival in a preclinical mouse model of infantile neuronal
ceroid lipofuscinosis, Mol. Genet. Metab. 107 (1–2) (2012) 213–221.

[18] A. Jalanko, J. Vesa, T. Manninen, C. von Schantz, H. Minye, A.L. Fabritius, T.
Salonen, J. Rapola, M. Gentile, O. Kopra, L. Peltonen, Mice with Ppt1Deltaex4 mu-
tation replicate the INCL phenotype and show an inflammation-associated loss of
interneurons, Neurobiol. Dis. 18 (2005) 226–241.

[19] S.J. Kim, Z. Zhang, et al., Palmitoyl-protein thioesterase-1 deficiency leads to the
activation of caspase-9 and contributes to rapid neurodegeneration in INCL, Hum.
Mol. Genet. 15 (10) (2006) 1580–1586.

[20] S. Kornfeld, Structure and function of the mannose 6-phosphate/insulinlike
growth factor II receptors, Annu. Rev. Biochem. 61 (1992) 307–330.

[21] B.D. Lake, C.G. Steward, et al., Bone marrow transplantation in late infantile Batten
disease and juvenile Batten disease, Neuropediatrics 28 (1) (1997) 80–81.
[22] T. Lonnqvist, S.L. Vanhanen, et al., Hematopoietic stem cell transplantation in in-
fantile neuronal ceroid lipofuscinosis, Neurology 57 (8) (2001) 1411–1416.

[23] R.R. Lonser, S. Walbridge, et al., Convection infusion of glucocerebrosidase for
neuronopathic Gaucher's disease, Ann. Neurol. 57 (2005) 542–548.

[24] J.Y. Lu, S.L. Hofmann, Inefficient cleavage of palmitoyl-protein thioesterase (PPT)
substrates by aminothiols: implications for treatment of infantile neuronal ceroid
lipofuscinosis, J. Inherit. Metab. Dis. 29 (1) (2006) 119–126.

[25] J.Y. Lu, J. Hu, et al., Human recombinant palmitoyl-protein thioesterase-1 (PPT1)
for preclinical evaluation of enzyme replacement therapy for infantile neuronal
ceroid lipofuscinosis, Mol. Genet. Metab. 99 (4) (2010) 374–378.

[26] J.Y. Lu, L.A. Verkruyse, et al., Lipid thioesters derived from acylated proteins accu-
mulate in infantile neuronal ceroid lipofuscinosis: correction of the defect in lym-
phoblasts by recombinant palmitoyl-protein thioesterase, Proc. Natl. Acad. Sci. U.
S. A. 93 (19) (1996) 10046–10050.

[27] J.Y. Lu, L.A. Verkruyse, et al., The effects of lysosomotropic agents on normal and
INCL cells provide further evidence for the lysosomal nature of palmitoyl-protein
thioesterase function, Biochim. Biophys. Acta 1583 (1) (2002) 35–44.

[28] S.L. Macauley, M.S. Sands, Promising CNS-directed enzyme replacement for lyso-
somal storage diseases, Exp. Neurol. 218 (2009) 218–222.

[29] S.L. Macauley, M.S. Roberts, et al., Synergistic effects of central nervous system-
directed gene therapy and bone marrow transplantation in the murine model
of infantile neuronal ceroid lipofuscinosis, Ann. Neurol. 71 (6) (2012) 797–804,
http://dx.doi.org/10.1002/ana.23545, Epub 2012 Feb 24.

[30] Y. Meng, I. Sohar, L. Wang, D.E. Sleat, P. Lobel, Systemic administration of
tripeptidyl peptidase 1 in a mouse model of late infantile neuronal ceroid
lipofuscinosis: effect of glycan modification, PLoS One 7 (2012) e40509.

[31] E.F. Neufeld, J.C. Fratantoni, Inborn errors of mucopolysaccharide metabolism,
Science 169 (941) (1970) 141–146.

[32] M.A. Passini, J.C. Dodge, J. Bu, W. Yang, Q. Zhao, D. Sondhi, N.R. Hackett, S.M.
Kaminsky, Q. Mao, L.S. Shihabuddin, S.H. Cheng, D.E. Sleat, G.R. Stewart, B.L.
Davidson, P. Lobel, R.G. Crystal, Intracranial delivery of CLN2 reduces brain pa-
thology in a mouse model of classical late infantile neuronal ceroid lipofuscinosis,
J. Neurosci. 26 (2006) 1334–1342.

[33] L. Peltonen, M. Savukoski, et al., Genetics of the neuronal ceroid lipofuscinoses,
Curr. Opin. Genet. Dev. 10 (3) (2000) 299–305.

[34] M.S. Roberts, S.L. Macauley, et al., Combination small molecule PPT1 mimetic and
CNS-directed gene therapy as a treatment for infantile neuronal ceroid
lipofuscinosis, J. Inherit. Metab. Dis. 35 (5) (2012) 847–857.

[35] A. Saha, C. Sarkar, et al., The blood–brain barrier is disrupted in a mouse model of
infantile neuronal ceroid lipofuscinosis: amelioration by resveratrol, Hum. Mol.
Genet. 21 (10) (2012) 2233–2244.

[36] P. Santavuori, M. Haltia, et al., Infantile type of so-called neuronal ceroid-
lipofuscinosis. 1. A clinical study of 15 patients, J. Neurol. Sci. 18 (3) (1973) 257–267.

[37] S.S. Seehafer, D. Ramirez-Montealegre, A.M.S. Wong, C.H. Chan, J. Castaneda, M.
Horak, S.M. Ahmadi, M.J. Lim, J.D. Cooper, D.A. Pearce, Immunosuppression alters dis-
ease severity in juvenile Batten disease mice, J. Neuroimmunol. 230 (2011) 169–172.

[38] S. Tamaki, K. Eckert, et al., Engraftment of sorted/expanded human central nervous
system stem cells from fetal brain, J. Neurosci. Res. 69 (6) (2002) 976–986.

[39] S.J. Tamaki, Y. Jacobs, 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 5 (3) (2009) 310–319.

[40] N. Uchida, D.W. Buck, et al., Direct isolation of human central nervous system
stem cells, Proc. Natl. Acad. Sci. U. S. A. 97 (26) (2000) 14720–14725.

[41] L.A. Verkruyse, S.L. Hofmann, Lysosomal targeting of palmitoyl-protein thioesterase,
J. Biol. Chem. 271 (26) (1996) 15831–15836.

[42] J. Vesa, E. Hellsten, et al., Mutations in the palmitoyl protein thioesterase gene caus-
ing infantile neuronal ceroid lipofuscinosis, Nature 376 (6541) (1995) 584–587.

[43] B.R. Vuillemenot, M.L. Katz, et al., Intrathecal tripeptidyl-peptidase 1 reduces ly-
sosomal storage in a canine model of late infantile neuronal ceroid lipofuscinosis,
Mol. Genet. Metab. 104 (2011) 325–337.

[44] H.Wei, S.J. Kim, et al., ER and oxidative stresses are commonmediators of apoptosis
in both neurodegenerative and non-neurodegenerative lysosomal storage disorders
and are alleviated by chemical chaperones, Hum. Mol. Genet. 17 (4) (2008)
469–477.

[45] H. Wei, Z. Zhang, et al., Disruption of adaptive energy metabolism and elevated
ribosomal p-S6K1 levels contribute to INCL pathogenesis: partial rescue by res-
veratrol, Hum. Mol. Genet. 20 (6) (2011) 1111–1121.

[46] K.E. Wisniewski, W. Gordon-Majszak, et al., Altered protein patterns in brains of
children with neuronal ceroid lipofuscinosis, Am. J. Med. Genet. 42 (4) (1992)
568–574.

[47] J.C. Woloszynek, T. Coleman, et al., Lysosomal dysfunction results in altered ener-
gy balance, J. Biol. Chem. 282 (49) (2007) 35765–35771.

[48] S. Worgall, D. Sondhi, N.R. Hackett, B. Kosofsky, M.V. Kekatpure, N. Neyzi, J.P. Dyke,
D. Ballon, L. Heier, B.M. Greenwald, P. Christos, M. Mazumdar, M.M. Souweidane,
M.G. Kaplitt, R.G. Crystal, Treatment of late infantile neuronal ceroid lipofuscinosis
by CNS administration of a serotype 2 adeno-associated virus expressing CLN2
cDNA, Hum. Gene Ther. 19 (2008) 463–474.

[49] S. Xu, L. Wang, M. El-Banna, I. Sohar, D.E. Sleat, P. Lobel, Large-volume intrathecal
enzyme delivery increases survival of a mouse model of late infantile neuronal
ceroid lipofuscinosis, Mol. Ther. 19 (2011) 1842–1848.

[50] D.H. Yoon, O.Y. Kwon, et al., Protective potential of resveratrol against oxidative
stress and apoptosis in Batten disease lymphoblast cells, Biochem. Biophys. Res.
Commun. 414 (1) (2011) 49–52.

[51] Z. Zhang, J.D. Butler, et al., Lysosomal ceroid depletion by drugs: therapeutic impli-
cations for a hereditary neurodegenerative disease of childhood, Nat. Med. 7 (4)
(2001) 478–484.

http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0005
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0005
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0005
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0010
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0010
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0010
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0010
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0010
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0015
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0015
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0015
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0015
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0020
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0020
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0020
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0025
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0025
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0025
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0030
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0030
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0030
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0030
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0030
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0035
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0035
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0035
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0040
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0040
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0040
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0255
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0255
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0255
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0255
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0045
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0045
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0045
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0050
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0050
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0055
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0055
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0055
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0060
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0060
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0060
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0065
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0065
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0070
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0070
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0075
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0075
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0075
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0080
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0080
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0080
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0080
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0085
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0085
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0085
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0085
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0090
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0090
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0090
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0095
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0095
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0100
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0100
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0105
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0105
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0110
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0110
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0115
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0115
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0115
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0120
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0120
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0120
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0125
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0125
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0125
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0125
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0130
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0130
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0130
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0135
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0135
http://dx.doi.org/10.1002/ana.23545
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0140
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0140
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0140
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0145
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0145
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0150
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0150
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0150
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0150
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0150
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0155
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0155
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0160
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0160
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0160
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0165
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0165
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0165
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0170
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0170
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0175
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0175
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0175
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0180
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0180
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0185
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0185
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0185
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0190
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0190
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0195
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0195
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0200
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0200
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0205
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0205
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0205
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0210
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0210
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0210
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0210
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0215
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0215
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0215
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0225
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0225
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0225
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0230
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0230
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0235
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0235
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0235
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0235
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0235
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0240
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0240
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0240
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0245
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0245
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0245
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0250
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0250
http://refhub.elsevier.com/S0925-4439(13)00188-9/rf0250

	Pathogenesis and therapies for infantile neuronal ceroid lipofuscinosis (infantile CLN1 disease)
	1. Introduction
	2. Enzyme replacement therapy
	3. Bone marrow transplantation
	4. Gene therapy
	5. Neuronal stem cells
	6. Small molecule drugs
	6.1. Resveratrol
	6.2. Cysteamine

	7. Other neuronal ceroid lipofuscinoses
	8. Conclusions
	References




