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Neurobiology of Disease

Intracranial Delivery of CLN2 Reduces Brain Pathology
in a Mouse Model of Classical Late Infantile Neuronal
Ceroid Lipofuscinosis
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Classical late infantile neuronal ceroid lipofuscinosis (cLINCL) is a lysosomal storage disorder caused by mutations in CLN2, which
encodes lysosomal tripeptidyl peptidase I (TPP1). Lack of TPP1 results in accumulation of autofluorescent storage material and curvi-
linear bodies in cells throughout the CNS, leading to progressive neurodegeneration and death typically in childhood. In this study, we
injected adeno-associated virus (AAV) vectors containing the human CLN2 cDNA into the brains of CLN2~"" mice to determine thera-
peutic efficacy. AAV2;hCLN2 or AAV5.;hCLN2 were stereotaxically injected into the motor cortex, thalamus, and cerebellum of both
hemispheres at 6 weeks of age, and mice were then killed at 13 weeks after injection. Mice treated with AAV2.;hCLN2 and AAV5.;hCLN2
contained TPP1 activity at each injection tract that was equivalent to 0.5- and 2-fold that of CLN2*"" control mice, respectively.
Lysosome-associated membrane protein 1 immunostaining and confocal microscopy showed intracellular targeting of TPP1 to the
lysosomal compartment. Compared with control animals, there was a marked reduction of autofluorescent storage in the AAV2,;hCLN2
and AAV5.;hCLN2 injected brain regions, as well as adjacent regions, including the striatum and hippocampus. Analysis by electron
microscopy confirmed a significant decrease in pathological curvilinear bodies in cells. This study demonstrates that AAV-mediated
TPP1 enzyme replacement corrects the hallmark cellular pathologies of cLINCL in the mouse model and raises the possibility of using

AAV gene therapy to treat cLINCL patients.
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Introduction

The neuronal ceroid lipofuscinoses (NCLs) are a group of at least
seven inherited lysosomal storage disorders (LSDs) characterized
by the intracellular accumulation of autofluorescent storage ma-
terial, which is the hallmark cellular phenotype for this disease
family (Hofmann and Peltonen, 2001). In addition, many of the
NCLs contain ultrastructural pathology that can be visualized by
electron microscopy. These include granular osmiophilic depos-
its, curvilinear bodies, and fingerprint profiles for infantile NCL
(INCL), classical late infantile NCL (cLINCL), and juvenile NCL,
respectively (Elleder et al., 1999; Haltia, 2003; Beaudoin et al.,
2004). Lysosomal pathology predominately occurs in the CNS,
but some storage defect can also be found in visceral tissue (Car-
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penter et al., 1972; Hofmann and Peltonen, 2001). cLINCL, also
known as Jansky-Bielschowsky disease, is caused by mutations in
CLN2 (Sleat et al., 1997) that encodes the lysosomal enzyme trip-
eptidyl peptidase I (TPP1) (Rawlings and Barrett, 1999; Vines
and Warburton, 1999). cLINCL patients typically exhibit neuro-
logical impairment beginning at 2—4 years of age that can be
verified by electroencephalography and magnetic resonance im-
aging (Autti et al., 1997; Williams et al., 1999). Disease progres-
sion is unyielding and leads to ataxia, mental retardation, blind-
ness, dementia, seizures, and death between the ages of 7 and 15
years (Hofmann and Peltonen, 2001). There is currently no ef-
fective treatment for cLINCL.

Patients with cLINCL may benefit from gene therapy because
it is a monogenic disease. Introducing a functional version of
CLN2 to the brain by intracranial injection of a viral vector may
remove storage material and rescue cells from dysfunction. This
strategy was shown to be effective in other mouse and cat models
of LSDs treated with adeno-associated virus (AAV) vectors
(Skorupa et al., 1999; Bosch et al., 2000; Sferra et al., 2000; Frisella
et al., 2001; Matalon et al., 2003; Passini et al., 2003, 2005; Cres-
sant et al., 2004; Desmaris et al., 2004; Griffey et al., 2004; Klug-
mann et al., 2005; Rafi et al., 2005; Vite et al., 2005). However,
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until only recently, an appropriate mouse model was not avail-
able to test this therapeutic approach for cLINCL. Previous stud-
ies in normal rodents and nonhuman primates showed that hu-
man TPP1 protein could be expressed in the brain after
intracranial injection of recombinant AAV vectors that con-
tained the human CLN2 cDNA (Haskell et al., 2003; Sondhi et al.,
2005). Those studies also demonstrate that human TPP1 protein
is secreted by transduced cells and taken up by neighboring cells
via receptor-mediated endocytosis, similar to that observed for
other lysosomal enzymes (Neufeld, 1991).

A CLN2 knock-out mouse model of cLINCL was recently
generated and characterized (Sleat et al., 2004). CLN2™/~ mice
contain undetectable levels of TPP1 activity, which results in ly-
sosomal pathology and progressive neurodegeneration that reca-
pitulate the human disease (Sleat et al., 2004). In this study, we
investigated the ability of AAV gene therapy to correct lysosomal
storage pathology in CLN2™/~ mice. Our results demonstrate
that the mutant brain responds to AAV-mediated TPP1 enzyme
replacement by showing a substantial reduction in brain pathol-
ogy. The information in this study provides proof-of-principle
that delivery of human CLN2 ¢DNA to the diseased brain is a
promising strategy for treating cLINCL.

Materials and Methods

AAV vector production. The genomic structures of AAV2.;hCLN2 and
AAV5.,;hCLN2 were identical to each other and contained serotype-2
inverted terminal repeats and the human CLN2 cDNA under the control
of the cytomegalovirus enhancer chicken B-actin promoter. The
AAV2-,NULL control vector was also similar except that the human
CLN2 cDNA was substituted with a noncoding DNA sequence of equal
size. The detailed description of the recombinant genomes used in this
study and the production and characterization of AAV2,;hCLN2 and
AAV2-,NULL were reported previously by Sondhi et al. (2005).
AAV5.;hCLN2 was produced by cotransfection of helper plasmid
pPAK-MAS5 and CLN2 plasmid pAAV2-CAG-hCLN2 in a 10-Stack Cell-
Factory (VWR Scientific, West Chester, PA) containing human 293 cells.
Seventy-two hours after transfection, cells were harvested, and viral ly-
sate was collected, treated with benzonase, clarified by centrifugation,
and purified by discontinuous iodixanol gradients. Pooled fractions con-
taining AAV5 were treated with 0.5% octyl glucopyranoside, loaded onto
a Q-HP anion exchange column, eluted using a linear 0—1 M NaCl gra-
dient, and concentrated by dialysis against 120 g/L dextran-40. In vitro
enzyme assays verified that AAV2, ;hCLN2 and AAV5, ;hCLN2 ex-
pressed TPP1. Viral vectors were made under good manufacturing prac-
tice, and the titers of AAV2.;hCLN2, AAV2. NULL, and
AAV5.;hCLN2 were 2.0 X 10'! genome copies (gc)/ml.

Injection of AAV vectors into the CLN2 '~ brain. All procedures were
performed under a protocol approved by the Institutional Animal Care
and Use Committee. Mice were housed under 12 h light/dark cycle and
were provided with food and water ad libitum. The genotypes of
CLN2~/~, CLN2"/~, and CLN2*/" littermates were confirmed by PCR
as described previously (Sleat et al., 2004). In the pilot study, 25 CLN2 ™/~
mice at 6 or 10 weeks of age underwent stereotaxic brain surgery and were
injected into two sites along a single needle tract with AAV2,;hCLN2
(n = 14), AAV2-,NULL (n = 7), or saline (n = 4). Injections were
performed in the thalamus (2.00 mm caudal to bregma, 1.75 mm right of
midline, 3.50 mm ventral to pial surface) and hippocampus (2.00 mm
caudal to bregma, 1.75 mm right of midline, 1.75 mm ventral to pial
surface) of the right hemisphere. Three microliters (6.0 X 10® gc) of
either vector were dispensed with a Hamilton syringe (Hamilton, Reno,
NV) into each structure for a total of 6 ul (1.2 X 10° gc) per brain. In the
serotype comparison study, 17 CLN2~/~ mice at 6 weeks of age under-
went stereotaxic brain surgery and received six injections (three per
hemisphere) in six different needle tracts with AAV2 - ;hCLN2 (n = 8) or
AAV5.;hCLN2 (n = 9). Injections were done bilaterally in the motor
cortex (1.00 mm rostral to bregma, 1.25 mm from midline, 1.25 mm
ventral to pial surface), thalamus (2.00 mm caudal to bregma, 1.75 mm
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from midline, 3.50 mm ventral to pial surface), and cerebellum (6.00 mm
caudal to bregma, 1.50 mm from midline, 1.50 mm ventral to pial sur-
face). Three microliters (6.0 X 108 gc) of either vector were injected with
a Hamilton syringe for a total of 9 ul (1.8 X 10° gc) per hemisphere and
18 ul (3.6 X 107 gc) per brain. The injections in both the pilot and
serotype comparison studies were performed at a rate of 0.5 wl/min,
and the needle was left in place for 2 min after each injection to minimize
upward flow of viral solution after raising the needle.

Evaluation of TPP1 enzyme activity in vivo. For measurement of TPP1
activity, mice were perfused with PBS, and brains were removed and cut
into 2 mm coronal slabs using a brain matrix (Harvard Apparatus, Hol-
liston, MA). Tissue extracts were prepared by homogenization in 150 mm
NaCl and 1 g/L Triton X-100 using a disposable pellet pestle and 1.5 ml
matching tube (Kimble-Kontes, Vineland, NJ) and clarified by centrifu-
gation. Supernatants were analyzed for TPP1 activity as described previ-
ously (Sohar et al., 2000) after incubation at pH 3.5 to activate TPP1
precursor (Lin et al., 2001). The final activity of TPP1 was calculated
by measuring the change in fluorescence units (FU) per minute per
milligram of protein (standardized by BCA protein assay; Pierce,
Rockford, IL).

Immunohistochemistry. Brains designated for histological analysis
were drop fixed in 4% paraformaldehyde, pH 7.4, for 48 h, cut with a
vibratome into 50 wm sections, and stored free floating in KPB (0.1 M
potassium phosphate, pH 7.4) at 4°C. Brain sections were blocked in 5%
normal donkey serum, 0.2% Triton X-100, and 0.1 M potassium phos-
phate saline, pH 7.2, for 1 h at room temperature (RT). A human-specific
CLN2 polyclonal antibody (Haskell et al., 2003) was diluted 1:1000 in
blocking solution and added to brain sections for 1 h at RT, followed by
overnight incubation at 4°C. An anti-rabbit biotinylated secondary anti-
body (Jackson ImmunoResearch, West Grove, PA) was diluted 1:250 in
PBS and incubated on brain sections for 1 h at RT. TPP1 immunopositive
cells were visualized with a streptavidin—fluorescein conjugate (Jackson
ImmunoResearch). Purkinje cells were labeled with calbindin D mono-
clonal antibody (Sigma, St. Louis, MO) at 1:2500 dilution, neurons were
labeled with neuron-specific nuclear protein (NeuN) monoclonal anti-
body (Chemicon, Temecula, CA) at 1:100 dilution, astrocytes were la-
beled with glial fibrillary acidic protein (GFAP) monoclonal antibody
(Sigma) at 1:1000 dilution, and lysosomes were labeled with lysosome-
associated membrane protein (LAMP1) monoclonal antibody (BD Bio-
sciences, San Jose, CA) at 1:1000 dilution. Calbindin D- and GFAP-
positive cells were detected with donkey anti-mouse secondary antibody
conjugated to cyanine 3 (Jackson ImmunoResearch). NeuN- and
LAMP1-positive cells were detected with biotinylated anti-mouse or
anti-rat secondary antibody, respectively, and visualized with strepta-
vidin—Alexa Fluor 546 conjugate (Invitrogen, Carlsbad, CA). All sections
were mounted on glass slides, coverslipped with Vectashield (Vector
Laboratories, Burlingame, CA), and viewed under epifluorescence and
confocal microscopy.

Brain autofluorescence. Autofluorescent storage material was assessed
by mounting 50 um free-floating vibratome sections from KPB storage
onto glass slides, coverslipping with Vectashield, and viewing under
4',6'-diamidino-2-phenylindole epifluorescence (Sleat et al., 2004).
Exposure-matched digital images were taken from comparable regions
of treated and untreated brains, and the amount of autofluorescent stor-
age was quantified using the MetaMorph Image Analysis System (Uni-
versal Imaging Corporation, Downingtown, PA). The percentage of
autofluorescence in AAV-treated CLN2~/~ brains relative to untreated
CLN2~’" brains was calculated as follows: (1) storage of a given brain
structure was determined in untreated CLN2™/~ mice, and an overall
average (mean) for each structure was calculated; (2) storage of the cor-
responding brain structures for each AAV-treated animal was deter-
mined and compared with the average autofluorescence in untreated
CLN2~’~ mice to generate a relative percentage; and (3) the relative
percentages of all mice for each structure were tabulated to give an overall
mean and SE.

Electron microscopy. Fifty micrometer sagittal brain sections from
AAV-treated and untreated groups were dehydrated and infiltrated in
100% Spurr’s resin for 24 h, embedded between two plastic sheets, and
baked at 60°C for 16 h. The thalamus was dissected from the embedded
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sample, and ultrathin 50 nm sections were cut with a diamond knife,
placed on grids, and then stained with uranyl acetate and lead citrate.
Stained sections were examined with a Hitachi (Tokyo, Japan) H700
transmission electron microscope, and photos of cells with similar cross-
sectional area were taken. The size of inclusions was determined using the
Bioquant Software (Bioquant Image Analysis Corporation, Nashville,
TN), and the total combined area of the inclusions in each cell were
grouped as small (1 wm? or less), medium (2—8 um?), and large (9 um 2
or greater). Three brains were processed from each group, and 40 ran-
dom cells were examined in each brain for a total of 120 cells per group.
The number of cells containing inclusions of different sizes were counted
and compiled for statistical analysis.

Statistics. The amount of autofluorescent storage material and the
number of curvilinear bodies in cells were analyzed with one-way
ANOVA and Dunnett’s post hoc test using GraphPad Prism version 4.0
(GraphPad Software, San Diego, CA). All values with p < 0.05 were
considered significant.

Results

Human TPP1 expression and reduction of storage pathology
Storage pathology in CLN2~/~ mice is present by 5 weeks of age,
and the progressive nature of the disease results in ataxia, sei-
zures, and a median lifespan of 19-20 weeks (Sleat et al., 2004).
An initial pilot study was conducted to determine whether
AAV2.hCLN2 could transduce the CLN2 ™/~ brain and reduce
autofluorescent storage. CLN2~/~ mice were either 10 weeks (co-
hort 1) or 6 weeks (cohort 2) of age at time of surgery. A total of
1.2 X 10° gc of AAV2,;hCLN2 or AAV2-;NULL were injected
along a single needle tract into the thalamus and hippocampus of
the right hemisphere. Mice from cohort 1 were killed at 6 weeks
after injection and processed for TPP1 activity and expression.
Mice from cohort 2 were killed at 13 weeks after injection and
analyzed for TPP1 expression and reduction of autofluorescent
storage material.

For biochemical analysis at 6 weeks after injection, brains
treated with AAV2-;hCLN2 (n = 6), AAV2-y,NULL (n = 3), or
saline (n = 2) were separated into two hemispheres. Each hemi-
sphere was further dissected into 2 mm coronal slabs, homoge-
nized, and analyzed for TPP1 activity (Fig. 1). The background
TPP1 activity as defined by multiple assays of untreated CLN2 "~
mouse brain homogenate was 150 * 120 FU+min~'-mg ™'
protein, in contrast to the average activity of 32,800 = 6800
FU - min~" - mg ™" in wild-type mouse brain. The region corre-
sponding to the injection tract (slab 3) in AAV2 - ;hCLN2-treated
brains exhibited enzyme activity that approached CLN2""" con-
trols, and the two adjacent regions (slabs 2 and 4) had TPP1
activity less than that found in CLN2*/~ control mice. In con-
trast, the rostralmost and caudalmost regions of the ipsilateral
hemisphere (slabs 1 and 5) and the entire contralateral hemi-
sphere had negligible TPP1 activity, comparable with
AAV2. NULL- and saline-injected CLN2~/~ mice.

For histological analysis at 6 weeks after injection, brains
treated with AAV2-;hCLN2 (n = 4), AAV2,NULL (n = 2),
and saline (n = 1) were cut into 50 wm vibratome sections and
analyzed by immunohistochemistry to determine the TPP1 ex-
pression pattern in situ. AAV2;hCLN2-treated brains had many
TPP1 immunopositive cells concentrated around the injection
sites in the ipsilateral hippocampus and thalamus (Fig. 2). Con-
focal microscopy showed TPP1 in a punctate cytoplasmic stain-
ing pattern that colocalized with LAMP1, indicating that TPP1
was targeted to the lysosomes (Fig. 2 D—F). Although the majority
of expression was localized to the cytoplasm, a portion of TPP1
was also observed in dendrites (Fig. 2G). Ecoptic distribution of
TPP1 to dendritic structures may be attributable to over-
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Figure1.  TPP1activityinthe CLN2 /" brain at 6 weeks after injection. Brains were cutinto
2 mm coronal slabs as shown at the bottom, with corresponding amount of enzyme activity
plotted above for the following samples: AAV2;hCLN2 ipsilateral hemisphere (black circles),
AAV2;hCLN2 contralateral hemisphere (gray circles), and control AAV2¢,NULL or saline ipsi-
lateral hemisphere (white circles). TPP1 activity approached wild-type levels in the brain slab
(3) that contained the hippocampus and thalamus injection sites. The two adjacent slabs (2 and
4) contained some elevated levels of TPP1 activity. The rostral brain (slab 1), cerebellum (slab 5),
and the entire contralateral (uninjected) hemisphere of AAV2,hCLN2-treated brains had levels
of enzyme activity indistinguishable from AAV2 NULL-treated and saline brains. The dashed
lines correspond to the relative levels of TPP1 activity in untreated CLN2™/~ and CLN2 ™+
control brains. The total number of animals was n = 6 for AAV2,h(LN2 injected and n = 5 for
control injected (AAV2y,NULL and saline). Asterisks in the brain image show location of the
injection sites. Data are means = SEM.

abundance of expressed protein in transduced cells. Similarly,
viral vector-mediated expression of other lysosomal enzymes re-
sulted in labeling of dendrites and, in some cases, labeling of
axonal tracts (Passini et al., 2002; Haskell et al., 2003; Hennig et
al., 2003; Griffey et al., 2005; Luca et al., 2005). Consistent with
the enzyme activity data (Fig. 1), there was negligible TPP1 ex-
pression in regions distal to the injection site, including the mo-
tor cortex, cerebellum, the contralateral hemisphere, and in
brains injected with AAV2-,NULL or saline (data not shown).
The efficacy of AAV2 gene therapy for treating autofluores-
cent storage was determined. Mice from cohort 2 were allowed to
survive to 19 weeks (13 weeks after injection) so that a direct
comparison could be made with end-stage CLN2~/~ control
mice that normally accumulate a substantial (maximum)
amount of storage at this age and die (Sleat et al., 2004). Immu-
nohistochemistry verified the presence of TPP1 in the brain (Fig.
3 A, B), with an expression pattern similar to mice at 6 weeks after
injection. There was a substantial decrease in autofluorescent
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Figure 2. TPP1 expression in the CLN2™/~ brain at 6 weeks after injection with
AAV2;hCLN2. TPP1 immunopositive cells were detected in the hippocampus and thalamus of
the ipsilateral hemisphere but not in the contralateral hemisphere (A). Close-up of the ipsilat-
eral hippocampus showed that there was no detectable TPP1 immunostaining in untreated
brains (B) compared with robust TPP1 immunostaining in AAV2.,hCLN2-treated brains (C).
High-magnification confocal images of cell bodies in the hippocampus demonstrated that TPP1
(D) and LAMP1 (E) were present in an overlapping punctate pattern (F, yellow signal). High-
magpnification confocal images of CA3 pyramidal dendrites showed positive immunostaining
for TPP1 (G). Scale bars: A, 1 mm; B, €, 100 wm; D-G, 20 m.

storage material in the ipsilateral hippocampus and thalamus
with AAV2.;hCLN2 (Fig. 3C,D) but not with AAV2.,NULL
(Fig. 3E,F). The amount of storage reduction was quantified
using the MetaMorph System Analysis software (see Materials
and Methods). The hippocampus and thalamus of
AAV2.;hCLN2-treated CLN2~/~ brains (n = 4) contained an
average of 39.3 = 11.8 and 30.8 = 7.1% autofluorescence storage
material relative to AAV2,NULL- and saline-injected CLN2~/~
mice (n = 3), respectively ( p < 0.05). However, distal structures
in the ipsilateral hemisphere and the entire contralateral hemi-
sphere of AAV2, hCLN2-treated mice contained autofluores-
cent storage that was equivalent to that found in age-matched
AAV2. NULL and saline CLN2~/~ control mice (data not
shown). Untreated CLN2"/" mice had virtually no detectable
autofluorescence in the brain (Fig. 3G,H).

Comparison of AAV2 and AAV5 vectors in CLN2 ™/~ mice

The pilot study showed that AAV2 gene therapy could reduce
autofluorescent storage in the CLN2~/~ mouse brain. However,
other AAV serotype vectors may provide more effective therapy.
AAVS is a good candidate to deliver the human CLN2 cDNA
because this serotype showed improved transduction of mam-
malian brain compared with AAV2 (Davidson et al., 2000; Burger
etal., 2004; Cressant et al., 2004; Desmaris et al., 2004; Paterna et
al., 2004). We thus compared the overall efficacy of titer-matched
AAV2-,;hCLN2 (n = 8) and AAV5.;hCLN2 (n = 9) after bilat-
eral injection into the motor cortex, thalamus, and cerebellum of
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6-week-old CLN2™/~ mice. These structures contain high levels
of cellular pathology and represent challenging regions to deter-
mine the efficacy of gene therapy vectors. A total of 6.0 X 10® gc
of either serotype was injected into each structure.

At 13 weeks after injection, mice were killed and brain hemi-
spheres were separated from each other. The left hemisphere was
analyzed for TPP1 activity, and the right hemisphere was ana-
lyzed for TPP1 expression and for the reduction of autofluores-
cent storage material and curvilinear bodies. AAV2,;hCLN2-
treated mice produced TPP1 activity similar to CLN2"/~ controls
in corresponding tissue slabs containing the motor cortex (slab
2), thalamus (slab 3), and cerebellum (slab 5) (Fig. 4). In contrast,
AAV5.,CLN2-treated mice produced TPP1 activity approxi-
mately twofold higher than CLN2"/" control mice in these same
three regions (Fig. 4). There were essentially null levels of TPP1
activity in slab 4 of AAV2 - hCLN2- and AAV5.;hCLN2-treated
brains, indicating that there was no significant diffusion of virus
or TPP1 protein.

Immunohistochemical analysis of the right hemisphere con-
firmed the presence of TPP1 in brain. A sagittal view at the level of
the thalamic injection site showed many TPP1 immunopositive
cells with AAV2, hCLN2 and AAV5.,hCLN2 (Fig. 5A,B).
TPP1 cells were also detected in the injected motor cortex and
cerebellum (Fig. 5C-E). TPP1 was targeted to the lysosomes as
verified by LAMP1 immunostaining (data not shown). Colocal-
ization of TPP1 with NeuN showed that the majority of trans-
duced cells were neurons (Fig. 5F,G). Neither serotype vector
transduced astrocytes, as demonstrated by the lack of colocaliza-
tion with GFAP (Fig. 5 H,I). Double immunostaining with calbi-
ndin (red) and TPP1 (green) showed colocalization of signal (yel-
low) in Purkinje cells of the cerebellum (Fig. 5/-M). Although
not all Purkinje cells contained exogenous protein, there were
substantially more Purkinje cells positive for TPP1 with
AAV5,;hCLN2 compared with AAV2- hCLN2. This observa-
tion is consistent with the natural tropism of AAV5 for this cell
layer after cerebellar injection (Alisky et al., 2000). However,
there were regions in both the AAV5- and AAV2-treated cerebel-
lum that were negative for calbindin, indicating that there was
some Purkinje cell loss (Fig. 5I). Outside the injection sites, scat-
tered TPP1 immunopositive cells were detected in nearby stria-
tum and hippocampus with both vectors. TPP1 was also rou-
tinely detected in the ependyma with AAV5.;hCLN2 but not
with AAV2-,hCLN2, which is consistent with the strong infec-
tivity of AAVS5 for the ventricular lining (Davidson et al., 2000;
Watson et al., 2005).

Similar to our pilot study, untreated CLN2 ™/~ mice contained
abundant levels of autofluorescence at 19 weeks of age (Fig. 6 A—
C). The robust TPP1 immunostaining observed in the brain (Fig.
5) resulted in a substantial decrease of autofluorescent storage in
the corresponding brain structures (Fig. 6 D-I). As determined
using the MetaMorph Image Analysis System, AAV-treated mice
contained ~30-70% ( p < 0.05) autofluorescent storage in the
motor cortex, thalamus, cerebellum, striatum, and hippocampus
compared with untreated CLN2 /" mice (Fig. 6]). There was no
significant difference between the two vectors in the amount of
autofluorescence that was cleared. However, regions distal to
the injection tracts, such as the caudal neocortex and brain-
stem, had little-to-no reduction of autofluorescent storage,
consistent with the negligible levels of TPP1 activity in these
regions (slab 4) (Fig. 4).

The ultrastructural hallmark phenotype in cLINCL patients is
curvilinear bodies. A random sampling of 120 cells along the
anteroposterior and mediolateral axes of the thalamus (40 cells



1338 - J. Neurosci., February 1, 2006 - 26(5):1334 1342

per brain, three brains per group) by elec-
tron microscopy showed that this patho-
logical marker was found in many cells of
CLN2™’~ mice (Fig. 7A) but never in
CLN2""" mice (Fig. 7B). CLN2"/~ mice
treated with AAV2. hCLN2 (Fig. 7C) or
AAV5.;hCLN2 (Fig. 7D) had signifi-
cantly ( p <0.01) less number of cells pos-
itive for curvilinear bodies in the thalamus
compared with untreated CLN2~/~ mice
(Fig. 7E). Furthermore, the curvilinear
bodies in cells that did contain them were
smaller in size than those found in un-
treated CLN2™/~ mice (Fig. 7E). For ex-
ample, only 0.8 and 2.5% of cells in
AAV2.,hCLN2- and AAV5.;hCLN2-
treated brains contained inclusions 9 um?
or greater, respectively (p < 0.01). This
was in contrast to untreated CLN2™/~
mice in which 26% of cells contained cur-
vilinear bodies of this size.

Figure 3.
tion. AAV2,hCLN2 (A-D) or AAV2,NULL (E, F) was injected into the hippocampus (A, C, E) and thalamus (B, D, F). TPP1 was
present in the injected structures (A, B). This resulted in a substantial reduction of autofluorescent storage material in both
structures (C, D). In contrast, injection of AAV2 NULL did not reduce autofluorescent storage in the hippocampus or thalamus (E,
F). Untreated CLN2 " control mice contained undetectable levels of autofluorescence in the hippocampus (6) and thalamus
(H). Scale bar, 250 wm.

Discussion

Collectively, the NCL (“Batten”) family are the most prevalent
neurological genetic disorders affecting children (Hofmann and
Peltonen, 2001). cLINCL is a type of NCL that is caused by mu-
tations in the CLN2 locus on chromosome 11 (Sleat et al., 1997).
A mouse model was recently generated by targeted disruption of
the CLN2 gene (Sleat et al., 2004). CLN2~/~ mice contain many
of the neurological deficits found in cLINCL patients, such as
ataxia, loss of motor function, brain atrophy, axonal degenera-
tion, and the intracellular accumulation of autofluorescent stor-
age and curvilinear bodies throughout the brain (Sleat et al.,
2004). Storage pathology in CLN2~/~ mice is present by 5 weeks
of age, the earliest time examined (Sleat et al., 2004). The progres-
sive nature of the disease and the global neuropathology in
CLN2~/~ mice result in a median lifespan of 19-20 weeks.

The present study shows that CLN2~/~ mouse brains injected
with AAV2,;hCLN2 or AAV5, hCLN2 contain substantially
less autofluorescent storage and curvilinear bodies than un-
treated mutants. Colocalization with LAMP1 and subsequent de-
crease in cellular pathology indicates that human TPP1 was tar-
geted to lysosomes. The amount of lysosomal pathology reduced
in treated animals were comparable between the two serotype
vectors despite the higher levels of TPP1 activity resulting from
AAV5.;hCLN2. This suggests that enzyme activity above a cer-
tain threshold amount may not provide additional therapeutic
relief. Typically, restoration of activity to 10—15% of normal lev-
els is sufficient to correct storage pathology in the majority of
LSDs, and this is often accepted as a target for gene therapy
(Neufeld, 1991; Kaye and Sena-Esteves, 2002).

AAV-mediated enzyme replacement therapy is effective in
preventing new storage from accumulating and/or degrading ex-
isting storage. Brains treated with AAV2.;hCLN2 or
AAV5.;hCLN2 had an average of 30—70% autofluorescent stor-
age in structures targeted by the viral vectors compared with
untreated CLN2~'~ mice. There were a few AAV-treated animals
that contained ~10% autofluorescent storage in the injected
structures, which is an almost complete reduction of pathology.
Electron microscope analysis also shows that only 16-26% of
cells in AAV-treated brains had discernable curvilinear bodies
compared with 59% in untreated CLN2™/~ mice. Furthermore,
the cells in AAV-treated brains that did contain these ultrastruc-
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Overlapping regions of TPP1 expression and reduction of autofluorescent storage material at 13 weeks after injec-

tural inclusions were smaller and rarely approached the 9 um?
size that was frequently observed in untreated CLN2™/~ mice.
These data are encouraging because lysosomal storage in cLINCL
patients and in CLN2~/~ mice form highly insoluble aggregates
that could be refractory to therapy (Hofmann and Peltonen,
2001). AAV gene therapy is thus an effective strategy to treat LSDs
that contain aberrant storage material.

TPP1 was restricted to the injected sites and nearby structures,
indicating that there was little viral and/or protein spread, which
explains the lack of global correction in the brain. Although
transduced cells that overexpress and secrete TPP1 can supply
nontransduced cells with enzyme by mannose-6-phosphate
receptor-mediated endocytosis (Lin and Lobel, 2001), this pro-
cess likely occurred in the vicinity of the injection sites. A more
widespread TPP1 distribution may be achieved with longer treat-
ment or by administering AAV vector preparations (preps) with
higher titers. An extended postinjection time point could provide
transduced cells the time needed to “ramp-up” enzyme produc-
tion, which was shown to be the case for AAV2-;hCLN2 in the
normal rodent brain (Sondhi et al., 2005). Time points that ex-
ceeded 8 months resulted in higher enzyme activity and detection
of TPP1 in areas of the brain with synaptic connections to the
injection site (Sondhi et al., 2005). Similarly, widespread distri-
bution of palmitoyl protein thioesterase (PPT) in a mouse model
of INCL occurred at 7 months after injection (Griffey et al.,
2005). These data suggest that distribution of TPP1 (and other
NCL enzymes) may be achieved at longer time points but cannot
be measured directly in the CLN2™/~ mouse model because of
the shorter lifespan. Alternatively, injecting high-titer AAV preps
may convert transduced cells into highly efficient enzyme facto-
ries for TPP1 secretion and transport in a shorter period of time.
Injections into the normal rat striatum using an AAV5-hCLN2
vector that was half-log higher in titer than the one used in the
current study resulted in widespread enzyme activity and evi-
dence of cross-correction by 10 weeks after injection (Haskell et
al., 2003). This was also shown for another lysosomal enzyme, in
which axonal transport of B-glucuronidase was detected as early
as 5— 8 weeks after injection with high titer AAV in a mouse model
of Mucopolysaccharidosis VII disease (Sly syndrome) (Passini et
al., 2002; Hennig et al., 2003).
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Figure4.  Comparison of TPP1 activity in AAV2.,hCLN2- or AAV5,hCLN2-treated brains at
13 weeks after injection. AAV2-injected brains (black circles) contained heterozygote levels of
TPP1 activity in brain slabs containing the injection sites (slabs 2, 3, 5). Despite matching titers,
AAV5-injected brains (white circles) had substantially higher levels of TPP1 activity in the same
corresponding brain slabs. Disparate enzyme activity was also detected in the frontal brain (slab
1) with the two serotype vectors. AAV-treated brains had essentially null levels of TPP1 activity
in slab 4. The dashed lines correspond to the relative levels of TPP1 activity in untreated
CLN2*~ and CLN2™ brains. Asterisks in the brain image show location of the injection sites.
Data are means = SEM.

The reasons underlying the inefficient spread of AAV are not
clear. One possibility may also be attributable to the low titers of
AAV used in this study because the primary attachment receptors
for AAV2 and AAVS5 are abundantly found in the brain (Bartlett
et al., 1998; Summerford and Samulski, 1998; Walters et al.,
2001). Low-titer AAV preps may become sequestered at the in-
jection site because there would presumably be enough cell-
surface receptors available to bind the majority of virions. In
contrast, high-titer AAV preps may saturate cell-surface recep-
tors at the injection site, thereby producing a gradient of virions
that extend the sphere of transduction to more distal locations.
High-titer AAV preps are also capable of undergoing retrograde
axonal transport to distal sites, establishing secondary areas of
protein production (Kaspar et al., 2002, 2003; Burger et al., 2004;
Passini et al., 2005). This is also supported by a dose-response
study that showed loss of axonal transport with decreasing titers
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Figure 5.  Comparison of TPP1 expression between AAV2;hCLN2 (A, C, F, H, L) and
AAV5¢,hCLN2 (B, D, E, G, I-K, M) at 13 weeks after injection. Robust TPP1 immunopositive
cells were detected in the thalamus with AAV2 (4) and AAV5 (B). Adjacent sagittal sections
contained many cells positive for TPP1 in the motor cortex (C, D). A 100X confocal image of a
Purkinje cell with TPP1 (green) in cytoplasmic vesicles consistent with endosomal-lysosomal
targeting (). Double immunohistochemistry showed that the TPP1 (green) surrounded NeuN-
positive nuclei (red), confirming that both serotype vectors were neurotrophic (F, G). In con-
trast, very few cells costained for TPP1 (green) and GFAP (red), demonstrating that astrocytes
were inefficiently transduced by AAV2 or AAV5 (H, I). Low (/) and high (K) magnification
confocal images of AAV5.,hCLN2-treated cerebellum showed that many Purkinje cells con-
tained TPP1. There were substantially less Purkinje cells positive for TPP1 in AAV2,hCLN2-
treated brains (L). Purkinje cell loss in the cerebellum of an AAV5-treated brain (M). Scale bars:
A,B,2mm; C,D, 50 wm; E, 5 um; F~I, 20 jam; J, 200 um; K=M, 40 .

of AAV vectors (Kaspar et al., 2003). Alternatively, widespread
AAV distribution may be achieved with pressure-mediated,
convection-enhanced delivery (Bankiewicz et al., 2000; Nguyen
et al., 2001). Coinjection of AAV with hyperosmotic agents or
molecules that bind to their receptors may also provide broader
distribution (Mastakov et al., 2001; Burger et al., 2005; Hadaczek
et al., 2004), although it is unclear whether toxicity associated
with coinjection strategies make it useful in the clinic.
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Figure 6.
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Reduction of brain autofluorescence with AAV2.,hCLN2 or AAV5.,hCLN2 at 13 weeks after injection. Shown are the motor cortex (4, D, G), thalamus (B, E, H), and striatum (C, F, I).

Untreated CLN2 "~ mice have high levels of autofluorescent storage material at 19 weeks of age (A—C). Injection of AAV2,hCLN2 (D~F) or AAV5,hCLN2 (G-1) substantially reduced autofluo-
rescent storage. The intensity of autofluorescence was quantified from exposure-matched digital images, and the results were plotted as the percentage of autofluorescent storage to untreated

(N2~ control mice (J). The background level of autofluorescence in untreated CLN2 /4

mice was <<5%. A total of four animals were analyzed from each group. Black bars, AAV2,hCLN2-

treated CLN2~/~ mice; white bars, AAV5  hCLN2-treated CLN2 /" mice. Data are means = SEM. Scale bar: 250 um. MC, Motor cortex; ST, striatum; HC, hippocampus; TH, thalamus; (B,

cerebellum.

The issue of spread of expressed pro-
tein is critical in large brains and in hu-
mans. Exploiting brain circuits to distrib-
ute TPP1 by axonal transport would be
beneficial for widespread distribution of
enzyme in cLINCL patients. Several

mouse models of LSD show potential dis-
ruption of vesicular transport through ax-
ons (Walkley, 1998). However, despite
these disruptions, many lysosomal en-
zymes undergo axonal transport to distal
locations in disease brain, such as
B-glucuronidase (Passini et al., 2002; Hen-
nigetal., 2003), arylsulfatase A (Lucaetal.,
2005), and acid sphingomyelinase (Dodge
et al., 2005; Passini et al., 2005). PPT1 is
also widely distributed in the INCL mouse,
demonstrating that disease-compromised
neurons of the Batten brain support ax-
onal transport (Griffey et al., 2005). Al-
though these data provide optimism that
axonal transport may be a general prop-
erty of lysosomal enzymes in affected
brain, it still remains to be verified that
TPP1 can become distributed through ax-
ons of the cLINCL brain.

In summary, we show that AAV-mediated TPP1 enzyme re-
placement is effective in reducing the hallmark cellular patholo-
gies in a newly described CLN2 knock-out mouse model of
cLINCL. The progressive nature of the disease suggests that TPP1
played a definitive role in preventing the development of storage
in CLN2~/~ brains. This would, at the minimum, provide ther-
apeutic benefits by halting any additional progression of the dis-

Figure 7.
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Electron microscope analysis of curvilinear bodies in AAV-treated and untreated thalamus. Untreated C(LN2 7/~
brains contain ultrastructural inclusions (arrow) classified as curvilinear bodies (4). In contrast, every cell from (LN2 /" mice (B)
and the majority of cells in CLN2 /"~ mice treated with AAV2,hCLN2 (€) or AAV5,hCLN2 (D) did not contain these inclusions. A
random sampling of 120 cells per group were analyzed, and the percentage of cells without or with curvilinear bodies of various
sizes were plotted as stacked bar graphs (E). Black bars, The percentage of cells that contain inclusions with a combined area of 9
um? or greater; gray bars, the percentage of cells that contain inclusions with a combined area of 2— 8 pum %; hatched bars, the
percentage of cells that contain inclusions with a combined area of 1 um 2 or less; white bars, the percentage of cells that contain
no inclusions. Scale bar, 1 m. G, Curvilinear body; N, nucleus.

ease in cLINCL patients. TPP1 may have also degraded existing
storage material because injections were done at a time when
lysosomal pathology was present in the CLN2™/~ brain. This
would be particularly relevant for treating late-stage patients with
severe forms of the disease. In conclusion, the information in this
study provides supporting evidence that AAV gene therapy may
be a potential strategy for treating cLINCL.
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