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Abstract

Infantile neuronal ceroid lipofuscinosis (INCL) is a profoundly neurodegenerative disease of
children caused by a deficiency in the lysosomal enzyme palmitoyl protein thioesterase-1 (PPT1).
There is currently no effective therapy for this invariably fatal disease. To date, preclinical
experiments using single treatments have resulted in incremental clinical improvements.
Therefore, we determined the efficacy of CNS-directed AAV2/5-mediated gene therapy alone and
in combination with the systemic delivery of the lysosomotropic PPT1 mimetic
phosphocysteamine. Since CNS-directed gene therapy provides relatively high levels of PPT1
activity to specific regions of the brain, we hypothesized that phosphocysteamine would
complement that activity in regions expressing sub therapeutic levels of the enzyme. Results
indicate that CNS-directed gene therapy alone provided the greatest improvements in biochemical
and histological measures as well as motor function and life span. Phosphocysteamine alone
resulted in only minor improvements in motor function and no increase in lifespan. Interestingly,
phosphocysteamine did not increase the biochemical and histological response when combined
with AAV2/5-mediated gene therapy, but it did result in an additional improvement in motor
function. These data suggest that a CNS-directed gene therapy approach provides significant
clinical benefit, and the addition of the small molecule PPT1 mimetic can further increase that
response.

Introduction

Infantile neuronal ceroid lipofuscinosis (INCL) is a rare lysosomal storage disease
characterized by progressive neurodegeneration beginning in infancy or childhood
(Hofmann et al. 1999; Hofmann and Peltonen 2001; Vesa et al. 1995). INCL is caused by a
deficiency in the lysosomal hydrolase palmitoyl protein thioesterase 1 (PPT1). In its
absence, cells throughout the CNS and viscera accumulate autofluorescent material, which is
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accompanied by brain atrophy, cortical thinning, widespread neurodegeneration, and glial
activation (Das et al. 1998; Hofman et al. 2001; Mitchison et al. 1998, 2004; Vesa et al.
1995). Typically diagnosed by 1.5 years of age, patients with INCL present with clinical
features such as blindness, seizures, motor deficits, and cognitive decline. INCL is
invariably fatal, and currently there is no treatment available for this disorder (Haltia et al.
19734, b, 1995; Hofmann and Peltonen 2001; VVanhanen et al. 1997).

Gupta and colleagues (2001) generated a mouse model of INCL, the Ppt1-/- mouse.
Characterization studies suggest that the mouse model of INCL recapitulates the human
course of disease (Bible et al. 2004; Griffey et al. 2004, 2005, 2006; Gupta et al. 2001). At
the end stage of life, the Ppt1-/- mice suffer from the same pathological changes and
functional deficits as patients with INCL. Based on these similarities, the Ppt1-/- mouse is
an excellent tool for investigating potential therapies for the treatment of INCL.

Lysosomotropic drugs have been suggested as potential therapeutics for treating INCL
(Zhang et al. 2001). Since the CNS is the most severely affected organ in INCL and it is a
difficult organ to target, a small molecule drug that is bio- available, able to cross the blood
brain barrier, enter the lysosome, and disrupt thioester linkages similar to PPT1 would be an
ideal candidate for treatment of INCL. Previous in vitro work suggests that the small
molecule drug phosphocysteamine might fit these criteria and be a viable option for treating
INCL (Zhang et al. 2001). Although in vitro studies suggest that the PPT1 mimetic
phosphocysteamine is not as effective at cleaving thioester linkages as endogenous PPT1
(Lu and Hofmann 2006), phosphocysteamine did clear storage material from INCL
fibroblasts and prevent substrate reaccumulation (Zhang et al. 2001).

To date, preclinical treatment strategies for INCL have demonstrated partial improvements
in disease parameters. Intracranial delivery of gene-based (i.e., adeno-associated virus type
2; AAV?2), small molecule-based (i.e., resveratrol), or stem cell-based (i.e., human central
nervous system stem cells; hCNSSCs) therapies provide some biochemical, histochemical,
and functional improvements (Griffey et al. 2005, 2006; Tamaki et al. 2009; Wei et al.
2011). However, the behavioral improvements were minimal, and no significant increase in
survival was reported.

Given the limited efficacy of single treatment regimens in preclinical experiments, we
hypothesized that therapies used in combination would better target the complexity of
disease in INCL. Since INCL has significant systemic disease (Galvin et al. 2008), and
intracranial delivery of gene or stem cell therapies fails to deliver enzyme to the CNS in its
entirety, we hypothesized that teaming daily systemic injections of phosphocysteamine with
the intracranial delivery of gene therapy at birth would confer a greater therapeutic benefit.
Previous work demonstrated that the intracranial delivery of six injections of AAV2-PPT1 at
birth in the Ppt1-/- mice provided the greatest therapeutic promise (Griffey et al. 2006).
Thus, we employed a similar approach in the current study but used adeno-associated virus
type 5 (i.e., AAV2/5-PPT1) due to its greater transduction efficiency and distribution levels
in the central nervous system (Davidson et al. 2000; Burger et al. 2004). We hypothesized
that daily injections of phosphocysteamine would provide the PPT1 mimetic to regions of
the CNS that had sub therapeutic levels of PPT1 activity from the CNS- directed gene
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therapy alone. Therefore, the combination of the PPT1 mimetic and low levels of Pptl
activity might synergize to provide more regions in the CNS with therapeutic compounds
that are able to degrade accumulated substrates present in INCL. In addition, the systemic
administration of phosphocysteamine would also target the viscera and help reduce the
systemic disease to further increase efficacy.

Intracranial injections of AAV2/5 alone result in a significant improvement in histological
parameters such as brain weight, autofluorescent accumulation, cortical thickness, and
neuroinflammation (Kielar et al. 2007; Macauley et al. 2009). Additional improvements,
albeit modest and transient, were seen when phosphocysteamine was combined with
AAV2/5. These data provide evidence for long-term clinical, biochemical, and histological
improvements in the murine model of INCL and form the basis for effective treatment of
this inherited neurodegenerative disease.

Materials and methods

Pptl-/- and wildtype mice

Lifespan

Ppt1-/- mice were created as previously described on a mixed background (Gupta et al.
2001). Subsequently, the mice were bred to C57BI/6 mice for 10 generations to produce a
congenic strain (Griffey et al. 2004). Wildtype (WT) or Pptl-deficient (Ppt1-/-) mice were
generated by either heterozygous or homozygous matings and genotype was determined by
a PCR-based assay. For this study, both male and female Ppt1-/- and wildtype mice were
used. Animals were housed under a 12:12 h light:dark cycle and provided food and water ad
libitum. All procedures were carried out under an approved IACUC protocol from
Washington University School of Medicine.

Both treated Ppt1-/- mice and untreated controls (n010 per group) were used to assess
longevity. The end of life was signaled by either death or a predetermined moribund
condition. Criteria for sacrifice included a 25% decrease from maximum body weight,
prolapsed penis, or unresponsive- ness to tactile stimuli. Kaplan-Meier analysis was used to
measure cumulative survival and determine significant differences (p<0.05) in lifespan.

Recombinant AAV production

The rAAV2/5-PPT1 vector used in these studies was as previously described (Griffey et al.
2004). Briefly, the vector contained a chicken B-actin promoter, cytomegalovirus enhancer,
the first intron from the chicken B-actin gene, rabbit -globin polyadenylation signal, cDNA
for human PPT1, and flanking inverted terminal repeats (ITRs) from AAV2. For the
packaging of rAAV2/5-PPT1 virus, the 293 cell line was maintained in a 37°C incubator
with 5% CO» in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal
bovine serum (FBS), 100 units/ml penicillin, and 100 ug/ml streptomycin. At 24 h prior to
transfection, cells were plated at a 30-40% confluence in CellSTACS (Corning, Lowell,
MA) resulting in 70-80% confluence at the time of transfection. Both 1.8 mg pXYZ5
(AAVS5 capsid) helper plasmid and 0.6 mg rAAV-Ppt1 transfer plasmid were co-transfected
into 293 cells using the calcium phosphate precipitation procedure. After 72 h, cells were
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harvested and lysed by three freeze/thaw cycles. The cell lysate was treated with 50U/ml of
benzonase followed by iodixanol gradient centrifugation. Subsequently, the iodixanol
gradient fraction was further purified using a HiTrap Q for column chromatography.
AVivaspin 20 100 K concentrator (Sartorius Stedim, Bohemia, NY) was used to concentrate
the eluted virus, and vector titer was determined by Dot blot assay.

Intracranial injections

On post-natal day 1, AAV2/5-PPT1 was intracranially injected into six sites in the Ppt1-/-
brain using a Hamilton syringe and 30-gauge needle. Two microliters of diluted virus
(1x1011vg/ml) was bilaterally injected into the anterior cortex (1 mm rostral to bregma, 2
mm medial/lateral of midline, and 2 mm ventral to the surface of the skull), hippocampus/
thalamus (3.5 mm rostral to bregma, 2 mm medial/lateral of midline, and 2 mm ventral to
the surface of the skull), and cerebellum (1 mm rostral to lamda, 1 mm medial/lateral of
midline, and 2 mm ventral to the surface of the skull).

Phosphocysteamine injections

Ppt1-deficient mice received daily intraperitonial (IP) injections of phosphocysteamine
(Sigma-Aldrich, St. Louis, MO) beginning at 28 days of age and continuing for the duration
of their life. A phosphocysteamine solution was made daily in Dulbecco's phosphate
buffered saline (dPBS), titered to a pH of 7.5, and injected immediately at a dose of 60
mg/kg. Concurrently, Ppt1-/- and WT control mice receiving daily injections of dPBS
served as controls.

Treatment groups

Mice were assigned to one of five groups based on the treatment received: (1) AAV: Ppt1-/-
mice receiving intracranial delivery of AAV2/5-Pptl only, (2) phosphocysteamine: Ppt1-/-
receiving daily phosphocysteamine injections only, (3) AAV+phosphocysteamine: Ppt1-/-
receiving both intracranial delivery of AAV2/5-PPT1 and daily phosphocysteamine
injections, (4) Pptl: Ppt1-/- mice receiving daily dPBS injections, and (5) WT: WT mice
receiving daily dPBS injections. Each group contained n0 14 mice, composed of both males
and females, which were allocated to either behavior and longevity studies (n010) ora 7
month time point (n04).

Biochemicalanalysis

Seven-month-old mice were sacrificed via lethal injection of euthasol, their brains bisected
sagitally, and the left hemi- sphere flash frozen in liquid nitrogen. The hemisphere was
homogenized in buffer containing 10 mM Tris (pH07.5), 150 mM NaCl, 1 mM
dithiothreitol, and 0.2% Triton X-100 and centrifuged at 14,000 rpms for 1 min. Following
centrifugation, the supernatant was removed and used for both PPT1 and -glucuronidase
(B-gluc) enzyme assays as previously described (Griffey et al. 2004; Sands et al. 1993). For
PPT1 assays, the supernatant was incubated with the fluorescent substrate 4-MU-f3-6-
thiopalmitoylglucoside for 1 h in a 37°C water bath. The reaction was stopped with 500 pl
of a 0.1 M sodium carbonate/sodium bicarbonate buffer. For 3-gluc assays, 1-10 pl of
supernatant was added to 25 pl of 5 mM 4-methylumbelliferyl-p-D-glucuronide (Sigma, St.
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Louis, MO) and incubated at 37°C for 1 h. The reactions were stopped by adding 1 ml of 0.1
M Nay,COg3. Substrate cleavage was measured at 448 nm emission and 365 nm excitation in
a Hitachi F-2000 fluorescence spectrophotometer (Hitachi, Pleasanton, CA) using a standard
curve ranging from 0.5 to 5 mM of 4-methylumbelliferone (Sigma, St. Louis, MO). The
values were normalized to total protein measured using a Coomasie dye-binding assay (Bio-
Rad Laboratories, Hercules, CA).

Cortical thickness

The thickness of the primary somatosensory cortex was determined using Stereolnvestigator
software (Microbrightfield, Williston, VT). Ten perpendicular lines extending from the
white matter to the pial surface were measured from three consecutive Nissl-stained sections
spanning the S1BF. One-way ANOVAs followed by Bonferroni post-hoc tests were used to
determine statistical significance.

Autofluorescence threshold image analysis

In order to determine the extent of endogenous autofluorescence, three consecutive sections
spanning the S1BF were mounted onto a chrome-gelatin coated slide and cover slipped with
Vectashield (Vector Laboratories). Ten non- overlapping images from each section were
captured at 40x magnification using a Leica SP5 confocal microscope and a 488 nm
excitation laser. During image capture, all parameters including laser power, gain and offset
settings, and calibration were kept constant. Semi-quantitative thresholding analysis was
carried out on these confocal images using Image Pro Plus software (Media Cybernetics) to
determine the number of pixels per image that contained autofluorescent storage material.

Immunohistochemistry

Inflammation within the CNS was determined by immunohistochemical staining for the
astrocytic marker GFAP and the microglial marker CD68. A series of every sixth free-
floating section was stained using a previously described protocol (Bible et al. 2004; Griffey
et al. 2004. 2006; Kielar et al. 2009). In short, sections were quenched for endogenous
peroxidase activity, rinsed, and subsequently blocked using normal serum prior to overnight
incubation in primary anti-sera diluted in TBS with normal serum and 0.3% Triton X-100
(polyclonal rabbit anti-GFAP, 1:4000, DAKO; mono- clonal rat anti-CD68, 1:2,000, AbD
Serotec). Following another rinse, sections were incubated in secondary antisera diluted in
TBS with normal serum and 0.3% Triton X-100 (biotinylated swine anti-rabbit IgG, 1:1,000,
DAKO; biotinylated rabbit anti-rat 1gG, 1:1,000, Vector Laboratories). Sections were then
incubated with an avidin-biotin complex (Vectastain, Vector Laboratories), and the
immunoreactivity was visualised using DAB. Sections were mounted onto chrome-gelatin-
coated slides, air-dried, cleared in xylene, and cover slipped with DPX. For the double
labeling experiments, the sections were blocked in normal serum prior to an overnight
incubation with both anti-GFAP and anti-CD68 as outlined above. Goat anti-rabbit Alexa
633 (Invitrogen) and goat anti-rat Alexa 568 (Invitrogen) were used to fluorescently
visualize anti-GFAP and anti-CDG68, respectively. Sections were counterstained with DAPI,
mounted on a slide, and cover slipped with fluoromount G (SouthernBiotech).
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Images of GFAP or CD68 immunoreactivity for semi- quantitative threshold analysis were
captured at 40x magnification as described above, using a live video camera (JVC, 3CCD,
KY-F55B) mounted onto a Zeiss Axioplan micro- scope. Thirty no overlapping images were
captured from three sections through the S1BF. Parameters of light intensity, camera setup,
and calibration were kept constant. Semi- quantitative thresholding analysis was carried out
on these images using Image Pro Plus software (Media Cybernetics) to determine the
number of pixels per image that were immunoreactive for GFAP or CD68, respectively.
Statistical significance was determined by a one-way ANOVA and Bonferroni post-hoc test.

Rotarod testing

Results

Congenic Ppt1-/- mice (n011-14 mice per group) and wild- type littermates (n010-14 mice
per group) were tested on the rotarod beginning at 6 weeks of age, then at 3 months, and
every month thereafter. Latency to fall served as the dependent variable, and trials lasted a
maximum of 60 s. At each age, mice underwent three test sessions where each session
included a pretest trial on a stationary rod, followed by two test trials on the rocking rotarod.
For the rocking rotarod paradigm, mice were placed on the rod programmed to alternate
rotating forwards and backwards to final speed of 10 rpms. Each rocking test trial lasted 60
s. Statistical significance was determined using one-way ANOVAs at each time point,
followed by a Bonferroni post-hoc test.

Biochemicalanalyses

We performed PPT1 assays to determine the level of enzyme activity in the Ppt1-/- brain
following intracranial delivery of AAV2/5-PPT1 (Fig. 1a). While the level of PPT1 activity
in the Ppt1-/- brain is largely undetectable, the normal mouse brain contains approximately
212 nmol/ mg/h. Following the intracranial delivery of AAV2/5-PPT1, the treated Ppt1-/-
brain had PPT1 levels of approximately 400 nmol/mg/h, a two-fold increase over
endogenous PPT1 levels. There was no significant difference in the specific activity
between the AAV only or AAV+phosphocysteamine—treated brains. This elevation in PPT1
activity represented a significant increase when compared to untreated controls (p<0.0001).
PPT1 activity was not detected in the mutant brains treated with phosphocysteamine only.

In addition to quantifying the PPT1 levels in treated brains, we investigated whether AAV-
mediated gene therapy successfully decreased secondary elevations in lysosomal enzyme
activity, a phenomenon typically observed in lysosomal storage diseases (Fig. 1b). To do
this, we performed B-glucuronidase (3-gluc) assays on the brains from both treated mice and
untreated controls. There was a six fold increase in B-gluc activity in the brains of Ppt1-/-
mice compared to WT controls. Following intracranial delivery of AAV2/5-PPT1, there was
a significant decrease in p-gluc activity, which was restored to normal levels.

Cortical thickness

Patients suffering from INCL and Ppt1-deficient mice display significant cortical atrophy
(Bible et al. 2004; Haltia et al. 1973a; Kielar et al. 2007). Therefore, we sought to
investigate the effects of treatment on cortical thinning in the treated Ppt1-/- mice (Fig. 2).
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Upon gross examination, there is pronounced atrophy of the cortical mantle in the Ppt1-/-
mice compared to WT controls, as is evident in the S1BF cortex (Fig. 2a). When quantified,
the thickness of the S1BF cortex from Pptl-/- mice is decreased by approximately 20%
when compared to normal (Fig. 2b). However, there was a significant increase in cortical
volume in mice treated with either AAV alone or AAV + phosphocysteamine compared to
untreated Ppt1-/- mice (p< 0.0001). Only an 8-10% decrease in the thickness of the S1BF
was present in both the AAV and AAV+phosphocysteamine—treated mice. Compared to
wild type brains, there was a significant difference in the AAV only and AAV +
phosphocysteamine groups. In contrast, the phosphocysteamine-treated mice showed no
improvement in cortical thickness and were indistinguishable from untreated Ppt-/- mice.

Brain atrophy

Brain weights were used as a measure of overall brain atrophy (Fig. 2c). By 7 months of
age, there was a significant decrease in the brain weights of the Ppt1-/- mice compared to
WT controls (p<0.001) in which the Ppt1-/- mice lost approximately24% of their brain
mass. However, the brain weights of AAV only and AAV+phosphocysteamine—treated mice
at 7 months were 90% of normal, illustrating a significant increase (p<0.001) in brain mass
compared to untreated Ppt1-/- mice. However, at a terminal time point, this therapeutic
benefit was lost, and the brain weights of AAV only and AAV+phosphocysteamine—treated
brains at approximately 15 months of age were indistinguishable from 7-month-old
untreated Ppt1-/- mice. Daily treatment with phosphocysteamine alone did not significantly
improve brain weights when compared to untreated Ppt1-/- mice.

Autofluorescent storage accumulation in the cortex

Accumulation of autofluorescent storage material throughout the neuraxis is a predominant
feature of INCL (Fig. 2d). As another measure of therapeutic efficacy, we investigated the
levels of autofluorescent storage material in the S1BF cortex in treated mice compared to
untreated controls. The AAV only and AAV+phosphocysteamine combination therapy
showed a significant reduction (p<0.05) in autofluorescent storage material within the S1BF
cortex. This storage material was reduced by 96 and 81%, respectively, in the AAV and
combination therapy groups.

Neuroinflammatory response in the cortex

A major component of INCL is the neuroinflammatory response characterized by an early
astrocyte activation and later stage microglial reactivity (Kielar et al. 2007; Macauley et al.
2009). We therefore performed GFAP and CD68 immunohistochemsitry to investigate
whether each therapy had an effect on astrocyte and microglial activation, respectively (Fig.
3). Gross examination of sections stained with GFAP and CD68 (Fig. 3a and b,
respectively), revealed a marked increase in immunoreactivity for both markers within the
S1BF cortex of Ppt1-/- mice when compared to WT controls. Following therapy with AAV
alone or AAV+phosphocysteamine, there appeared to be fewer GFAP+or CD68+ cells
within the S1BF cortex. To quantify this effect, we used thresholding image analysis to
assess the level of GFAP and CD68 immunoreactivity within the S1BF cortex of treated and
untreated brains (Fig. 3c and d). Compared to WT controls, there was a significant increase
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in immunoreactivity for both GFAP and CD68 within the S1BF of both the untreated Ppt1-/-
and phosphocysteamine-treated brains. However, there was a significant decrease in GFAP
and CD68 immunoreactivity in both AAV only and AAV+phosphocysteamine combination
therapy mice (p<0.0001), with an increase in GFAP+immunoreactivity in the AAV
+phophocysteamine group compared to AAVonly (Fig. 3c). To visualize both the
autofluorescent storage accumulation and glial activation in the treated mice, we performed
fluorescent double labeling experiments with anti-GFAP and anti-CD68, markers of reactive
astrocytes and activated microglia, respectively, in the S1BF cortex (Fig. 4). Al- though no
autofluorescent storage material and glial activation were present in WT mice, the S1BF
cortex of Ppt1-/- mice displayed a significant increase in storage material, astrogliosis, and
microglial activation. The insets demonstrate that although storage material was found in
microglia, the majority of storage products seem to localize to other cell types, presumably
neurons. There is still auto- fluorescent accumulation present in phosphocysteamine- treated
mice in addition to high levels of anti-GFAP and anti-CD68 immunoreactivity. Treatment
with either AAVor AAV+phosphocysteamine results in a dramatic decrease in
autofluorescent accumulation, astrogliosis, and microglial activation.

Motor function

Lifespan

To determine whether AAV2/5-mediated gene therapy in combination with
phosphocysteamine corrected functional deficits associated with INCL, we tested the mice
monthly on a rocking rotorod paradigm (Fig. 5a). At 5 months of age, all groups performed
comparably on this paradigm. By 6 months of age, the performance of phosphocysteamine-
treated mice and untreated Ppt1-/- controls began to diminish. However, the performance of
phosphocysteamine-treated mice was significantly better than that of the untreated Ppt1-/-
mice at this time point (p<0.001). The performances of both the AAVonly and AAV
+phosphocysteamine—treated groups were indistinguishable from WT at this time point. By
7 months of age, the phosphocysteamine-treated group performed as poorly as the Ppt1-/-
mice with both groups unable to stay on the rod for more than 10 s. In contrast, between 5
and 7 months of age, the performance of both the AAV only and AAV+phosphocysteamine
group steadily improved. Notably, the motor function of the AAV+ phosphocysteamine
group was indistinguishable from WT at 7 months of age, as well as being significantly
improved compared to AAV only—treated mice. This discrepancy in performance between
the AAVand AAV+phosphocysteamine group continued through the 8-month time point,
demonstrating an interim benefit of the additional phosphocysteamine treatment. This
benefit is most likely due to a decreased variability in performance (Fig. 5b). The scatter plot
at 7 months demonstrates the variability in performance in the AAV only treatment group
compared to the AAV+phophocysteamine group. By 9 months of age, the latency to fall for
both groups continued to plummet until they reached a nadir in performance at 11 months of
age. Between 9 and 12 months of age, no significant difference in the performance of AAV
only and AAV+phosphocysteamine groups was appreciable. In comparison, the WT mice
performed at criterion (60 s) for the duration of the testing period.

We also investigated the effects of different treatment strategies on lifespan in the Ppt1-/-
mouse (Fig. 6). Similar to previous findings (Griffey et al. 2004; Gupta et al. 2001) the
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Ppt1-/- mice died prematurely (median survival 0 36.5 weeks) when compared to normal
littermates. Treatment with either AAV only or AAV+phosphocysteamine significantly
increased the survival of the Ppt1-/- mice when compared to untreated littermates
(p<0.0001). The median survival for the AAV+ phosphocysteamine group was 59 weeks
compared to 54 weeks in the AAV only- treated group; however, this difference in
longevity was not statistically significant. The median survival for the phosphocysteamine-
treated mice was 34 weeks of age, thus demonstrating no improvement in lifespan when
compared to the untreated Ppt1-/-mice.

Discussion

In this study, we evaluated the efficacy of combination treatment for INCL using CNS-
directed AAV-mediated gene therapy teamed with the lysosomotropic drug
phosphocysteamine. Previous experiments that directed treatment of AAV2-mediated gene
therapy to the brain provided some promise in a mouse model of INCL. There were
measurable improvements on many biochemical and histological parameters, but the
functional improvement was modest, and no significant increase in lifespan was observed.
In this experiment, we substituted AAV2/5 for AAV2 due to its greater transduction
efficiency and higher expression level in the CNS, potentially making it a better choice for
treating INCL. In fact, treatment with AAV2/5- PPT1 alone resulted in the greatest
histological, biochemical, and functional improvements of any single therapy to date in
INCL. Following AAV-mediated gene therapy, the Ppt1-/- mice had increased brain mass,
decreased cortical thinning, decreased autofluorescent accumulation, and decreased
neuroinflammation in the CNS. Furthermore, there were sustained improvements on the
rocking rotarod test beginning at 6 months. Previous studies using small- molecule drugs,
gene therapy, or neuronal stem cells resulted in significant improvements in motor function,
but this was only maintained for a short duration (Griffey et al. 2006; Tamaki et al. 2009;
Wei et al. 2011). Finally, there was a substantial improvement in lifespan in the AAVonly-
treated mice to 54 from 36 weeks. Previously, the only documented increase in lifespan in
this model was described with the use of resveratrol and that consisted of a 2-week increase
in longevity (Wei et al. 2011).

Although AAV2/5-mediated gene therapy provided the best singular therapeutic benefit
reported to date, its efficacy was still only partial. Therefore, we hypothesized that using
AAV2/5 in combination with other therapies would maximize the treatment outcomes in
INCL. One of the limitations of intraparencymal injections of viral vectors is that the area of
correction is largely localized to the injection site (Passini et al. 2005). Since the CNS
disease in INCL is widespread (Bible et al. 2004), finding a therapy that increases the area
of correction would have enormous potential. Furthermore, previous reports describe
significant storage pathology within the visceral organs in addition to the CNS (Galvin et al.
2008; Haltia et al. 1973a; Hofman et al. 2001). Therefore, addition of a complementary
therapy that also has the potential to treat the systemic disease might be expected to increase
efficacy. Thus, we investigated the use of the small lysosomotropic drug and PPT1 mimetic
phosphocysteamine as an adjunct therapy for INCL to be used in combination with gene
therapy.
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Since phosphocysteamine can disrupt thioester linkages on palmitoylated proteins in human
INCL fibroblasts (Lu and Hofmann 2006; Zhang et al. 2001), it seemed to be an ideal
candidate for an adjunct therapy for INCL. In order for a small molecule such as
phosphocysteamine to be successful, it needs to be bioavailable, cross the blood-brain
barrier, and traffic to the lysosome; all characteristics that have been attributed to
phosphocysteamine (Zhang et al. 2001). How- ever, the therapeutic improvement in the
Ppt1-/-mouse from daily dosing with phosphocysteamine was both minimal and transient.
Phosphocysteamine-alone provided an incremental but significant improvement on rotarod
function at 6 months of age, although brain atrophy, cortical thinning, and glial activation
remained unchanged. There was a slight decrease in autofluorescent accumulation with
phosphocysteamine alone but it did not reach statistical significance. Nonetheless, the
apparent decrease in storage material is consistent with the small but significant
improvement in motor function.

The most notable improvement reported with the combination of AAV+phosphocysteamine
therapy in comparison to AAValone was also seen in the rocking rotarod paradigm.
Although the histological improvements seen in both the AAV and AAV
+phosphocysteamine groups were impressive, they were not significantly different from one
another, suggesting that the majority of improvement was due to AAV2/5 and not the
combination approach. However, at both 7 and 8 months of age, the motor performance of
the AAV+phosphocysteamine group was significantly better than the AAVonly group. This
is an important finding since functional improvements are perhaps the most meaningful
measure of clinical efficacy.

Similarly, there was a trend towards an increased lifespan (~5 weeks) in the combination
treatment group compared to the AAV only group. These data suggest that although the
addition of phosphocysteamine to the AAV treatment regimen did not provide any further
improvement in biochemical and histological measures, phosphocysteamine did have a
meaningful, albeit transient, clinical effect if given together with gene therapy. Finally,
although phosphocysteamine provided only an incremental increase in efficacy, a more
complete response might be achieved if using a higher dose, a different method of drug
delivery, or a different treatment regimen.

In this study, we proposed a combination therapy approach for the treatment of INCL. This
study demonstrated that treatment with either AAVonly or AAV+phosphocysteamine can
improve histological parameters, behavioral function, and longevity in the Ppt1-/- mice.
Furthermore, we would argue that the combination therapy of AAV and phosphocysteamine
was more beneficial than either therapy alone based on the interim functional improvement
on the rotarod. These preclinical findings provide a basis for future clinical trials for INCL.
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Fig. 1a, b.
PPT1 activity and secondary lysosomal enzyme elevations in the brain at 7 months of age. a

PPT1 activity in the treated and untreated brains. Ppt1-/- mice treated with either AAV only
or AAV+ phosphocysteamine resulted in a twofold increase in PPT1 enzyme activity
compared to WT brains. Untreated Ppt1-/- brains or those treated with only
phosphocysteamine had undetectable levels of PPT1 activity in the brain. b Secondary
lysosomal enzyme elevations in the treated and untreated brains. To ascertain whether
secondary elevations in lysosomal enzyme activity were decreased in response to therapy,
we performed B-glucoronidase activities on the brains from treated and untreated mice.
There was a six fold increase in f-glucoronidase activity in the brains of untreated Ppt1-/-
mice compared to normal. A similar increase in -glucoronidase activity was observed in the
phosphocysteamine only group. Following either AAV only or AAV+phosphocysteamine
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treatment, there was a decrease in secondary enzyme elevation, returning -glucoronidase
activity to WT levels. (*p<0.05, ***p<0.001)

J Inherit Metab Dis. Author manuscript; available in PMC 2014 July 23.



1duosnue Joyny vd-HIN 1duosnue N JoyINy Vd-HIN

1duosnue Joyiny vd-HIN

Roberts et al. Page 15

O

A S1BF Cortical Thickness

Brain Mass
7 Mo.
e 1 Terminal
E *
S
5 \
\
: %
: \
o
3 A o s o \\\
WT Ppt1-/- Phospho- AAV AAV + @
cystaemine Phospho- &
cystaemine @
AXQ‘\
g
B Cortical Thickness D Storage Material Accumulation
= 1500+ = 3
n 7]
E *%* ek E e
3 e -= f
§ 1000 4 = 2+ = & 2
Q
£ g i
E 500 + § 1
© L=
-9 5 - - %
(§ 0 a2 g 0 T T nﬁﬁm
v & A
3 R 3 3
& & N
& & 3
S ) SN
o O ©
R R
N o
Q R

Fig. 2a-d.

Hi%tological improvement in the cortex following therapy. a Representative micrographs of
the S1BF cortex at 7 months. Nissl- stained sections reveal the pronounced thinning of the
primary somato- sensory cortex (S1BF) of Ppt1-/- mice compared to WT controls. Mutant
mice treated with phosphocysteamine display a similar level of cortical thinning as the
Ppt1-/- mice. Treatment with either AAV only or AAV+phophocysteamine appeared to
prevent the thinning of S1BF. b Cortical thickness measurements at 7 months. Both the
Ppt1-/- group and the phosphocysteamine-treated mutant mice displayed a significant
thinning of the S1BF compared to WT mice. Following treatment, the AAV only and AAV
+phosphocysteamine treatment groups both exhibited a significant increase in cortical
thickness when compared to untreated Ppt1-/- mice. ¢ Overall brain atrophy in the treated
and untreated mice at 7 months and terminal time points. Ppt1-/- mice display a significant
reduction in brain mass at 7 months of age in comparison to WT mice. A similar reduction
in brain mass was seen in phosphocysteamine-treated mutant mice. Notably, the AAVonly
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and AAV+phosphocysteamine—treated mutant mice displayed a significant increase in brain
mass at 7 months of age. However, this therapeutic benefit was lost at a terminal time point
in both treated groups. d Auto- fluorescent storage material accumulation in 7 month S1BF
cortex of treated and untreated mice. Compared to WT mice, untreated Ppt1-/- mice and
phosphocysteamine only groups display a significant accumulation of autofluorescent
storage material within the S1BF cortex. Following treatment, there is a significant
reduction in autofluorescent material in the AAV only and AAV+phosphocysteamine
groups. (*p< 0.05, **p<0.01, n.s. 0 no significant difference)
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Fig. 3a-d.

Decreased neuroinflammation following therapeutic intervention. a Astrocyte activation in
the S1BF cortex at 7 months. Untreated Ppt1-/-mice and phosphocysteamine-treated mice
display pronounced GFAP staining in the S1BF cortex, indicative of astrocyte activation in
this brain region. This was reduced following AAV only or AAV+phosphocysteamine
treatment. b Quantification of GFAP immunoreactivity in the S1BF cortex at 7 months.
Thresholding image analysis reveals a significant increase in GFAP immunoreacitvity in the
S1BF of both untreated Ppt1-/- and phosphocysteamine-treated mice compared to WT
controls. Treatment with either AAV only or AAV+ phosphocysteamine resulted in a
significant decrease in GFAP immunoreactivity within the S1BF. Notably, AAV
+phosphocysteamine—treated mice still displayed significant elevations in GFAP staining
compared to AAV only-treated mutant mice. ¢ Microglial activation in the S1BF cortex at 7
months. Staining for CD68 revealed a pronounced increase in staining in the S1BF cortex of
Ppt1-/- mice compared to WTcontrols. A similar pattern of CD68 immunoreactivity was
apparent in the phosphocysteamine-treated mice. Conversely, the S1BF of Ppt1-/- mice
treated with either AAVonly or AAV+phosphocysteamine appeared to have fewer, less
intensely stained CD68+ cells than were seen in untreated mutants. d Quantification of
CD68 immunoreactivity in the S1BF cortex at 7 months. Both the Ppt1-/- and
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phosphocysteamine-treated mice displayed significantly more CD68 staining in the S1BF
compared to WT controls. Relative to untreated Ppt1-/- mice, treatment with either AAV
only or AAV+phosphocysteamine resulted in a significant reduction in the level of CD68
immunoreactivity in the S1BF. (*p<0.05, **p<0.01, ***p<0.001)
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Fig. 4.
Autofluorescent storage material accumulation, astrocytosis, and microglia activation in

treated and untreated Ppt1-/- mice. Fluorescent micrographs of autofluorescent storage,
GFAP+astrocytes, and CD68+ microglia in the S1BF cortex of WT, Ppt1-/-,
phosphocysteamine-treated, AAV-treated, and AAV+phosphocysteamine—treated Ppt1-/-
mice. No autofluorescent accumulation or glial activation is present in the WT mice at 7
months of age. Conversely, there are high levels of autofluorescent accumulation in the
S1BF cortex of untreated Ppt1-/- mice, which coincides with both astrocyte (GFAP) and
microglial (CD68) upregulation. In the inset, note that there is more autofluorescent
accumulation within CD68+ cells than GFAP+cells, although the majority of storage
material appears to be localized to another cell type, most likely the neurons. The storage
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material in phosphocysteamine-treated mice appears less than the untreated Ppt1-/- mice,
while treatment with phosphocysteamine does not appear to affect GFAP or CD68 levels in
the S1BF. Conversely, treatment with either AAVonly or AAV+phosphocysteamine resulted
in decreased autofluorescence, GFAP+immunostaining, and CD68+ immunostaining. Scale
bar 0100 pm
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Fig. 5a, b.
Functional improvement on the rocking rotorod paradigm. a Motor improvement observed

following therapeutic intervention. At 5 months of age, all treated and untreated mice
performed similarly on the rocking rotorod paradigm. At 6 months, the performance of the
phosphocysteamine only and untreated Ppt1-/- mice began to deteriorate and was
significantly worse compared to WTcontrols (p<0.0001). Phosphocysteamine-treated mutant
mice performed better at 6 months of age compared to untreated Ppt1-/- mice (g).
Remarkably, the performance of the AAV only or AAV+phosphocysteamine treated—mice
was comparable to W T. The motor function of both phosphocysteamine-treated and
untreated Ppt1-/- mice deteriorated dramatically by 7 months of age. At 7 months, AAV
+phosphocysteamine—treated mice not only performed significantly better than AAV only—
treated mice (p<0.001), but the motor performance of the combination group was
indistinguishable from WT (¢). At 8 months, motor function in AAV only and AAV
+phosphocysteamine—treated mice began to decline, but the performance of the AAV
+phophocysteamine treatment group was still significantly improved compared to AAV
only-treated mutant mice (y; p<0.05). Motor performance continued to decline in both the
AAVonly and AAV+ phophocysteamine—treated mice until they were unable to accomplish
this task at 12 months of age. b Scatter plot of rocking rotorod data for 7-month-old mice.
Each point represents an individual trial for each mouse tested within each treatment group.
In the WT group, all mice stayed on the rod for 60 s. In comparison, the phosphocysteamine
and untreated Ppt1-/- mice performed poorly, and each individual trial clustered around 10 s.
Of particular interest is the comparison between the AAV only and AAV
+phosphocysteamine groups. The variability within the AAV only treatment group was far
greater than the AAV+phosphocysteamine group, suggesting that combination therapy was
more effective than AAV treatment alone
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Fig. 6.

In?provement in lifespan following AAV-mediated gene therapy with or without
phosphocysteamine. The median lifespan of the untreated Ppt1-/-mice was 36.5 weeks
compared to 34 weeks in the phosphocysteamine-treated mutant mice. There was a
significant improvement in lifespan in mutant mice treated with either AAV only or AAV
+phosphocysteamine. Treatment with AAV only increased their median lifespan to 54
weeks while AAV+ phosphocysteamine increased median lifespan to 59 weeks, although
this difference was not significant
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