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Gaucher disease (GD) is caused by a deficiency of glu-
cocerebrosidase and the consequent lysosomal accu-
mulation of unmetabolized glycolipid substrates.
Enzyme-replacement therapy adequately manages the
visceral manifestations of nonneuronopathic type-1
Gaucher patients, but not the brain disease in neurono-
pathic types 2 and 3 GD. Substrate reduction therapy
through inhibition of glucosylceramide synthase (GCS)
has also been shown to effectively treat the visceral dis-
ease. Here, we evaluated the efficacy of a novel small
molecule inhibitor of GCS with central nervous system
(CNS) access (Genz-682452) to treat the brain disease.
Treatment of the conduritol B epoxide-induced mouse
model of neuronopathic GD with Genz-682452 reduced
the accumulation of liver and brain glycolipids (>70%
and >20% respectively), extent of gliosis, and severity
of ataxia. In the genetic 4L;C* mouse model, Genz-
682452 reduced the levels of substrate in the brain by
>40%, the extent of gliosis, and paresis. Importantly,
Genz-682452-treated 4L;C* mice also exhibited an
~30% increase in lifespan. Together, these data indicate
that an orally available antagonist of GCS that has CNS
access is effective at attenuating several of the neuro-
pathologic and behavioral manifestations associated
with mouse models of neuronopathic GD. Therefore,
Genz-682452 holds promise as a potential therapeutic
approach for patients with type-3 GD.
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INTRODUCTION

Gaucher disease (GD) is caused by deficient activity of the lyso-
somal enzyme, glucocerebrosidase (acid B-glucosidase). This
results in accumulation of glucosylceramide (GL-1) and its
unacylated form glucosylsphingosine (lyso-GL-1), primarily
in cells of the monocytic lineage. Disease severity is correlated
with the level of residual glucocerebrosidase activity: patients

with higher residual enzyme levels present the nonneurono-
pathic form referred to as type-1 GD. Patients with lower levels
of residual hydrolase activity exhibit neuronal involvement and
are termed either as type-2 or -3 GD depending upon the sever-
ity of symptoms and life expectancy. Type-2 GD represents the
more severe form with earlier disease onset manifesting primarily
as central nervous system (CNS) disease with death by 2 years of
age. Patients with type-3 GD, also called subacute GD, typically
develop visceral involvement first with neurological symptoms
developing over time and causing premature death by the second
to fourth decade of life.!

Presently, GD is managed with either enzyme-replacement
therapy using recombinant glucocerebrosidase*® or substrate-
reduction therapy (SRT) using miglustat* or eliglustat.” While
these therapies address most of the visceral manifestations, none
are effective against the CNS disease.® For example, although
enzyme-replacement therapy is frequently used as a treatment to
alleviate the visceral disease in type-3 GD,”"' no neurological ben-
efit has been demonstrated using this approach. Consequently, a
number of different therapeutic strategies are being investigated
to address the CNS pathology. These approaches include efforts to
reconstitute active glucocerebrosidase in the CNS either by direct
delivery of the enzyme into the brain,"~? or through transplan-
tation of bone-marrow' or hematopoietic stem cells."* A variety
of gene therapy approaches are also being evaluated to treat the
neuronopathic disease (reviewed in '°). Therapies that are based
on small-molecule drugs that are able to traverse the blood-brain
barrier are also being explored, including chaperone therapy'®
and SRT using miglustat. However, although miglustat is report-
edly capable of crossing the blood-brain barrier, it was ineffective
when tested in neuronopathic type-3 GD patients.'” The recently
approved eliglustat is not suitable for SRT of the brain disease as it
is a substrate of P-glycoprotein (also known as MDR1 or ABCB1)
and therefore has poor exposure in the CNS.'®

SRT for GD acts through inhibition of glucosylceramide syn-
thase (GCS) to reduce the production of the substrates GL-1 and
lyso-GL-1 that accumulate in the tissues of patients. The thera-
peutic potential of SRT has been illustrated in mouse models of
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type-1'"?" and type-2 GD,” but not in putative models of type-3
GD (where there is some residual glucocerebrosidase activ-
ity in the CNS). Here, we describe a specific inhibitor of GCS
(Genz-682452; GZ/SAR402671) that can access the CNS and that
has been demonstrated to effectively lower glycosphingolipid syn-
thesis.?? As such, Genz-682452 represents a potential therapeutic
intervention that might benefit the visceral pathologies and also
the unmet CNS manifestations observed in type-3 GD that are not
addressed by current drugs. The availability of an oral drug that
can address the CNS disease would offer several advantages over
other approaches being considered such as enzyme-replacement
therapy, which is invasive,'” and transplantation, because of the
associated morbidity.?

Here, we evaluated the efficacy of oral administration of
Genz-682452 at inhibiting the accumulation of GL-1 and lyso-
GL-1 in the liver and brain in two murine models of neuronopathic
GD. One model involved treating mice with the glucocerebrosidase
inhibitor, conduritol B epoxide (CBE),* to generate a surrogate
model of neuronopathic GD.** This model has previously been
used to illustrate the complexity of the bone disease in GD* and to
determine the threshold level of glucocerebrosidase activity needed
to prevent the progression of neuronopathic disease.”” It should be
noted, though, that off-target effects on other B-glucosidases have
been reported for CBE.* The other murine model of neuronopathic
GD used was the transgenic 4L;C* mouse that harbors a homozy-
gous V394L mutation in the Gba locus coupled with a knock-in
mutation in the saposin C-encoding region.*® This mouse model
accumulates GL-1 and lyso-GL-1 in the brain, develops CNS gliosis
and exhibits a shortened lifespan (median lifespan of approximately
45 days). We showed that treating these animals with Genz-682452
significantly delayed substrate accumulation and the development
of gliosis, as well as neuropathological indicators of disease progres-
sion. The findings indicate that SRT using a GCS inhibitor that has
brain access may represent an effective approach to treat the CNS
manifestations in patients with type-3 GD.

RESULTS
Genz-682452 reduces substrate accumulation in the
liver and brain of CBE-induced Gaucher mice
To determine the efficacy of SRT at reducing the substrates (GL-1
and lyso-GL-1) that accumulate in GD, mass spectrometric analy-
sis was performed on liver and hindbrain homogenates obtained
from mice treated with CBE, an inhibitor of glucocerebrosi-
dase. As reported previously,” CBE administration to wild-type
(WT) C57Bl/6 mice resulted in a decrease in glucocerebrosidase
activity and an approximately twofold increase in the amount of
GL-1 in the liver (Figure 1a). Concomitant administration of the
GCS inhibitor, Genz-682452, prevented this elevation in hepatic
GL-1. The GL-1 levels observed at the end of the 7-week treat-
ment period were approximately 20% of those in untreated con-
trol mice (Figure 1a). Hepatic lyso-GL-1 levels were also highly
elevated (~100-fold increase) in CBE-treated mice compared with
untreated control mice (Figure 1b). Genz-682452-mediated SRT
of CBE-treated mice significantly reduced the elevated levels of
hepatic lyso-GL-1 by approximately 75% (Figure 1b).

Mass spectrometric measurements of GL-1 in the hindbrains
of CBE-treated C57Bl/6 mice showed an approximately 10-fold
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higher level of the glycolipid compared with the untreated con-
trols (Figure 2a). SRT of CBE-treated animals resulted in an
approximately 25% reduction in total GL-1 levels, although this
did not reach statistical significance (Figure 2a). Further analysis
of the different GL-1 isoforms in the brain revealed that the major-
ity (~80%) of the isoforms that were increased by CBE treatment
were those with shorter ceramide acyl chain lengths (<21 carbons
long; Figure 2b). Whereas Genz-682452 treatment did not signifi-
cantly lower the levels of these isoforms, the levels of GL-1 spe-
cies that were longer than 21 carbons were significantly reduced
(by ~50%) (Figure 2c). These longer isoforms (>21 carbons long)
represent glycosphingolipids from cell types that predominantly
express ceramide synthase 2, which are associated with the white
matter in the CNS. Similar to what was seen in the liver, there was
a >100-fold increase in the brain level of lyso-GL-1 in the brains
of CBE-treated mice. Treatment with Genz-682452 significantly
lowered these levels by approximately one-third (Figure 2d).
Hence, Genz-682452-mediated SRT was effective at reducing the
accumulation of substrates in the liver and brain of CBE-induced
Gaucher mice.

Genz-682452 reduces the extent of gliosis in the
brains of CBE-induced Gaucher mice

Brains were harvested from the mice at the end of the 7-week
study and sections then immunostained with either anti-CD68 or
anti-GFAP antibodies to identify microglia and astrocytes, respec-
tively. Figure 3a shows representative sections from the striatum
though other areas of the brain were evaluated (including the cor-
tex, hippocampus, substantia nigra, and cerebellum) with similar
findings. Increased intensity and area of staining for both microg-
lia and astrocytes were observed in the CBE-treated mice com-
pared to the control animals. A significantly lower extent of gliosis
was apparent in the CBE- and Genz-682452-treated group than
in the CBE only-treated cohort, either visually (Figure 3a) or fol-
lowing quantification using image analysis software (Figure 3b).
The extent of microglial infiltration, as illustrated by staining for
CD68* cells, was also significantly reduced in the CBE-treated
mice that were administered Genz-682452 (Figure 3a,b). Hence,
Genz-682452-mediated lowering of glycosphingolipids in the
CNS correlated with a concomitant decrease in the extent of
gliosis.

Genz-682452 partially corrects a behavioral
aberration (hind limb splay) in the CBE-induced
mouse model of GD

One of the phenotypic characteristics of CBE-induced Gaucher
mice is a deficit in the natural splay response of their hind limbs
upon suspension by the tail.>! This aberration is also a feature of
other mouse models of neurodegenerative disease.*>** Animals
were evaluated periodically in a blinded manner using a sever-
ity scoring system that reflected the degree to which they were
able to splay their hind limbs (Figure 4). Healthy W'T mice typi-
cally exhibited a broad splay of their limbs upon being suspended
by their tail. In contrast, CBE-treated mice showed a progressive
deterioration with age as illustrated by an increased tendency to
draw their hind limbs to midline and to clench their hind paws.
Treating the CBE-induced Gaucher mouse with Genz-682452
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Figure 1 Effect of SRT on liver GL-1 and lyso-GL-1 concentrations in CBE-treated C57Bl/6 mice. Livers from untreated (control), CBE-treated
(dosed IP at 100mg/kg/day) (CBE), and CBE- and Genz-682452-treated (dosed in the diet at ~60 mg/kg/day) (CBE+SRT) C57BI/6 mice were ana-
lyzed to determine levels of GL-1 (a) and lyso-GL-1 (b) at the end of the study period (after 7 weeks of treatment, which corresponded to 11 weeks
of age). Individual data points (n = 10 per group) and mean + SD are presented. Data were analyzed using one-way ANOVA with Tukey’s post-test;
***p < 0.001, ****P < 0.0001. CBE, conduritol B epoxide; GL-1, glucosylceramide; SRT, substrate reduction therapy.

resulted in a significant delay in progression of this aberrant
behavior, albeit not to the level noted in control animals. This sug-
gests that Genz-682452-mediated lowering of lysosomal storage of
glycosphingolipids and gliosis in the brain of Gaucher mice could
translate to an improvement in their neurobehavioral disorder.

Genz-682452 reduces accumulation of substrate in
the liver and brain of 4L;C* Gaucher mice

The positive impact of SRT in the CBE-induced model of neurono-
pathic GD was confirmed in the 4L;C* mouse, a genetic murine
model of type 2/3 GD that typically only survives for approximately
45 days.” In this study, 4L;C* mice were subjected to daily intra-
peritoneal injections of Genz-682452 starting at 5 days of age until
day 20, after which they were then provided the drug in their food
pellets. Quantitative analysis of GL-1 and lyso-GL-1 levels in the
liver and brain of 4L;C* mice and their control littermates (4L/W'T)
were determined when the animals were 21, 35, 45, and 65 days of
age. Levels of GL-1 in the hindbrain of untreated 4L;C* mice (on
days 21, 35, and 45) were determined to be approximately fivefold
higher than in the 4L/WT controls (Figure 5a). Administration of
Genz-682452 to the 4L;C* mice starting at 5 days of age resulted
in approximately 50% lower levels of GL-1 than their untreated
counterparts on days 21, 35, and 45 (Figure 5a). The brain levels
of lyso-GL-1 in the 4L;C* were also highly elevated relative to con-
trol mice and these levels increased progressively as the animals
aged (Figure 5b). Treatment with Genz-682452 also lowered the
lyso-GL-1 levels to approximately 50% of those in the untreated
counterparts at all time points measured (Figure 5b). It should be
noted that Genz-682452 was only able to delay and not halt the
accumulation of lyso-GL-1 as the overall levels of the lipid in the
brain continued to increase with age (Figure 5b).
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Measurement of GL-1 levels in the liver of 4L;C* mice showed
they were elevated two to threefold over those of controls animals
(Figure 5c). As observed earlier with the CBE-induced mouse
model of GD, treatment of the 4L;C* mice with Genz-682452
lowered GL-1 to below 4L/WT levels (Figure 5c). There were no
overt toxicities associated with the chronic suppression of liver
GL-1 levels to below normal based on the observations of their
daily activity and body weight data. Levels of liver lyso-GL-1 in
untreated 4L;C* mice were also highly elevated relative to control
mice, and treatment with Genz-682452 reduced this by >70% at
all time points measured (Figure 5d). Hence, the efficacy of SRT
noted in the CBE-induced mouse model was also realized in the
genetic murine model of neuronopathic GD.

Genz-682452 reduces the extent of CD68* staining in

the brain of 4L;C* Gaucher mice

Brain sections were prepared from untreated and
Genz-682452-treated 4L;C*mice as well as from control mice (at
21, 35, 45, and 65 days of age) and then immunostained using
an anti-CD68 antibody. Figure 6a shows representative images of
stained sections from the spinal cord and brain stem of 45-day-old
mice. Untreated 4L;C* mice showed a greater extent of CD68*
staining in both the brain stem and spinal cord than control
mice, indicating an increased number of microglia in the CNS
of Gaucher mice. The intensity and number of CD68"-stained
microglia were significantly reduced in Genz-682452-treated
4L;C* mice (Figure 6a). Quantitative analysis of sections at dif-
ferent time points indicated that the increase in microglia in the
spinal cord, brain stem, and thalamus of untreated 4L;C* mice
was rapidly progressive with age (Figure 6b); similar data were
noted in the cerebellum, cortex, and striatum (data not shown).
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Figure 2 Effect of SRT on GL-1 and lyso-GL-1 concentrations in the hindbrains of CBE-treated C57BI/6 mice. The hindbrain from untreated (con-
trol), CBE-treated (dosed IP at 100 mg/kg/day) (CBE), and CBE- and Genz-682452-treated (dosed in the diet at ~60 mg/kg/day) (CBE+SRT) C57BI/6
mice were analyzed for total GL-1 (a), GL-1 isoforms with an acyl chain carbon length of <21 (b), GL-1 isoforms with an acyl chain carbon length of
>21 (c), and lyso-GL-1 (d) at the end of the study period (after 7 weeks of treatment, which corresponded to 11 weeks of age). Individual data points
(n =10 per group) and mean * SD are presented. Data were analyzed using one-way ANOVA with Tukey’s post-test; ns = not significant, *P < 0.05,
***P < 0.001, ****P < 0.0001. CBE, conduritol B epoxide; GL-1, glucosylceramide; SRT, substrate reduction therapy.

In contrast, 4L;C* mice treated by SRT showed lower levels of
CD68* cells at 45 and 65 days of age. The extent of CD68-staining
in control mice was low and remained unchanged throughout the
course of this study.

Genz-682452 treatment delays the onset of gait
abnormalities and increases longevity of 4L;C*
Gaucher mice

4L;C* mice develop a gait abnormality that is illustrated by an
aberrant limb stride length and spacing of their hind limbs (base).
This leads to a significant reduction in the length of both their left
and right strides, particularly as they approach end-stage disease

1022

(Figure 7a). Onset of aberrant gait, which is indicative of neuro-
degenerative disease, was clearly evident in untreated 4L;C* mice
starting at 30 days of age and it became progressively worse with
age. Interestingly, treatment of 4L;C* mice with Genz-682452
delayed the onset of these abnormalities until the mice were over
50 days old (Figure 7a,b). Importantly, in contrast to untreated
4L;C* mice which had a median survival of approximately 45
days,” treatment with Genz-682452 increased this to over 60
days, which represents an approximately 30% increase in longev-
ity (Figure 7c). Hence, SRT of 4L;C* mice resulted in lower levels
of lysosomal glycosphingolipid storage and of CD68* microglial
staining in the CNS and that translated to an increase in longevity.

www.moleculartherapy.org vol. 24 no. 6 jun. 2016
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Figure 3 Effect of SRT on the extent of gliosis in the striatum of CBE-treated C57BI/6 mice. Brains were harvested from untreated (control),
CBE-treated (dosed IP at 100 mg/kg/day) (CBE), and CBE- and Genz-682452-treated (dosed in the diet at ~60 mg/kg/day) (CBE+SRT) C57BI/6 mice at
the end of the study period (after 7 weeks of treatment, which corresponded to 11 weeks of age) and subjected to immunohistochemical staining to
identify microglia (CD68 staining) and astrocytes (GFAP staining). Sections of striatum are shown; brown coloration indicates positive staining for CD68
or GFAP (a). Quantification of percent area staining positively for CD68 and GFAP from 10 representative sections is shown (b). Data were analyzed
using one-way ANOVA with Tukey’s post-test; ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. CBE, conduritol B epoxide; SRT,

substrate reduction therapy.

DISCUSSION

While the visceral manifestations associated with type-1 GD can
be effectively managed by current enzyme and substrate reduc-
tion therapies, they do not adequately address the CNS disease
in type-2 and -3 GD patients.>*® Chaperone therapy has shown
early promise as a treatment for neuronopathic GD,* particu-
larly those harboring the most common type-3-associated GBA
mutation L444P%; however, subsequent clinical studies were
halted due to lack of efficacy. Systemic administration of very high
doses of recombinant glucocerebrosidase has also been attempted
in type-3 GD patients, but this did not impact CNS symptoms
because the enzyme could not efficiently traverse the blood-brain
barrier.*!® Preclinical studies of direct intracerebroventricular or
intraparenchymal delivery of enzyme in neuronopathic models
of Gaucher mice have shown improved functional outcomes®
but chronic CNS delivery would be clinically challenging. SRT,
for which there are two approved drugs, is a clinically validated
approach for treating GD; miglustat* was approved for type-1 GD
as a second-line therapy, and more recently eliglustat® received
approval for type-1 GD as a first-line therapy. SRT using the
CNS-accessible small-molecule drug, miglustat, was evaluated in
a controlled trial of type-3 Gaucher patients but no effect on brain

Molecular Therapy vol. 24 no. 6 jun. 2016

disease was observed, presumably because the exposure levels
in the CNS were inadequate.'” As such, a more potent, selective,
and CNS-accessible small molecule may confer a better outcome.
Here, we described our findings with a novel and potent inhibitor
of GCS (Genz-682452) that has CNS access in two mouse models
of neuronopathic GD.

Although several mouse models of GD have been devel-
oped,*** most of the neuronopathic models exhibit an acute dis-
ease onset and early death that is more reminiscent of patients with
type-2 GD. Few exhibit a neuronopathic phenotype that reflects
the disease observed in patients with type-3 disease. For this rea-
son, we elected to evaluate the merits of SRT in a CBE-induced
mouse model in which the severity of symptoms can be moder-
ated based on the age of the mouse at the start of CBE treatment,
the mouse strain, and also the dose and frequency of dosing of the
CBE. Due to reported oft-target effects of CBE*, we also confirmed
the observations using a genotypic model of neuronopathic GD,
which exhibits a chronic phenotype. The CBE model has been
reported to exhibit features of both the visceral and neurono-
pathic sequelae in GD.>*"** Here, we showed that administering
CBE to C57Bl/6 mice resulted in the progressive development of
a CNS phenotype, as illustrated by gliosis and an aberrant hind
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limb splay, both of which worsened with age. The Gaucher 4L;C*
mouse, which has reduced glucocerebrosidase activity (resulting
from the V394L mutation and a knock-in mutation in the sapo-
sin C region of the prosaposin locus), is also reported to exhibit
several disease features that have been observed in patients with
type_3 GD.30,36,43

In both the chemically induced and genotypic mouse mod-
els of GD, liver GL-1 levels were determined to be elevated by
approximately two to threefold that of WT mice. In the brain,
GL-1 levels were also significantly higher in the CBE-induced
mice (~10-fold higher than WT mice) than in the 4L;C* mice
(approximately fivefold higher than WT mice). This difference
in the extent of elevation in the liver and brain may be due to
the differential levels of synthesis of glucocerebrosidase in the
respective organs. For example, it has been reported that a single
intraperitoneal administration of 100mg/kg of CBE effectively
inhibited glucocerebrosidase activity to <5% of untreated control
levels. Activity measurements performed after 24 hours of CBE
treatment showed that glucocerebrosidase levels were restored to
~20% of normal in the liver but to only ~10% of normal levels in
the CNS.## In the 4L;C* mouse, the residual glucocerebrosidase
activity was ~10% of that in WT mice in both the liver and brain,*
and this reduction may therefore be expected to result in the accu-
mulation of similar levels of GL-1 in both tissues. Irrespective of
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Figure 4 Effect of SRT on hind limb splay in CBE-treated C57BIl/6
mice. The hind limb splay response was observed by suspending mice by
their tails and was assessed in a blinded manner using a scale of 0 (nor-
mal WT response) to 5 (severe deficit with no splay response). The splay
response of untreated (control), CBE-treated (dosed intraperitoneally at
100mg/kg/day) (CBE), and CBE- and Genz-682452-treated (dosed in
the diet at ~60 mg/kg/day) (CBE+SRT) C57BI/6 mice was assessed at the
indicated time points. Higher numbers indicate a greater deviation from
the normal response (lesser extent of hind limb splay and increased paw
clenching). Data were analyzed using one-way ANOVA with Tukey’s post-
test between the CBE and CBE+SRT groups; *P < 0.05, ***P < 0.001. CBE,
conduritol B epoxide; SRT, substrate reduction therapy; WT, wild-type.
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Figure 5 Effect of SRT on GL-1 and lyso-GL-1 concentrations in the hindbrain and liver of 4L;C* mice. Hindbrain and liver from untreated 4L/
wild-type mice (4L/WT), vehicle-treated 4L;C* (4L;C*+vehicle), and Genz-682452-treated 4L;C* mice (4L;C*+SRT) were analyzed to determine levels
of GL-1 in the hindbrain (a), lyso-GL-1 in the hindbrain (b), GL-1 in the liver (c), and lyso-GL-1 in the liver (d). Genz-682452 was dosed IP at 12.5mg/
kg/day from days 5 to 20 and at ~60 mg/kg/day in diet thereafter; n > 6 mice per group. GL-1, glucosylceramide; SRT, substrate reduction therapy.
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Figure 6 Effect of SRT on the extent of CD68 staining in the CNS of 4L;C* mice. CNS from 45-day-old untreated 4L/wild-type (4L/WT),
vehicle-treated 4L;C* (4L;C*+ vehicle), and Genz-682452-treated 4L;C* (4L;C*+SRT) mice were subjected to immunohistochemical analysis to iden-
tify microglia (CD68 staining). Genz-682452 was dosed IP at 12.5mg/kg/day from days 5 to 20 and at approximately 60 mg/kg/day in diet thereafter.
Sections of spinal cord and brainstem are shown; brown coloration indicates positive staining for CD68 (a). Quantifications of percent area staining
positively for CD68 in representative sections of the spinal cord, brainstem, and thalamus are shown for tissues taken at 21-, 35-, 45- and 65-days old

(b). CNS, central nervous system; SRT, substrate reduction therapy.

the mouse model used, SRT reduced liver GL-1 levels to below
those in WT mice and, importantly, reduced the level of GL-1 in
the brain by 30-50%. This result demonstrated that Genz-682452
was efficacious at lowering GL-1 levels in both tissue compart-
ments. As such, Genz-682452 represents a potentially new and
practical (as it is orally available) therapeutic intervention that
might address both the visceral pathologies and the unmet CNS
manifestations observed in type-3 GD.

The observation of different glycolipid isoforms in the CNS
and liver is likely the result of differential cellular expression pat-
terns of the various ceramide synthases. Ceramide synthase 1,
which is primarily responsible for generating the C18 ceramide
isoform is the most abundant of the ceramide synthases in mouse
brain.* This is consistent with our observations that in the mouse
brain, ~70% of the GL-1 is comprised of the C18 isoform. CerS2,
which generates mainly the C22 and C24 ceramide isoforms is
highly expressed in white matter tracts including those of the cer-
ebellum and brain stem.” Analysis of brain tissue from a patient
with type-3 GD revealed that the isoforms of accumulated GL-1
were predominantly those with longer acyl chains (>20 carbons)."
These longer chain isoforms were primarily impacted by SRT in
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the CBE-induced Gaucher mouse, suggesting that perhaps Genz-
682452 was preferentially active in cell types that are relevant to
type-3 GD. Interestingly, a reduction of the longer chain GL-1 iso-
forms in the hindbrain (which includes the cerebellum and brain
stem) of SRT-treated mice correlated with a delay in hind-limb
deficits, suggesting that the behavioral aberration may be related
to the observed cerebellar pathology.

The neurotoxic activity of lyso-GL-1 has been postulated to
be causative of the disease in neuronopathic GD** but how
it manifests at a physiological level remains unclear. It should
be noted that neuronal GL-1 levels have been implicated as the
cause of neuropathological changes in vivo, although this was
in a mouse model lacking glucocerebrosidase in only the neu-
rons and macroglia. Here, we showed that lyso-GL-1 levels in
the brain and liver are highly elevated in both mouse models of
neuronopathic GD and that they were significantly reduced by
SRT. Interestingly, in the 4L;C* mouse, in support of a role of
lyso-GL-1 in the CNS disease, the survival of the mice correlated
more closely with the absolute levels of lyso-GL-1 than with GL-1.
Moreover, the neurobehavioral deficits (hind-limb splay and gait)
in both CBE-induced and 4L;C* mouse models were responsive
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Figure 7 Effect of SRT on gait and longevity of 4L;C* mice. The stride length and distance between the rear paws (base) were periodically
measured starting when the mice were 21 days old (a). Data were analyzed using Student’s t-test to compare the 4L;C*+vehicle and 4L/WT
or 4L;C*+SRT (Genz-682452 dosed IP at 12.5mg/kg/day from days 5 to 20 and at approximately 60 mg/kg/day in diet thereafter) and 4L/WT;
**P<0.01, ***P < 0.001. The age of disease onset was determined by a significant deviation in gait from that of the 4L/WT mice and is shown as the
percent of mice that remained symptom-free (normal gait) at the indicated age (b). The difference between 4L;C*+vehicle and 4L;C*+SRT is highly
significant (P < 0.0001) by log-rank (Mantel-Cox) test. The percent of mice that had not reached the criteria for sacrifice at the indicated age is shown
in the survival curve (c). The difference between 4L;C*+vehicle and 4L;C*+SRT is highly significant (P < 0.0001) by log-rank (Mantel-Cox) test. SRT,

substrate reduction therapy.

to treatment with Genz-682452. The degree of deficit in the
gait of the 4L;C* mice was similar in Genz-682452-treated and
untreated mice at their respective end-stage of disease. This phe-
notypic characteristic also correlated more closely with the levels
of lyso-GL-1 than GL-1 in the CNS or with the degree of gliosis,
further supporting the role of lyso-GL-1 as the pathogenic agent.
If true, future efforts should seek to validate lyso-GL-1 as a poten-
tial surrogate biomarker of neuronopathic GD.

The observation of gliosis (as measured by increases in CD68
(microglial) and GFAP (astrocyte) staining) in these mouse mod-
els of GD) has been reported previously.***! Gliosis is thought
to occur as a consequence of the inflammatory signals that are
elicited by neuronal accumulation of GL-1 and lyso-GL-1.° Our
studies showed that SRT could significantly delay the onset and
progression of gliosis throughout the CNS. Intriguingly, in the
Genz-682452-treated 4L;C* mouse at end stage (day 65), the level
of CD68 staining was much less than that seen in untreated mice
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at the same stage (day 45) (Figure 6). This suggested that the lev-
els of lyso-GL-1, which were similar at end stage of treated and
untreated 4L;C* mice, may not be solely responsible for the gliosis
observed in the CNS.

In summary, the data here strongly support the use of SRT
based on specific inhibition of GCS as an approach to manag-
ing subacute neuronopathic GD (type-3). The clinical validation
of SRT as a therapeutic approach, as evidenced by the success-
ful treatment of visceral manifestations in type-1 GD patients
receiving eliglustat, supports the use of a similar approach with
a CNS-accessible small molecule for type-3 GD. However, mea-
suring clinical efficacy in type-3 GD patients presents many chal-
lenges. These include the high degree of variability in symptoms
that has been observed between patients, the variable rate of
disease progression, the irreversible nature of the neurodegen-
erative changes, and the paucity of CNS-related biomarkers that
could serve as a surrogate endpoint. Unlike type-1 GD, which has
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objective clinical outcome measures that are indicative of thera-
peutic efficacy, no such measures have yet been validated for the
neuronopathic forms of the disease. Measurement of saccadic
eye movement velocity, which was used to determine the efficacy
of miglustat for Niemann-Pick C disease,” may represent one
potential assay for type-3 GD.* In addition, recent improvements
in analytical methodologies have led to the identification of gly-
colipid fluctuations in the cerebrospinal fluid of GD patients'"** as
well as other potential biomarkers® that may be used to track the
progression of clinical disease. Finally, because GCS catalyzes the
first step in glycosphingolipid synthesis this therapeutic strategy,
if successful, may be extended to include other related glycosphin-
golipidoses, such as late-onset Tay—Sachs and Sandhoff diseases.

MATERIALS AND METHODS

Animal procedures. Procedures involving mice were reviewed and approved
by the Institutional Animal Care and Use Committee of Sanofi Genzyme
following guidelines established by the Association for Assessment of
Accreditation of Laboratory Animal Care (AAALAC). WT C57Bl/6 mice
were obtained from Taconic Laboratories (Germantown, NY).

The chemically induced GD model was generated by administering
CBE, an inhibitor of glucocerebrosidase, to C57Bl/6 mice (female, 10
mice/group). Dosing was via daily intraperitoneal injections of 100 mg/
kg CBE starting at 4 weeks of age for 7 weeks. Concurrent with the
administration of CBE, mice received Genz-682452 as a component
of their standard pelleted rodent diet (Genz-682452 was formulated at
0.03% w/w in LabDiet 5053 (TestDiet, Richmond, IN)). This formulation
provided approximately 60 mg of Genz-682452/kg/day for a 20-g mouse
eating 4 g of food per day. This dose was selected based on earlier pilot
studies (data not shown) in a mouse model of Fabry disease.”> The second
GD model, the 4L;C* mouse, harbors a Gba V394L mutation and lacks
saposin C as described previously.*® This mouse model exhibits onset
of disease symptoms at approximately 30 days of age and has a median
survival of approximately 45 days. Drug delivery was initially facilitated
via daily intraperitoneal injections of 12.5 mg/kg of Genz-682452 between
days 5 and 20 and thereafter as a component of the pelleted diet (0.03%
w/w), as described above for the CBE model.

Hind limb splay, a recognized test of CNS dysfunction, was performed
on the chemically induced Gaucher mice in a blinded manner using a
severity score scale of 0-5 to indicate the degree of deviation from normal
animals. Mice were suspended by the tail and the splay posture was scored
as follows: a score of 0 was assigned to WT mice, which typically show a
completely splayed posture with toes extended. A score of 5 was assigned
to mice whose hind limbs were consistently drawn in and whose paws were
clenched. This phenotype has previously been described in CBE-induced
Gaucher mice.”!

Progression of aberrant neurobehavioral phenotype in the 4L;C* mice
was determined by assessing their sensorimotor function using gait analysis
as previously described.*® Mice were trained to walk through a narrow alley
leading into their home cage. Once trained, a piece of paper was placed on
the alley floor. The hind paws of the mouse were brushed with nontoxic
paint and then allowed to walk through the alley. Their stride length was
determined by measuring the distance between hind paw prints recorded
on the paper. The base measured the distance between the left and right
paw. Only strides made while continuously walking (no stopping) for at
least three strides in each test were recorded for the analysis. Treated 4L;C*
mice were compared to age-matched untreated 4L;C* by Student’s t-test
using GraphPad Prism 5. Mice were killed when they reached a humane
endpoint (inability to self-nourish and >20% loss of body weight).

Sphingolipid analysis. Quantitative analysis of sphingolipids was performed
by liquid chromatography and tandem mass spectrometry (LC/MS/MS).
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Briefly, tissue was homogenized in 10 volumes of water (w/v) after which a
10-pl aliquot of the homogenate was extracted with 1 ml of an organic sol-
vent mixture. For GL-1 analysis, 10 pl of homogenate was extracted with
Iml of 90% mobile phase A (96:2:1:1 acetonitrile/methanol/acetic acid/
water (v/v/v/v)) and 10% mobile phase B (98:1:1 methanol/acetic acid/water
(v/v/v)). Both mobile phases A and B contained 5-mM ammonium acetate.
The samples were placed on a VX-2500 tube vortexer (VWR International,
LLC, Radnor, PA) for 5 minutes and then centrifuged for 4 minutes at 6,500¢
(Beckman Coulter, Brea, CA). The resultant supernatant was transferred into
high-performance liquid chromatography vials for analysis. GL-1 and galac-
tosylceramide were separated using a Waters Acquity UPLC and Atlantis
HILIC Silica column (2.1mm x 150mm, 3-um particles, Waters Corp.,
Milford, MA) and analyzed by an API 5000 triple quadrupole mass spec-
trometer in MRM mode (Applied Biosystems, Foster City, CA).

For lyso-GL-1 analysis, 25 pl of brain homogenates or 30 ul of liver
homogenates were extracted with 1 ml of 50% of mobile phase A and 50%
of mobile phase B. After extraction, the supernatant was transferred into
high-performance liquid chromatography vials. Lyso-GL-1 and psychosine
were separated using an Agilent 1290 Infinity LC system and a Waters BEH
HILIC column (2.1 mm x 100 mm, 1.7-pm particles), and analyzed by an
Agilent 6490 triple quadrupole mass spectrometer in MRM mode (Agilent
Technologies, Santa Clara, CA). The mobile phases used for lyso-GL-1 and
psychosine separation consisted of 95:5 acetonitrile/200-mM ammonium
acetate (v/v) and 95:5 methanol/200-mM ammonium acetate (v/v) at pH
9.0. GL-1 standards were purchased from Matreya, LLC (Pleasant Gap, PA)
and lyso-GL-1 standards from Avanti Polar Lipids (Alabaster, AL).

Histology, immunohistochemistry (IHC), and quantitative histomor-
phometry. Animals subjected to CBE treatment were killed by CO, asphyx-
iation and transcardially perfused with saline, formalin fixed, and paraffin
embedded. Sagittal sections of brain were stained with hematoxylin and
eosin and then examined microscopically. Unstained serial sections were
subjected to brightfield THC to detect microglia/macrophages. Detection
was performed using a rat antimouse CD68 antibody (Abcam, Cambridge,
MA; catalog# ab53444) and a BondMax automated immunostainer (Leica
Biosystems, Buffalo Grove, IL). A rat IgG, antibody (Serotec, Raleigh, NC;
catalog #MCA1212) was used as an isotype control. To localize astrocytes,
unstained serial sections were immunostained with a rabbit anti-GFAP
antibody (Dako, Carpinteria, CA; catalog #Z0334). Rabbit IgG (Jackson
ImmunoResearch, West Grove, PA; catalog # 011-000-003) was used as
an isotype control. Immunostaining was visualized using the DAB-based
Bond Polymer Refine detection kit (Leica).

Immunostained slides were scanned using a 20x objective lens in
a Mirax scanner (Carl Zeiss, Thornwood, NY). Scanned images were
subjected to quantitative histomorphometry using the HALO image
analysis software (Indica Labs, Corrales, NM). The images were annotated
to select regions of interest such as the cortex, striatum, hippocampus,
substantia nigra, and cerebellum. Automated area quantitation algorithms
were generated using HALO for specific detection of anti-CD68- or
anti-GFAP-stained tissues within these regions of interests. Percent
immunopositive areas within each regions of interest were obtained as
quantitative THC data.

For studies using the 4L;C* mice, animals were killed by CO,
asphyxiation and transcardially perfused with saline. The tissues were
dissected and fixed in 10% formalin or 4% paraformaldehyde, and processed
for paraffin or frozen blocks, respectively. Hematoxylin and eosin and
anti-CD68 antibody staining were carried out as previously described.!
The Discovery XT Staining Module on BenchMark XT Automated IHC/
ISH slide staining system (Ventana Medical System, Tucson, AZ) was
used for immunohistochemical analysis of sections stained with the anti-
CD68 antibody. Frozen tissue sections fixed with 4% paraformaldehyde
were incubated with a rat antimouse CD68 monoclonal antibody (1/3000
in DISCOVERY Antibody diluent) and detected with biotinylated rabbit
antirat IgG (H+L) (1/100 in DISCOVERY Antibody diluent). Detection
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was performed using the Ventana THC DAB Map Kit. Tissue sections
were counterstained with hematoxylin and analyzed by light microscopy.
Representative 100x digital images were subjected to CD68-positive area
quantification using HALO software as described above.
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