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SUMMARY

Gaucher disease is caused by mutations in the gene that encodes the lysosomal enzyme acid j3-
glucosidase (GCase). We have shown previously that the small molecule pharmacological
chaperone isofagomine (IFG) binds and stabilizes N370S GCase, resulting in increased lysosomal
trafficking and cellular activity. In this study, we investigated the effect of IFG on L444P GCase.
Incubation of Gaucher patient-derived lymphoblastoid cell lines (LCLs) or fibroblasts with IFG
led to approximately 3.5- and 1.3-fold increases in L444P GCase activity, respectively, as
measured in cell lysates. The effect in fibroblasts was increased approximately 2-fold using
glycoprotein-enrichment, GCase-immunocapture, or by incubating cells overnight in IFG-free
media prior to assay, methods designed to maximize GCase activity by reducing IFG carryover
and inhibition in the enzymatic assay. IFG incubation also increased the lysosomal trafficking and
in situ activity of L444P GCase in intact cells, as measured by reduction in endogenous
glucosylceramide levels. Importantly, this reduction was seen only following three-day incubation
in IFG-free media, underscoring the importance of IFG removal to restore lysosomal GCase
activity. In mice expressing murine L444P GCase, oral administration of IFG resulted in
significant increases (2- to 5-fold) in GCase activity in disease-relevant tissues, including brain.
Additionally, eight-week IFG administration significantly lowered plasma chitin 111 and IgG
levels, and 24-week administration significantly reduced spleen and liver weights. Taken together,
these data suggest that IFG can increase the lysosomal activity of L444P GCase in cells and
tissues. Moreover, IFG is orally available and distributes into multiple tissues, including brain, and
may thus merit therapeutic evaluation for patients with neuronopathic and non-neuronopathic
Gaucher disease.
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INTRODUCTION

Gaucher disease is caused by inherited mutations in the gene (GBA) that encodes acid B-
glucosidase (EC 3.2.1.45; GCase), the lysosomal enzyme responsible for the metabolism of
glucosylceramide (GC) into ceramide and glucose [1]. Mutations in GCase result in reduced
cellular enzyme activity and progressive accumulation of GC mainly within macrophages
(Gaucher cells) leading to clinical manifestations that include anemia, thrombocytopenia,
hepatosplenomegaly, bone lesions, and in some cases, central nervous system (CNS)
impairment [2,3]. Gaucher patients without CNS involvement are classified as type I, while
those with CNS involvement are type 11 or type 11 [4,5]. The two most prevalent missense
mutant forms of GCase reported in Gaucher patients are N370S and L444P [5]. Patients
homozygous or heterozygous for N370S GCase typically present with a non-neuronopathic
form of Gaucher disease, whereas those homozygous for L444P GCase usually display a
more severe neuronopathic form. More than 70% of Gaucher patients within the Ashkenazi
Jewish population carry at least one N370S allele, while 38% of non-Jewish Gaucher
patients carry the L444P allele [5-7].

Currently, enzyme replacement therapy (ERT) and small-molecule substrate reduction
therapy (SRT) are the only approved treatment options for patients with the non-
neuronopathic form of Gaucher disease [8-12]. ERT, based on the intravenous
administration of recombinant GCase, is the most effective treatment for type | and the
visceral manifestations of types Il and 111 disease. ERT generally leads to reduced spleen
and liver weights, as well as increased platelet counts and hemoglobin levels [13-16].
However, the CNS manifestations of type Il and I11 Gaucher disease do not respond well to
ERT due to the inability of exogenous enzyme to cross the blood-brain barrier [17]. SRT
drugs have the potential for better CNS penetration and some neurological benefit as the
therapeutic agent is a small molecule, such as N-butyl-1-deoxynojirimycin (NB-DNJ,
miglustat, Zavesca®), which acts as a weak inhibitor of glucosyl-transferase, thus reducing
the synthesis of GC. Miglustat has been approved for use in patients with mild-to-moderate
type | Gaucher disease [9,11,12], and is currently being evaluated in neuronopathic Gaucher
patients, though a recent report showed no significant benefit for the neurological
manifestations of type 111 patients [18]. Furthermore, many patients treated with miglustat
have experienced side effects including diarrhea, weight loss, tremor, and peripheral
neuropathy [19].

More recently, pharmacological chaperone therapy has been proposed as a potential
treatment for Gaucher disease [20-23]. Small molecule pharmacological chaperones are
designed to selectively bind and stabilize mutant GCase, thereby facilitating proper folding
and trafficking to lysosomes, and increasing total cellular GCase activity [24,25]. In
addition, pharmacological chaperones have the potential to cross the blood-brain barrier and
to be orally available. A number of iminosugar-based pharmacological chaperones have
been shown to increase cellular activity of various mutant forms of GCase in Gaucher
patient-derived cell lines [26—34]. The iminosugar isofagomine (IFG) has been shown to
stabilize and promote lysosomal trafficking of N370S GCase [24,25]. To date however, the
effects of pharmacological chaperones on L444P GCase in vitro are varied, with some
reports showing small increases in enzyme activity [33] and others showing no response at
all [28,31,34]. Importantly, IFG has not been extensively evaluated in vitro against L444P
GCase, and in vivo testing of IFG has been hampered by the lack of a suitable Gaucher
mouse model. Initial attempts to create mice with an L444P GCase point mutation resulted
in a perinatal lethal phenotype [35]. However, rescue of lethality was achieved using a
genetically-modified background (GC synthase heterozygosity), optimized breeding
schemes, and improved husbandry [36]. Phenotypically, the L444P GCase mice do not
exhibit the severe features generally associated with the L444P mutation in humans, such as
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GC accumulation, Gaucher cells, gross hepatosplenomegaly, or neurological symptoms.
However, they do manifest an attenuated, Gaucher-related phenotype characterized by
reduced GCase activity in disease-relevant tissues such as liver, spleen, lung, and brain,
moderate increases in spleen and liver weights, and elevated plasma chitin 111 and IgG levels
[36]. Given that other mouse models generated for Gaucher disease do not carry the L444P
mutation [37,38] and that the L444P GCase mice were readily available, viable, and easy to
breed, we chose this mouse model to test the effects of the pharmacological chaperone IFG
on L444P GCase in vivo.

In this study we report the effects of IFG on human L444P GCase activity and GC levels in
Gaucher patient-derived cell lines and on murine L444P GCase activity in mice. Five-day
incubation of Gaucher patient-derived lymphoblastoid cell lines with IFG led to
approximately 3.5-fold increases in L444P GCase activity as measured in cell lysates; the
magnitude was much smaller in patient-derived fibroblasts (up to 1.3-fold). The measured
effect of IFG on L444P GCase activity in fibroblasts could be increased approximately 2-
fold after glycoprotein- or GCase-enrichment using concanavalin A- and immunocapture,
respectively, prior to assay, or by incubating the cultured cells in IFG-free media for 24
hours prior to direct assay of cell lysates. IFG incubation also increased lysosmal trafficking
of L444P GCase in fibroblasts and reduced GC levels in situ in L444P GCase fibroblasts
and LCLs. Oral administration of IFG to L444P mice for four weeks resulted in selective
and significant increases in GCase activity (2- to 5-fold) in liver, spleen, lung, and brain, and
after 24 weeks resulted in significant increases in GCase activity (up to 2-fold) in
mineralized bone and bone marrow. Furthermore, oral administration of IFG for eight weeks
significantly lowered plasma chitin 111 and IgG levels, and after 24 weeks significantly
reduced spleen and liver weights. Collectively, these data indicate that IFG increases L444P
GCase activity both in vitro and in vivo, and may warrant clinical evaluation for patients
with both neuronopathic and non-neuronopathic Gaucher disease.

IFG increases L444P GCase activity in Gaucher patient-derived cells

Primary skin fibroblasts and lymphoblastoid cell lines (LCLs) derived from Gaucher
patients homozygous for either N370S or L444P GCase were used to investigate the effects
of the pharmacological chaperone isofagomine (IFG). As previously reported, incubation of
N370S GCase fibroblasts for five days with IFG tartrate resulted in a statistically significant
and concentration-dependent increase in GCase activity, as measured directly in cell lysates
using the fluorogenic substrate 4-MUG (xCBE) [24,25,31-33,39] (Fig. 1A). In contrast,
incubation of L444P GCase fibroblasts under the same conditions resulted in small, but
reproducible, increases in GCase activity (Fig. 1B, left panel), again as previously reported
[33]. This effect was seen in L444P fibroblast cell lines derived from four different Gaucher
patients, with maximal increases from 1.2- to 1.3-fold above baseline (Table 1). Importantly,
incubation of L444P GCase LCLs for five days with IFG tartrate resulted in robust increases
in GCase activity, as measured in lysed cells (Fig. 1B, right panel). Again, similar responses
were seen in L444P LCL cell lines derived from five different Gaucher patients, with
maximal increases from 2.5- to 3.5-fold above baseline (Table 1). The effects of IFG were
also seen directly on GCase protein levels as assessed by Western blotting. Here, IFG
incubation increased the mature, lysosomal 69 kD form of GCase in fibroblasts (Fig. 1B, left
panel inset), and both the immature, Golgi 59 kD and mature 69 kD forms of GCase in
LCLs (Fig. 1B, right panel inset). These data indicate that IFG increases the total quantity of
L444P GCase that is capable to traffic through the Golgi and to lysosomes [25].

As patient-derived L444P GCase cell lines have very low GCase levels (Table 1), we
developed methods to enrich GCase and simultaneously remove IFG, thereby increasing the
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sensitivity of the GCase measurements. To this end, the lysed-cell assay protocol was
modified to include either glycoprotein-enrichment using concanavalin A (Con A)
precipitation or GCase-immunocapture, followed by extensive washing of the pellets to
remove bound IFG from immobilized GCase. GCase activity was then measured in the
absence or presence of CBE using 4-MUG [24,25,31-33,39]. Under these conditions, five-
day incubation of patient-derived fibroblasts with IFG tartrate significantly increased L444P
GCase activity approximately 2.0-fold (Fig. 1C). This effect was seen in fibroblast cell lines
derived from four different Gaucher patients, with maximal increases from 1.8- to 2.2-fold
(Table 2). Lastly, three different L444P GCase fibroblast cell lines incubated with IFG for
five days followed by a one-day incubation in growth media only (washout) showed
maximal increases in GCase activity from 1.6- to 1.7-fold, as measured directly in cell
lysates (Fig. 1D; Table 2). Collectively, these data indicate that IFG can increase L444P
GCase activity and protein levels in vitro, though the effect is more pronounced in Gaucher
patient-derived LCLs compared to fibroblasts. In addition, the measured response in
fibroblast lysates is larger after removal of IFG, which can otherwise inhibit the enzyme
activity if carried into the assay.

IFG increases the lysosomal pool of L444P GCase

Indirect immunofluorescence staining and confocal microscopy imaging were used to
determine if IFG increases the trafficking of L444P GCase to lysosomes. Fibroblasts derived
from healthy volunteers (wild-type) or Gaucher patients homozygous for the N370S or
L444P mutant forms of GCase were incubated for 14 days without or with 100 uM IFG
tartrate. Fixed cells were incubated with primary antibodies against GCase and the
lysosomal marker LAMP-1, followed by labeling with secondary antibodies conjugated with
different fluorophores. Strong, punctate signals for GCase and LAMP-1 were recorded in
wild-type fibroblasts in the absence or presence of IFG; the degree of colocalization of the
GCase and LAMP-1 signal was increased after IFG incubation (Fig. 2A). By comparison,
the overall GCase signal in untreated N370S fibroblasts was weaker. However, N370S
GCase levels were significantly increased and showed increased colocalization with
LAMP-1 after incubation with IFG (Fig. 2B), as previously reported [39]. The GCase signal
was even weaker with a more diffuse pattern in the three L444P GCase fibroblast lines
investigated (Fig. 2C-E), with lines 00877 and 10915 showing some low-level co-
localization with LAMP-1 prior to IFG incubation. Importantly, IFG increased the overall
GCase signal (more intense, punctate signals) in all three L444P GCase cell lines, resulting
in clear colocalization with LAMP-1. Collectively, these data indicate that IFG can increase
the lysosomal content of L444P GCase in Gaucher patient-derived cells.

IFG reduces GC levels in L444P GCase fibroblasts and LCLs

We next determined whether increased L444P GCase levels and lysosomal trafficking result
in increased substrate turnover in situ (Fig. 3 and Table 3). GC levels in Gaucher fibroblasts
and LCLs were measured after 7-day incubation in the absence or presence of 30 uM IFG
tartrate, followed by a 3-day washout period to minimize potential GCase inhibition by IFG
in situ (*7 on/3 off”). For comparison, the effects of continuous 10-day incubation (*10 on”)
with either 30 uM IFG or the glucosylceramide synthase inhibitor N-butyl-DNJ (500 pM)
[40] were also assessed. Baseline GC levels in the Gaucher fibroblast cell lines 07968 and
10915 were elevated 7.1+2.2- and 1.9+0.6-fold, respectively, compared to the normal
fibroblast cell line CRL2076. Similarly, baseline GC levels in the Gaucher LCL cell lines
GS0501 and GS0505 were elevated 3.4+0.8- and 3.4+0.5-fold, respectively, compared to the
normal LCL cell line WT0003. Importantly, all tested L444P GCase fibroblasts and LCLs
incubated with IFG in the ‘7 on/3 off’ regimen showed significant decreases in GC levels. In
contrast, IFG incubation in the “10 on’ regimen did not reduce GC levels in any cell line
tested. As expected, 10-day incubation with NB-DNJ significantly decreased GC levels in
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these three cell lines. These data indicate that the IFG-mediated increases in cellular and
lysosomal GCase can lead to reduction of GC levels in L444P GCase fibroblasts and LCLs,
provided that IFG is sufficiently washed from the cells for several days.

IFG is orally available and has broad tissue distribution

Two different salt forms of isofagomine, IFG hydrochloride (HCI) and IFG tartrate, were
used for the in vivo studies. We first determined the tissue distribution and rate of clearance
of IFG in plasma, liver, spleen, and brain of male Sprague-Dawley rats. Animals were
administered a single oral dose (by gavage) of IFG tartrate (600 mg/kg, equivalent to 300
mg/kg free base), and plasma and tissue concentrations of IFG were measured by LC-MS/
MS as a function of time after administration (Fig. 4). Maximal IFG levels were attained
within 1 hour after administration. IFG was detected in all peripheral tissues tested, with
peak levels of 3.9+1.0 ug/mL, 17.7+3.3 ug/g, and 1.2+0.1ug/g in plasma, liver, and spleen
respectively (approximately 26 uM, 120 uM, and 8 uM, assuming 1 gram of tissue is
equivalent to 1 mL of volume). Twenty-four hours post-administration, concentrations fell
t0 0.007+£0.002 pug/mL and 0.04+0.01 pg/g in plasma and spleen, respectively, with levels in
liver below the limit of quantitation (0.025 ug/g). By 48 hours, IFG concentrations in plasma
and spleen were less than 0.003 pug/mL and 0.01 pg/g, respectively. IFG penetration into the
brain was slower and reached lower levels than in other tissues, with a maximal
concentration of 0.25+0.09 pg/g (approximately 1.7 uM) at 2 hours; 48 hours post-
administration, brain levels were less than 0.01 ug/g. The total brain exposure was
approximately 20% of the plasma exposure. The terminal half-life of IFG was estimated to
be 4.4, 2.6, 4.6, and 9 hours in plasma, liver, spleen, and brain, respectively. Collectively,
these results indicate that IFG is orally available and has a wide tissue distribution profile,
including the CNS.

IFG selectively increases L444P GCase activity in mouse tissues

To investigate the effect of IFG on L444P GCase in vivo, two-month old male L444P GCase
mice were administered IFG HCI (3, 10, or 30 mg/kg per day, equivalent to 2.5, 8.2, and 25
mg/kg free base, respectively) ad libitum in drinking water for two weeks. Mice were then
euthanized and GCase activity measured in liver homogenates. A statistically significant and
dose-dependent increase in L444P GCase activity (approximately 4-fold) was seen (Fig.
5A), with a maximal increase at a daily dose of 10 mg/kg per day. In a follow-up study, two-
month old male L444P GCase mice were administered IFG tartrate (20 mg/kg per day,
equivalent to 10 mg/kg free base) ad libitum in drinking water for four weeks (Fig. 5B).
Again, a statistically significant increase (approximately 4-fold) in L444P GCase activity
was seen in liver. In addition, L444P GCase activity was also elevated in spleen, lung, and
brain, with increases of approximately 4-, 5-, and 2-fold, respectively (Fig. 5B). In separate
studies, oral administration (ad libitum) of IFG tartrate (20 mg/kg per day) to six-month old
L444P GCase mice for 24 weeks resulted in a significant increase in L444P GCase activity
(up to 2-fold) in mineralized bone and bone marrow (Fig. 5B, inset). Oral administration of
IFG tartrate increased tissue L444P GCase activity to 15% to 40% of that measured in the
respective tissues of age-matched, untreated wild-type C57BL/6 mice (Fig. 5B). IFG
administration did not affect tissue activity of four other lysosomal hydrolases, including a-
galactosidase A, acid a-glucosidase, B-glucuronidase, and B-galactosidase in L444P GCase
mice (data not shown), indicating that the increase of L444P GCase activity in vivo is
selective. Furthermore, the 69 kDa form of L444P GCase was increased 3-, 2-, 4-, and 1.2-
fold in liver, spleen, lung, and brain homogenates, respectively, of L444P GCase mice
administered 20 mg/kg per day IFG tartrate for four weeks as measured by Western blotting
(Fig. 5C). Lastly, the increased activity of murine L444P GCase in liver tissue correlated
with increased quantities of GCase protein in lysosomal fractions isolated from liver
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homogenates of mice administered IFG tartrate (20 mg/kg per day) for 24 weeks
(Supplementary Figure).

To determine whether the effect of IFG tartrate on L444P GCase could be reproduced in
cells derived from the L444P GCase mice, primary macrophage cultures were established
from liver. Five-day ex vivo incubation with increasing concentrations of IFG tartrate
resulted in a 2+0.3-fold increase in L444P GCase activity as measured in lysates from the
cultured macrophages (Fig. 5D). Collectively, these data indicate that IFG can selectively
increase murine L444P GCase activity and lysosomal levels both in vitro and in vivo.

Tissue L444P GCase activity is elevated for days after withdrawal of IFG

To determine the duration of elevated L444P GCase after IFG withdrawal in vivo, four-
month old, male L444P GCase mice were administered IFG tartrate (20 mg/kg per day,
equivalent to 10 mg/kg free base) ad libitum in drinking water. After four-week
administration, IFG tartrate was removed and mice were provided access to drinking water
only. Groups of mice were then euthanized and tissue GCase activity was measured 0, 2, 4,
and 8 days after IFG tartrate withdrawal (Fig. 6). On the last day of IFG administration (Day
0), L444P GCase activity was significantly increased in liver, spleen, lung, and brain. The
elevated tissue GCase activity was sustained for a minimum of two days in all tissues before
returning to pre-dose levels. The half-life of elevated L444P GCase was estimated to be 1.7,
1.6, 1.2, and 2.0 days in liver, spleen, lung, and brain, respectively.

Tissue IFG concentrations in L444P GCase mice administered IFG tartrate were measured
using liquid chromatography tandem mass spectrometry (LC-MS/MS). With the exception
of brain, IFG was clearly detectable in all tissues on the last day (Day 0) of administration
(Table 4). Estimated molar concentrations of IFG in plasma, liver, spleen, and lung were
0.48+0.04 uM, 1.20£0.11 pM, 0.47+0.02 pM, and 0.47+0.06 puM, respectively. In contrast,
IFG was not detected in any tissue two days after withdrawal, indicating that the small
molecule is cleared relatively rapidly from the body (Table 4). These data demonstrate that
tissue GCase activity remains elevated even after IFG is cleared (Fig. 6), and support a long
half-life of the enzyme. The inability to detect IFG in brain of the L444P GCase mice is
most likely due to the dose of IFG tartrate administered (20 mg/kg per day) and the
relatively low sensitivity for measurement of IFG in brain tissue (limit of quantitation 50 ng/
g). Importantly however, the ability of IFG to cross the blood-brain barrier was confirmed
previously in the rat tissue distribution studies described above (Fig. 4), as well as in primate
studies. In cynomolgus monkeys, a single oral dose (by gavage) of IFG tartrate (1000 mg/
kg, equivalent to 500 mg/kg free base) resulted in measurable levels of IFG in cerebrospinal
fluid two hours post-administration (Table 4).

IFG reduces Gaucher disease markers in L444P GCase mice

Two-month old L444P GCase mice have moderately elevated liver (20%) and spleen (30%)
weights compared to age-matched, isogenic wild-type littermates [36]. To assess the effects
of IFG on organ size, one-month old male L444P GCase mice were administered IFG HCI
(10 mg/kg per day, equivalent to 8.2 mg/kg free base) ad libitum in drinking water for up to
24 weeks. Groups of 4-6 mice were euthanized after 4, 12, or 24 weeks, together with age-
matched untreated L444P GCase and wild-type C57BL/6 mice. Total body, liver, and spleen
weights were determined (Table 5). Compared to untreated L444P GCase mice, a
statistically significant increase in absolute body weight was seen at 24 weeks in mice that
received IFG HCI. Significant reductions in absolute spleen weights at 12 and 24 weeks
(13% and 20%, respectively) and liver weights at 24 weeks (6%) were also seen. When
expressed as a percentage of total body weight, reductions in organ weights were more
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pronounced, with 14% and 35% decreases in spleen at 12 and 24 weeks, respectively, and a
21% decrease in liver at 24 weeks (Fig. 7A).

The effects of IFG on elevated plasma chitin 111 and IgG levels [36] in the L444P GCase
mice were also assessed. Administration of IFG HCI (10 mg/kg per day, equivalent to 8.2
mg/kg free base) ad libitum for up to 24 weeks resulted in a time-dependent reduction in
both markers (Fig. 7B, insets), although statistical significance relative to untreated L444P
GCase mice was not attained due to the small number of animals per group (4-6 mice/time
point). In a follow-up study, four-month old L444P GCase mice (11 mice/group) were
administered IFG tartrate (20 mg/kg per day, equivalent to 10 mg/kg free base) ad libitum
for eight weeks and compared to age-matched untreated L444P GCase (n=11) and wild-type
C57BL/6 mice (n=6). Compared to untreated L444P GCase mice, statistically significant
reductions in both chitin I11 and 1gG levels were seen (Fig. 7B). These data indicate that
administration of IFG can reduce tissue weights as well as circulating chitin Il and 1gG
levels in L444P GCase mice.

DISCUSSION

We have shown previously that the pharmacological chaperone IFG selectively binds and
stabilizes N370S GCase, promoting trafficking of the enzyme to lysosomes and increasing
total cellular enzyme activity [24,25]. Other pharmacological chaperones have been
identified that also bind and stabilize N370S GCase [22,26-29,31-34,39]. To date, however,
only small increases in L444P GCase have been reported in Gaucher patient-derived
fibroblasts after incubation with the pharmacological chaperone c-octyldeoxynojorimycin
[33], whereas other pharmacological chaperones have shown no effect at all [28,31,34,39].
As a result, it has been generally concluded that L444P GCase is not responsive to
pharmacological chaperones. In this study, we show for the first time a reproducible,
statistically significant, and concentration-dependent increase in L444P GCase activity in
cell lysates prepared from LCLs derived from Gaucher patients homozygous for L444P
GCase that have been incubated with IFG for five days. The methodologies employed are
well known and have been previously described [24,25,31-33,39]. Using the same assay
conditions however, fibroblasts derived from Gaucher patients homozygous for L444P
GCase showed only small, but reproducible, increases in GCase activity after incubation
with IFG, consistent with the previous report using c-octyldeoxynojorimycin [33]. Due to
the very low level of GCase activity in the L444P fibroblasts, alternative methods were
developed to reduce the amount of IFG in the assay, thereby increasing the overall
sensitivity. This was accomplished two ways. First, Con A- or immunocapture (for
glycoprotein and GCase enrichment, respectively) was used in combination with multiple
wash steps to remove residually-bound IFG prior to assay. Second, cultured cells were
subjected to a one-day IFG washout (following five-day incubation with IFG), thereby
reducing the quantity of drug in lysates prior to assay. Overall, the maximal increase in
L444P GCase activity after five-day incubation with IFG ranged from mild (20% to 30% in
fibroblasts using the lysed-cell assay; Fig. 1B, left panel and Table 1), to moderate (100% to
115% in fibroblasts after glycoprotein- or GCase-enrichment, or following a one-day IFG
washout prior to assay; Figs. 1C and D;Table 2), to robust (150% to 250% in LCLs using the
lysed-cell assay; Fig. 1B, right panel and Table 1). The response mediated by IFG on L444P
GCase was selective, as two other small molecule pharmacological chaperones designed to
bind lysosomal enzymes other than GCase, 1-deoxygalactonojiromycin (DGJ) [21] and
deoxynojiromycin [41], tested in the same cells and under the same conditions did not
increase L444P GCase activity (data not shown).

The lack of a robust response for L444P GCase measured directly in fibroblast lysates
shown here as well as in previous studies with different small molecule chaperones may be
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due to a number of factors. First, a clear difference is seen between the magnitude of the
response in fibroblasts and LCLs using the lysed-cell assay (Fig. 1 and Table 1), suggesting
that cell type may influence the response to a pharmacological chaperone. Importantly, the
effects of pharmacological chaperones on L444P GCase had been reported previously only
in fibroblasts derived from Gaucher patients [28,31,34,39]. Second, carryover of chaperone
into the cell lysates could result in GCase inhibition in the subsequent activity
measurements. This possibility is supported by the lower activity measured in L444P
fibroblast and LCL lysates after incubation with 60 uM IFG compared to the activity
measured after incubation with 6 or 20 uM IFG (Table 1). Western blotting data also support
this hypothesis, as maximal increases in GCase protein levels were seen after incubation of
fibroblasts with 60 uM IFG (Fig. 1B). Importantly, the GCase activity measured after 60 pM
IFG incubation was increased by washing the cells for 24 hours prior to lysis, or by using
the glycoprotein-enrichment or GCase immunocapture assays (Figs. 1C and D;Tables 1 and
2). The potential for GCase inhibition may also be lower in LCLs compared to fibroblasts
due to the ability of IFG to more freely diffuse into and out of the LCLs grown in
suspension compared to the monolayers of adherent fibroblast cells, thus resulting in less
IFG carryover. Also, it should be noted that L444P GCase has been reported to bind a
number of small molecule pharmacological chaperones with high affinity, similar to wild-
type enzyme [41]. This may necessitate a more thorough washout of IFG to ensure accurate
measurement of enzyme activity. In contrast, N370S GCase has lower affinity for these
molecules, which may make inhibition from chaperone carryover less significant than for
L444P or wild-type GCase. Lastly, it has been postulated that active-site-binding
pharmacological chaperones may not efficiently stabilize proteins with perturbations caused
by spatially distant amino acid substitutions like L444P, which is located in the
immunoglobulin-like domain of GCase, especially if the domains are not
thermodynamically coupled [24,42]. However, IFG does clearly increase cellular and
lysosomal quantities and activity of L444P GCase (Fig. 2 and Supp. Fig.), suggesting that
the binding of some active-site-specific pharmacological chaperones can impart stability to
proteins destabilized by mutations in spatially distant protein domains. Taken together, these
data indicate that IFG significantly increases cellular L444P GCase activity in multiple cell
types in vitro.

In rats, IFG has a broad tissue distribution (Fig. 4) and attains tissue concentrations in excess
of its K value for GCase inhibition (40 nM), confirming the potential for interaction
between chaperone and enzyme in vivo. Oral administration of IFG to L444P GCase mice
resulted in a selective, statistically significant, and dose-dependent increase in tissue GCase
activity. In liver, spleen, lung, and brain tissue, GCase activity was increased 2- to 5-fold as
measured by enzyme activity and 1.2- to 4-fold as measured by semi-quantitative Western
blotting (Fig. 5A-C), indicating that IFG can increase both the absolute level and the
relative specific activity of the mutant enzyme in vivo. This observation is in agreement with
the previous finding that IFG can increase the relative specific activity of N370S GCase in
Gaucher patient-derived fibroblasts [25]. The effect of IFG on GCase activity in vivo was
selective, as IFG did not alter the activity of four other lysosomal hydrolases, specifically, a-
galactosidase A (a-Gal A), acid a-glucosidase, B-glucuronidase, and B-galactosidase. Lastly,
L444P GCase activity was elevated approximately 2-fold in macrophage cultures derived
from livers of L444P GCase mice after five-day ex vivo incubation with IFG (Fig. 5D),
indicating that IFG can increase L444P GCase activity in tissues as well as in cells derived
from tissues of L444P GCase mice.

The increase in GCase activity seen in the brains of L444P GCase mice after oral dosing for
four weeks suggests that IFG can cross the blood-brain barrier, although brain levels are
lower than in plasma and other tissues (Table 4). Access to the brain was confirmed in
parallel studies in which IFG was detected in monkey cerebrospinal fluid and rat brain tissue
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after oral administration at higher doses (Table 4 and Fig. 4, respectively). Furthermore, in
separate studies, orally administered IFG tartrate (100 mg/kg per day) increased wild-type
GCase activity in rat brains after two-week administration (data not shown). This result
extends previous observations indicating that IFG incubation can increase wild-type human
GCase activity in vitro [25]. The ability of IFG to cross the blood-brain barrier and to
increase the activity of L444P GCase encourages further evaluation of this molecule for the
treatment of neuronopathic forms of Gaucher disease.

Administration of IFG to L444P GCase mice for up to 24 weeks reduced liver and spleen
weights (Fig. 7A) and lowered plasma chitin I11 and 1gG levels (Fig. 7B), all of which are
elevated in these animals [36]. The L444P GCase mice do not show significant GC
accumulation and do not have observable Gaucher cells, suggesting that elevations in organ
weights and plasma markers may result from systemic inflammation that is characteristic of
these animals [36]. In addition, accumulation of misfolded GCase protein in the ER may
also contribute. Importantly, systemic inflammation has been reported in a majority of
Gaucher patients [43-45]. Furthermore, accumulation of misfolded GCase in the ER has
been associated with cellular dysfunction and may be a contributing factor to Gaucher
disease [46,47]. In our studies, IFG was able to increase lysosomal levels of L444P GCase
in cultured cells and in tissues of the mutant mice, indicating improved trafficking of this
mutant form in vitro and in vivo (Fig. 2 and Supp. Fig.). Given that these mice do not
accumulate GC and do not have Gaucher cells, it is possible that a reduction in the amount
of misfolded L444P GCase in pre-lysosomal compartments could lead to reduced cellular
stress, which in turn, could affect organ weights and plasma marker levels of these animals.
Whether the effects of IFG on organ weights and plasma markers of inflammation in L444P
GCase mice are mediated by reduced systemic inflammation, reduced ER stress, or both is
currently unknown, but will be the focus of future mechanistic studies.

Our data show that exposure to IFG followed by a washout period leads to a sustained
increase in L444P GCase levels in cells (Fig. 1C and D) as well as in animals (Fig. 6). In
addition, the tissue half-life of IFG is significantly shorter (hours) than that of elevated
L444P GCase (days) in vivo (Figs. 4, 6 and Table 4), consistent with the long lysosomal
half-life of the mutant enzyme [47]. Taken together, these data indicate that the increased
GCase activity can be sustained following IFG clearance, and that the difference in half-
lives between IFG and elevated L444P GCase may allow for improved efficacy by using a
less-frequent dosing regimen. In this case, a period of IFG administration to provide protein
stabilization and trafficking to lysosomes could be followed by a period of IFG withdrawal
to allow for dissociation and cellular/tissue clearance of the small molecule, thus minimizing
enzyme inhibition in situ and maximizing the net gain in lysosomal enzyme activity. We
tested this hypothesis in Gaucher-patient derived cells homozygous for L444P GCase via
direct measurement of GC levels. Incubation with 30 uM IFG for seven days, which led to
maximal increases in GCase activity in the present study, followed by a 3-day washout (‘7
on/3 off”), significantly reduced GC levels in every cell line tested (Fig. 3 and Table 3). In
contrast, no GC reduction was seen in any L444P cell line after 10-day continuous
incubation with IFG, demonstrating that the washout period is required for GC reduction.
This washout requirement is consistent with previous studies using DGJ, the
pharmacological chaperone for mutant a-Gal A, the enzyme deficient in Fabry disease. DGJ
washout from Fabry patient-derived cell lines in vitro and less-frequent oral administration
to mice that express a mutant form of a-Gal A in vivo maximized substrate reduction [48,
49]. It should also be noted that IFG incubation did not reduce GC levels to those seen in
normal control cells or in L444P-expressing cells incubated with NB-DNJ. It is possible that
IFG-mediated GC reduction could be maximized further by varying the IFG concentration,
incubation duration, washout time, and/or by providing single or multiple optimized
incubation/washout cycles. However, testing of multiple incubation/washout cycles requires
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significantly longer times that are not feasible with fibroblasts or LCLs due to the inability
to control for such factors as cell division, contact inhibition, and cell senescence. Such
studies would best be conducted using an appropriate Gaucher mouse model that
accumulates GC in relevant tissues and cell types. Importantly, the present in vitro results
provide the first demonstration of a pharmacological chaperone-mediated increase in
cellular L444P GCase activity as directly measured by reduction of endogenous substrate in
different Gaucher patient cell lines and cell types. Furthermore, future studies with the
L444P GCase mice will determine whether ‘on/off” dosing regimens can also lead to greater
reductions in organ weights and plasma markers of inflammation.

In conclusion, our data indicate that IFG is orally available and has a broad tissue
distribution that includes access to the CNS. Furthermore, incubation of Gaucher patient-
derived cells with IFG increases the lysosomal trafficking and activity of human L444P
GCase, leading to reduced cellular GC levels in intact cells. In addition, oral administration
of IFG to L444P GCase knock-in mice increased the activity and lysosomal content of
GCase in cells and tissues, resulting in the reduction of several markers of Gaucher disease.
Recently, IFG was evaluated in a Phase 2 randomized, open-label clinical study to assess
safety, tolerability, and preliminary efficacy in adult type 1 Gaucher patients. Two less-
frequent dosing regimens (225 mg administered three days on/four days off or seven days
on/seven days off) were studied during this six-month trial. Preliminary results indicate that
the treatment was generally well-tolerated, as no serious adverse events were reported.
Importantly, all patients that were enrolled showed increased GCase activity as measured in
white blood cells, including those homozygous for L444P GCase. However, clinically
meaningful improvements in key measures of disease (e.g., reduced spleen weight,
glucosylceramide, and plasma markers) were observed in only one of the eighteen patients
who completed the study. The results of this trial provide preliminary proof-of-concept that
IFG can increase GCase activity and improve the pathophysiological manifestations of
Gaucher disease in some patients, although the optimal dose, regimen, and treatment
duration are still to be determined. These clinical results, combined with our preclinical
observations, suggest that a pharmacological chaperone approach merits a more thorough
evaluation as a treatment for patients with neuronopathic and non-neuronopathic forms of
Gaucher disease.

MATERIALS AND METHODS

Materials

The HCI salt form of isofagomine (IFG HCI) was purchased from Toronto Research
Chemicals; the tartrate salt form (IFG tartrate) was synthesized at Amicus Therapeutics. For
tartrate salt conversion, IFG HCI was dissolved in a minimum volume of aqueous NH4OH
and filtered through a short silica gel column with 9:1 absolute alcohol (EtOH):aq NH4OH.
Evaporation at temperatures below 40 °C yielded IFG free base which was re-dissolved in
EtOH and filtered to remove particulates. Separately, 1.3 molar equivalents of L-tartaric acid
was dissolved in EtOH, filtered, and added to the free base solution at room temperature.
The resulting suspension was stirred at room temperature for 45 minutes, filtered, washed
with EtOH, and dried in a vacuum oven to yield IFG tartrate.

Fibroblasts derived from healthy subjects (CRL1509, CRL2076, and CRL2097) were
purchased from the American type culture collection (ATCC, Manasses, VA); fibroblasts
derived from Gaucher patients homozygous for L444P GCase (GM07968, GM10915,
GM08760, and GM00877) or N370S GCase (DMN89.45) were purchased from Coriell
(Camden, NJ). Lymphoblastoid cell lines (LCLs) (GS0501, GS0502, GS0503, GS0504, and
GS0505) were derived from Gaucher patients’ blood collected in the laboratory of Dr.
Raphael Schiffmann (National Institute of Neurological Disorders and Stroke, Bethesda,
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MD) [50]. LCLs from healthy volunteers (GM02184 and GM03201, WT0003) were
obtained from Coriell. For Western blotting, rabbit anti-human GCase and rabbit anti-mouse
GCase polyclonal antibodies were gifts from Dr. Gregory Grabowski (University of Ohio,
Cincinnati, OH); rabbit anti-human GCase antibody was purchased from Sigma Aldrich (St.
Louis, MO). For immunofluorescence analyses, rabbit polyclonal 1gG anti-human GCase
(raised against recombinant GCase in the laboratory of Don Mahuran) and mouse
monoclonal 1gG1 anti-human LAMP-1 (from the Developmental Studies Hybridoma Bank
developed under the auspices of the NICHD and maintained by the University of lowa,
Department of Biological Sciences (lowa City, A)) were used as primary antibodies; Alexa
Fluor 488 chicken anti-rabbit 1gG and Alexa Fluor 594 goat anti-mouse 1gG used as
secondary antibodies were purchased from Molecular Probes, Inc. (Eugene, OR). Mice
homozygous for L444P GCase were obtained from Dr. Richard Proia (National Institute of
Diabetes and Digestive and Kidney Diseases, Bethesda, MD). Wild-type C57BL/6 mice and
Sprague-Dawley rats were purchased from Taconic Farms (Germantown, NY). Animal
husbandry and all in vivo experiments in mice, rats, and monkeys were conducted under
Institutional Animal Care and Use Committee (IACUC) approved protocols. All other
reagents were purchased from Sigma Aldrich unless noted otherwise.

Measurement of L444P GCase activity in Gaucher patient-derived cell lines

Fibroblasts were seeded at 3x10° cells in T25 flasks in 6 mL Dulbecco’s Modified Eagle’s
Media (DMEM) supplemented with 15% fetal bovine serum (FBS), 1% penicillin/
streptomycin (P/S), and 1% L-glutamine (GIBCO, Grand Island, NY), and incubated at 37
°C, 8% CO, for 1 hour for cell attachment. Subsequently, cells were incubated in the
absence or presence of IFG tartrate in supplemented DMEM at 37 °C, 8% CO, for 5 days.
When noted, media containing IFG were removed and replaced overnight with media alone
to further remove IFG in the cells (IFG washout). After incubation, cells were washed 3 x
10 minutes at 37 °C with DMEM, 2 x 5 minutes with phosphate-buffered saline (PBS) and
detached using 1 mL TrypLE Express (Corning, NY) to prepare cell pellets. The pellets
were frozen overnight and subsequently lysed in Mcllvaine (MI) buffer (100 mM sodium
citrate, 200 mM sodium phosphate dibasic, 0.25% sodium taurocholate, and 0.1% Triton
X-100, pH 5.2). Lysed cell pellets were refrigerated at 4 °C overnight and GCase activity
was then measured in cell lysates using a, previously-described assay [24,25]. Briefly,
lysates (10 uL) were incubated at room temperature without and with 1.25 mM conduritol-
B-epoxide (CBE) in MI buffer for 30 minutes. After, 6.0 mM 4-methylumbeliferryl-f-
glucoside (4-MUG) substrate in M1 buffer (50 uL) was added and incubated at 37 °C for 60
minutes. Reactions were stopped by addition of 0.4 M glycine, pH 10.6 (70 uL).
Fluorescence was measured on a Victor? plate reader (Perkin Elmer, Waltham, MA) for one
second per well using 355 nm excitation and 460 nm emission. Total protein was determined
in lysates using the MicroBCA kit according to the manufacturer’s instructions (Pierce,
Rockford, IL). A 4-methylumbelliferone (4-MU) standard curve ranging from 1 nM to 30
uM was run in parallel for conversion of raw fluorescence intensity to absolute GCase
activity expressed as nanomoles of 4-MU released per milligram of protein per hour (nmol/
mg protein/hour).

To derive LCLs from Gaucher patients homozygous for the L444P mutation, blood was
collected in Vacutainer Blood Collection Tubes (Becton Dickinson, Franklin Lakes, NJ) and
spun at 1800g for 10 minutes at room temperature. The buffy-coat was transferred to a 15
mL centrifuge tube. The volume was adjusted with RPMI media (Mediatech, Manassas,
VA) to 6 mL and the blood/RPMI solution was gently layered on top of a fresh tube
containing 5 mL pre-dispensed Ficoll (Amersham Biosciences, Piscataway, NJ). The
solution was centrifuged for 30 minutes at 1000g at room temperature. After centrifugation,
the white blood cells at the Ficoll/plasma gradient layer interface were carefully removed
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with more than half of the overlaying supernatant and dispensed into a fresh 15 mL
centrifuge tube. The volume was adjusted to 10 mL with RPMI and centrifuged at 700g for
10 minutes at room temperature. The RPMI wash was repeated twice. White cells were then
transformed with Epstein-Barr Virus as described previously to derive LCLs [51]. For the
GCase assay, 1.0x10° LCLs were grown in T25 flasks in 5 mL supplemented RPMI and
incubated at 37 °C, 5% CO», overnight. Cells were incubated in the absence or presence of
IFG tartrate for 5 days, washed 10 minutes with RPMI at 37 °C, washed 3 x 5 minutes with
PBS at room temperature, and subsequently lysed in Ml buffer. GCase activity was then
measured in the absence and presence of CBE as described above.

For immunocaptured and Con A-enriched GCase assays, 1-1.25x108 fibroblasts were
seeded in T25 flasks in 6 mL supplemented DMEM and incubated at 37 °C, 8% CO5, for 3-6
hours. Cells were incubated in the absence or presence of IFG tartrate in supplemented
DMEM at 37 °C, 8% CO, for 5 days. After incubation, cells were washed 2 x 5 minutes at
37 °C with DMEM, and detached using 1 mL TrypLE Express. Cells were then transferred
to 15 mL tubes (Fisher Scientific, Pittsburgh, PA), centrifuged for 5 minutes at 200g,
washed twice in PBS at room temperature, and suspended in 400 uL of either PBS + 1%
NP40 (immunocapture) or Bis-Tris/NaCl (25 mM Bis-Tris, 150 mM NaCl, pH 6.5) + 1%
Tween 20 (Con A-capture). Cells were triturated with a pipette, incubated on ice for 30
minutes, and centrifuged for 5 minutes at 16000g. Supernatants (50 to 100 ug protein) were
transferred to fresh microcentrifuge tubes and incubated at 4 °C for 12-24 hours with either
50 uL Con A Sepharose beads (GE Healthcare, Piscataway, NJ) for enrichment of
glycoproteins or 0.25 pL rabbit anti-human GCase polyclonal antibody for immunocapture.
For the immunocapture assays, 10 uL protein G beads (Pierce) were then added to each tube
and incubated for an additional 1 hour at 4 °C with rocking. The beads for both the immuno-
and Con A-capture assays were collected by centrifugation at 4 °C for 1 minute at 160009
and washed 3 x 10 minutes with 500 uL of either PBS + 0.1% NP40 or Bis-Tris/NaCl +
0.1% Tween 20, respectively.

Immunofluorescence staining and confocal microscopy imaging

For immunofluorescence, 1x10° fibroblasts were seeded in T25 flasks in 6 mL
supplemented DMEM and incubated at 37 °C, 8% CO», for 3—6 hours. Cells were then
incubated in the absence or presence of 100 uM IFG tartrate in supplemented DMEM for 14
days. Cells were split after 7 days and fresh media containing IFG were added. After 13
days, cells were washed 2 x 5 minutes with DMEM at 37 °C, and detached using 1 mL
TrypLE Express. Cells were then transferred to 15 mL tubes (Fisher Scientific), centrifuged
for 5 minutes at 200g, and washed twice in PBS at room temperature. 5x10° cells were then
seeded overnight on 18 mm glass coverslips (Fisher Scientific) in 12-well plates (BD
Biosciences) in fresh media in the absence or presence of 100 uM IFG. After overnight
incubation, cells were washed 2 x 5 minutes with PBS and fixed in 2.5% paraformaldehyde
at room temperature for 30 minutes followed by incubation at 37 °C for 10 minutes. The
cells were then rinsed three times with PBS followed by indirect immunofluorescence and
DAPI (1:50,000 dilution in PBS for 10 minutes at room temperature; Molecular Probe Inc,
Eugene, OR) staining and confocal microscopy imaging as previously reported [32,39]. To
provide a qualitative estimate of GCase levels from the fluorescent signals, the same
confocal microscope settings were maintained throughout all confocal sessions for wild-type
and N370S GCase fibroblasts; however, the detector gain was increased for image recording
of L444P GCase fibroblasts to produce a detectable signal. The confocal microscope settings
were not changed when collecting LAMP-1 images between the wild-type, N370S, or
L444P GCase fibroblasts. Confocal images were imported and contrast/brightness adjusted
using Volocity 5 software (Improvision, Inc., Waltham, MA).
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GC gquantitation in Gaucher fibroblasts and LCLs

LCLs were seeded at 3x10° cells per ml in 9 ml of growth media (RPMI + 10% FBS) per
T25 flask. Fibroblasts were seeded at 5.6x10% cells per ml in 19 ml of growth media
(DMEM + 15% FBS) per T75 flask and were incubated at 37°C, 8% CO,, for 1 hour. IFG or
NB-DNJ were prepared in growth media and incubated with cells for 7 or 10 days under the
culture conditions described above. Following the 7-day incubation, cells receiving a 3-day
washout period were rinsed 3 x 30 minutes with fresh media at 37 °C followed by
incubation with media only for 3 additional days. Fibroblasts were trypsinized and pelleted
by centrifugation at 2000 rpm for 5 minutes; lymphoblasts were rinsed twice with PBS and
pelleted by centrifugation at 2000 rpm for 5 minutes. Pellets were stored at —80 °C until GC
analysis.

Cell pellets were resuspended in 200 pL Lysis Buffer (2.7 mM citrate, 4.6 mM phosphate
buffer, pH 5.5), and vortexed. Samples were incubated at room temperature for 15 minutes,
then extracted in acetone:methanol (50:50). Samples were vortexed, sonicated, and
centrifuged at 106009 for 10 minutes at room temperature. Supernatants (200 uL of the
upper organic portion) were mixed with 100 pL N-palmitoyl-d3-glucopsychosine internal
standard (625 ng/mL) (Matreya, LLC, Pleasant Gap, PA) and 800 uL of water:methanol
(13:87). Solid phase extraction was conducted on a pre-conditioned Bond Elut 40 um, 100
mg C-18 column (Varian Inc, Palo Alto, CA) by washing with methanol:acetone:water
(7:2:1) and elution with 1 mL acetone:methanol (9:1) into silanized glass tubes. Samples
were evaporated to dryness at 40 °C, and reconstituted with 200 uL acetone:methanol:water
(45:45:10) containing 4 mM lithium acetate. Total GC levels were determined from 30 pL
of each sample extract by liquid chromatographic tandem mass spectrometry (LC-MS/MS)
(LC: Shimadzu SIL-HT system, Columbia, MD; MS/MS: Sciex APl 4000 MS/MS, AME
BioSciences, Toten, Norway). LC was conducted using an acetone:methanol mobile phase
system containing lithium acetate (mobile phase A: 100% water and 2 mM lithium acetate;
mobile phase B: acetone:methanol (60:40) and 2 mM lithium acetate) with a flow rate of 0.4
mL/minute on a C6 phenyl column (Gemini C6 phenyl 3 um 150 x 3.0 mm, Phenomenex,
Torrance, CA). The final GC elution condition was 95% mobile phase B. MS/MS analysis
was conducted under positive ion mode (ESI+) and seven different isoforms of GC [C14:0,
C16:0, C18:0, C18:1, C20:0, C21:0, C22:0, C23:0, C24:0, C24:1] as well as internal
standard [C16:0 D3] were identified in each sample. The following transitions were
monitored: m/z 706.7—m/z 496.5 for C16:0; m/z 734.4—m/z 524.6 for C18:0; m/z
762.7—m/z 552.6 for C20:0; m/z 790.9—m/z 580.6 for C22:0; m/z 804.9—m/z 594.7 for
C23:0; m/z 818.9—m/z 608.6 for C24:0; m/z 816.9—m/z 606.6 for C24:1; and m/z
709.7—m/z 499.6 for the C16:0 D3 internal standard. For quantitation, the area counts for
each isoform were determined and summed to obtain the total GC area counts. The ratio of
the total GC area counts to that of the internal standard was used to calculate the final
concentration of GC in each sample based on a linear least squares fit equation applied to an
11-point calibration curve (GC reference standard purchased from Matreya LLC) prepared
in 20% Lysis Buffer and methanol:acetone (50:50). Total GC measurements were
normalized to the total protein in each sample, determined from 50 pL cell lysate using a
BCA protein assay (Pierce). No significant differences in GC levels from three normal LCL
lines (WT0003, WT0007, and WTO0009) or three normal fibroblast lines (CRL1509,
CRL2076, and CRL2097) were seen.

Isolation of primary macrophages from L444P GCase mouse liver

Macrophages were isolated from L444P GCase mouse liver as described previously [52].
For the GCase activity assay, 2.5x10% macrophages were grown in 6-well plates in 2 mL
RPMI (containing 15% FBS, 1% P/S, and 1% L-glutamine) in the absence or presence of
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IFG tartrate at 37 °C, 5% CO», for 5 days; GCase activity in cell lysates was measured as
described above.

Administration of IFG to L444P GCase mice and measurement of tissue enzyme activity

Mice were administered either IFG HCI or IFG tartrate in drinking water (ad libitum). The
dosing solutions were prepared based on the daily water consumption of L444P GCase mice
(approximately 10 mL/day per mouse) and were made fresh each week. After
administration, mice were euthanized with CO5 and body weights were recorded. Whole
blood was drawn into lithium heparin tubes from the inferior vena cava after CO,
euthanization. Plasma was collected by spinning blood at 2700g for 10 minutes at 4 °C.
Liver, spleen, lung, and brain tissues were removed, washed in cold PBS, blotted dry, and
weighed before storing on dry ice. Femurs were collected from the hind legs and were
cleaned of all muscle tissue. The ends of each bone were then removed and a 23 gauge
needle containing 200 uL PBS was carefully inserted into the medullary cavity to flush out
the bone marrow.

Tissue GCase activity was measured as described above except that lysates of liver, spleen,
lung, and brain were prepared by homogenizing 50 mg of tissue in MI buffer at pH 5.2 for
3-5 seconds on ice with a microhomogenizer (Pro Scientific, Thorofare, NJ). Mineralized
bone lysates were prepared by crushing tissue in MI buffer in a liquid nitrogen cooled
mortar (Fisher Scientific). Bone marrow lysates were prepared by gently triturating cells
with a pipette. For selectivity measurements, substrates specific for the lysosomal hydrolases
a-galactosidase A, acid a-glucosidase, B-glucuronidase, and B-galactosidase (4-
methylumbeliferryl a-D-galactopyranoside A, 4-methylumbeliferryl a-D-glucopyranoside,
4-methylumbeliferryl B-glucuronide, and 4-methylumbeliferryl B-galactopyranoside,
respectively) were used according to methodologies previously described [22].

Tissue distribution of IFG

Eight-week old male Sprague-Dawley rats were administered a single dose (600 mg/kg) of
IFG tartrate by oral gavage. Blood and tissues were collected at various time points over a
48-hour period and IFG levels were measured by LC-MS/MS (described below). Whole
blood was drawn into lithium heparin tubes from the inferior vena cava after CO,
euthanization. Plasma was collected by spinning blood at 2700g for 10 minutes at 4 °C.
Liver, spleen, and brain tissues were removed, washed in cold PBS, blotted dry, and
weighed before storing on dry ice.

Tissue levels of IFG in monkey CSF

The in-life portion of the study was performed at MDS Pharma Services (Saint Germain sur
I” Arbresle, France) under Animal Care and Committee (ACC) approval. Five young male
and female cynomolgus monkeys (2—4 kilogram) were administered a single dose of IFG
tartrate (1000 mg/kg, equivalent to 500 mg/kg free base) via oral gavage, and cerebrospinal
fluid (CSF) was collected two hours post-administration. For CSF collection, animals were
subjected to general anesthesia using either isofluorane or tiletamine HCl/zolazepam HCI
(Telazol®). The hair over the lumbosacral region was clipped and skin was wiped with a
povidone-iodine surgical scrub alternating with an alcohol wipe at least three times. Aseptic
techniques were followed throughout the procedure. The needle with the syringe was
carefully inserted into the intervertebral space until fluid entered the hub. Care was taken to
not advance the needle too far, upon which blood is obtained. No more than 2 mL of CSF
were collected. IFG levels were quantitated by LC-MS/MS (described below) and expressed
as ng/mL.
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Tissue IFG quantitation

Mouse or rat tissue (50 mg), plasma or CSF (50 uL) were homogenized in water:acetone:
0.5% formaldehyde (1:1:8) containing IFG internal standard (0.5ug/mL). The samples were
vortexed, sonicated for 10 minutes, and centrifuged at 10000g for 10 minutes at 4 °C. IFG
levels in supernatants were determined by LC-MS/MS using 10 mM NH4HCOg3:acetonitrile
mobile phase (22:78) at 50 °C with a flow rate of 0.3 mL/min on a 4.6x150 mm 5 pm amine
column (Tosoh Bioscience, Cincinnati, OH). Tissue and plasma concentrations of IFG were
reported as ng/g or ng/mL respectively, and approximate molar concentrations within tissues
were derived based on the molecular weight of IFG (147.17) and the assumption that one
gram of tissue is equivalent to 1 mL of volume.

Reverse transcriptase-polymerase chain reaction (RT-PCR) analysis of L444P GCase

transcripts

To confirm the genotype of L444P GCase mice, a codon-specific RT-PCR approach was
used on mRNA isolated from livers of L444P GCase and wild-type C57BL/6 mice. Codon
specificity was attained using forward primers designed to terminate at the proline codon of
the L444P transcript or the leucine codon of the wild-type transcript. For this purpose, total
RNA from liver tissue of two-month old L444P GCase and wild-type C57BL/6 mice was
isolated using the RNAeasy kit according to the manufacturer’s instructions (Qiagen,
Valencia, CA). Using oligo dT primers, cDNA was synthesized using the Superscript 111
first strand kit (Invitrogen, Carlsband, CA) followed by amplification of a 115 base pair (bp)
fragment from exon 10 of the murine GCase gene (Gba). The two codon-specific primers,
5-AGTGAGAGCACTGACCC-3' (murine L444P GCasec DNA) or 5'-
AGTGAGAGCACTGACTT-3' (murine wild-type GCase cDNA) were used with reverse
primer, 5-CAGGTCAGGATCACTGAG-3'. The PCR amplification consisted of 30
reaction cycles (30 seconds denaturation at 94 °C; 30 seconds annealing at 65 °C; 30
seconds elongation at 72 °C). Using the L444P codon-specific primer, a 115 bp fragment
was amplified from L444P cDNA but not from wild-type cDNA. Similarly, the wild-type
codon-specific primer yielded a 115 bp fragment from wild-type cDNA but not from L444P
cDNA (data not shown). The amplified products were sequenced (Genewiz Technology,
South Plainfield, NJ) to confirm the presence of L444P GCase cDNA in the L444P GCase
mice.

Western blot analyses

Cell lysates from fibroblasts or LCLs (50 ug total protein per lane) were subjected to SDS-
PAGE on 12% gels (Bio-Rad, Hercules, CA), transferred to PVDF membranes (Bio-Rad),
and immunoblotted with a rabbit anti-human GCase polyclonal antibody (1:500 dilution); a
goat anti-mouse B-actin monoclonal antibody was used as a loading control (1:2500
dilution). Protein bands were detected using peroxidase-conjugated goat anti-rabbit (GCase),
or donkey anti-mouse (B-actin) secondary antibodies (Jackson Immunosearch Labs, West
Grove, PA) in combination with enhanced chemiluminescence (Pierce). The blots were
scanned on an Image Station 4000R (Kodak, Rochester, NY) and the amount of tissue
GCase protein relative to B-actin was quantified using Molecular Imaging Software, version
4.0 (Kodak).

Plasma chitin Ill and 1gG assays

Plasma chitin Il activity was measured in a 96-well plate assay as described previously
[53]. Briefly, 5 uL of plasma were incubated with 95 pL of 0.1 M citric acid/0.2 M sodium
phosphate buffer (pH 5.2) containing 3 mM 4-methyl umbelliferyl-p-D-N,N'N"-
triacetylchitotriose at 37 °C for 15 minutes. The reaction was stopped with 150 uL of 1 M
glycine (pH 10.6). Enzymatic activity was expressed as nanomoles of 4-MU released per pL
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of plasma per minute (nmol/uL/min). The IgG levels in mouse plasma were measured using
a mouse IgG ELISA kit following the manufacturer’s instructions (Bethyl Laboratories, Inc.,
Montgomery, TX).

Data analysis

All curve fitting was conducted using non-linear regression analyses in GraphPad Prism,
version 4.02 (La Jolla, CA). The time required for elevated tissue GCase activity to decay to
half the maximum value (half-life) after IFG withdrawal in mouse-based experiments was
calculated using a one-phase exponential decay curve fitting function. Statistical
significance was determined by calculating p values using a two-tailed unpaired t test in
Microsoft Office Excel 2003 (Redmond, WA) or GraphPad Prism. Linear trends of
significance (p<0.05) to estimate a dose-dependent increase were calculated using a one-
way ANOVA analysis in GraphPad Prism. Tissue exposure to IFG was calculated using
WinNonlin software (Pharsight Corporation, Mountain View, CA). GCase activity and
protein levels were calculated using Microsoft Excel and GraphPad Prism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

GCase acid B-glucosidase

IFG isofagomine

GC glucosylceramide

CNS central nervous system

NB-DNJ N-butyl-1-deoxynojirimycin

LCLs lymphoblastoid cell lines

IACUC Institutional Animal Care and Use Committee
Ml Mcllvaine

DMEM Dulbecco’s Modified Eagle’s Media

FBS fetal bovine serum

CBE conduritol-B-epoxide

4-MUG 4-methylumbeliferryl-B-glucoside

LC-MS/MS liquid chromatography tandem mass spectrometry
Con A concanavalin A

RT-PCR reverse transcriptase-polymerase chain reaction
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ERT enzyme replacement therapy
SRT substrate reduction therapy
kD kilodalton
SEM standard error of mean
FTCD formiminotransferase cyclodeaminase
PBS phosphate-buffered saline
P/S penicillin/streptomycin
RPMI Roswell Park Memorial Institute
a-Gal A a-Galactosidase A
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Figure 1. IFG increases N370S and L444P GCase activity in Gaucher patient-derived cells

Panel A. N370S fibroblasts (DMN89.45) were incubated with the indicated concentrations
of IFG tartrate for five days and GCase activity was directly measured in lysed cells as
described in ‘Materials and Methods’. In the experiment shown, a concentration-dependent
increase of approximately 2.5-fold was seen in GCase activity. The increase in GCase
activity was found significant for a linear trend (one-way ANOVA), indicating a
concentration-dependent effect. Panel B. L444P fibroblasts (GM07968) and LCLs (GS0501)
were incubated with the indicated concentrations of IFG tartrate for five days and GCase
activity was directly measured in lysed cells. In the experiments shown, a small but
reproducible 1.3-fold increase in GCase activity was seen in fibroblast lysates (left panel),
and a 3.5-fold increase was seen in LCL lysates (right panel). The increase in GCase activity
measured in LCLs was found significant for a linear trend (one-way ANOVA). Summary
data from the fibroblast and LCL cell lines shown here, as well as others, are presented in
Table 1. Insets, GCase protein levels were increased in Gaucher fibroblasts and LCLs after
five-day incubation with IFG, as directly measured by Western blotting (50 ug total protein
per lane). Blots were probed with an anti-human GCase antibody and a B-actin antibody
(loading control). The data shown are representative of three independent experiments.
Panel C. Gaucher fibroblasts homozygous for L444P GCase (GM07968) were incubated for
five days with the indicated concentrations of IFG tartrate. Cell lysates were then subjected
to either glycoprotein- or GCase-enrichment using Con A- and immunocapture,

respectively, as described in ‘Materials and Methods’. GCase activity was measured on the
precipitated beads. In the experiments shown, concentration-dependent increases
(approximately 2-fold) were seen in GCase activity. The increases were found significant for
a linear trend (one-way ANOVA). Panel D. Gaucher fibroblasts homozygous for L444P
GCase (GMO07968) were incubated for five days with the indicated concentrations of IFG
tartrate, followed by 24-hour washout (media only). GCase activity was measured directly in
lysed cells. In the experiments shown, an approximately 1.7-fold increase was seen in
L444P GCase activity after 24-hour washout. This increase was found significant for a
linear trend (one-way ANOVA). In all panels, the data have been normalized to baseline
(untreated) values and are representative of three or six independent experiments as
indicated in Tables 1 and 2, with each point the mean+SEM of triplicate determinations.
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Statistically significant differences from untreated were determined using a two-tailed,
unpaired student’s t-test with “p<0.05, **p<0.01, and ***p<0.001.
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Figure 2. IFG increases the lysosomal pool of L444P GCase in Gaucher patient-derived
fibroblasts
Fibroblasts derived from healthy volunteers (WT; CRL2097) and Gaucher patients

homozygous for the N370S (DMN89.45) or L444P (GM07968, GM00877, GM10915)
mutant forms of GCase were incubated in the absence or presence of 100 uM IFG tartrate
for 14 days. GCase (green) and the lysosomal marker LAMP-1 (red) were visualized by
confocal microscopy after indirect immunofluorescence staining as described in ‘Materials
and Methods’. In the merged images, yellow denotes co-localization of the two proteins,
indicative of their lysosomal localization. Nuclei are stained with DAPI (blue). IFG
treatment increased the lysosomal pool of GCase in wild-type as well as N370S and L444P
GCase fibroblasts (as shown by the increased amount of yellow in the merged images).
Representative cells are shown to demonstrate the degree of co-localized GCase and
LAMP-1. Magnification: 63x.
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Figure 3. IFG reduces GC levels in Gaucher fibroblasts and LCLs
Fibroblasts (GM07968, left side of panel) and LCLs (GS0501, right side of panel)
homozygous for L444P GCase were incubated in the absence or presence of 30 uM IFG for
7 days followed by a 3-day washout (‘7 on/3 off’). Parallel cultures of these cell lines were
incubated for 10 days with 30 uM IFG or 500uM NB-DNJ (“10 on”). GC levels were then
measured as described in ‘Materials and Methods’ as well as in normal control fibroblasts
(CRL2076) or LCLs (WTO0003). The data are expressed as the mean+SEM from 3 flasks for
each condition tested. Statistically significant differences from untreated in GC levels were
determined using a two-tailed, unpaired student’s t-test with “p<0.05, *"p<0.01,
and "*p<0.001, or #p<0.05 for untreated versus ‘10 on’. Similar results were seen in two
other L444P GCase cell lines (GM10915 fibroblasts and GS0505 lymphoblasts; see Table

3).
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Figure 4. Tissue distribution pharmacokinetics of IFG

Eight-week old male Sprague-Dawley rats were fasted overnight prior to administration of
IFG tartrate (600 mg/kg, equivalent to 300 mg/kg free base) by oral gavage. Tissue and
blood samples were drawn as a function of time. IFG levels were assessed by LC-MS/MS in
plasma and tissue homogenates as described in ‘Materials and Methods’. Each point
represents the mean+SEM from 3 rats.
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Figure 5. IFG increases tissue L444P GCase activity in vivo

Panel A. Two-month old male L444P GCase mice were administered IFG HCI (3, 10, or 30
mg/kg per day, equivalent to 2.5, 8.2, and 25 mg/kg free base, respectively) ad libitum in
drinking water for two weeks. GCase activity in liver lysates was measured as described in
‘Materials and Methods’. Significant increases in GCase activity were seen at all three
doses. Each bar represents the mean+SEM of GCase activity from 4 mice/group analyzed in
triplicate. The treatment was also found significant for a linear trend (one-way ANOVA),
indicating a dose-dependent effect. Panel B. Two-month old male L444P GCase mice were
administered IFG tartrate (20 mg/kg per day, equivalent to 10 mg/kg free base) ad libitum
for four weeks. GCase activity was measured in tissue lysates as described in “Materials and
Methods’. Significant increases in GCase activity were seen in liver (4-fold), spleen (4-fold),
lung (5-fold), and brain (2-fold). Tissue GCase activity from untreated wild-type C57BL/6
mice are also shown. Each bar represents the mean+SEM of GCase activity from 4 mice/
group analyzed in triplicate. Inset. Six-month old male L444P GCase mice were
administered IFG tartrate (20 mg/kg per day, equivalent to 10 mg/kg free base) ad libitum
for 24 weeks and GCase activity was measured in mineralized bone and bone marrow
lysates as described in “‘Materials and Methods’. Significant increases in L444P GCase
activity (up to 2-fold) were seen with IFG administration. Each bar represents the mean
+SEM of GCase activity from 7-8 mice/group analyzed in triplicate. Panel C. GCase
protein levels in the tissue samples (50 pg) used in panel B were directly measured by
Western blotting using anti-mouse GCase and B-actin (loading control) antibodies as
described in ‘Materials and Methods’. IFG tartrate administration increased GCase activity
in liver (3-fold), spleen (2-fold), lung (4-fold), and brain (1.2-fold). Each lane represents one
mouse from each group and is representative of two experiments with two different mice
from each group. Panel D. Primary cultures of mouse liver macrophages were derived from
two-month old untreated male L444P GCase mice and incubated with IFG tartrate for five
days at the concentrations indicated as described in ‘Materials and Methods’. In the
experiment shown, a significant and concentration-dependent increase (approximately 2-
fold) in L444P GCase activity was seen in macrophage lysates. The increase was also found
significant for a linear trend (one-way ANOVA). The data shown have been normalized to
untreated values and are representative of three independent experiments, with each point
the mean£SEM of triplicate determinations. In panels A, B, and D, statistically significant
differences from untreated were determined using a two-tailed, unpaired student’s t-test
with *p<0.05, *p<0.01, and ***p<0.001.
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Figure 6. Time course for decay of increased L444P GCase activity after IFG withdrawal
Four-month old male L444P GCase mice were administered drinking water (dotted lines) or
IFG tartrate (20 mg/kg per day, equivalent to 10 mg/kg free base (solid line)) ad libitum in
drinking water for four weeks followed by a washout period (drinking water only) for up to
eight days. Groups of mice were then euthanized on Days 0, 2, 4, or 8 after IFG tartrate
withdrawal and GCase activity was measured in tissue lysates. Statistically significant
increases above baseline were maintained in liver, spleen, and lung GCase activity for up to
four days, and in brain for up to two days. Each data point represents the mean+SEM of
tissue GCase activity from 6 mice/group analyzed in triplicate. Statistically significant
differences from untreated were determined using a two-tailed, unpaired student’s t-test
with *p<0.05, *p<0.01, and ***p<0.001.
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Figure 7. IFG reduces organ weights and the levels of plasma markers for Gaucher disease in
L444P GCase mice

Panel A. One-month old male L444P GCase mice were administered IFG HCI (10 mg/kg
per day, equivalent to 8.2 mg/kg free base) ad libitum for up to 24 weeks. Mice (4-6/time
point) were euthanized after 4, 12, or 24 weeks of administration and total body, liver, and
spleen weights were recorded and compared to those of age-matched untreated L444P
GCase and wild-type C57BL/6 mice (4 mice/time point). Statistically significant reductions
in organ weights compared to untreated L444P GCase mice were seen in spleen (upper
panel) and liver (lower panel). Organ weights are expressed as a percentage of body weight.
Panel B. Four-month old male L444P GCase mice were administered IFG tartrate (20 mg/kg
per day, equivalent to 10 mg/kg free base) ad libitum for eight weeks (11 mice/time point).
Chitin 111 (upper panel) and 1gG (lower panel) levels were measured in plasma samples and
compared to those of age-matched untreated L444P GCase (11 mice/time point) and wild-
type C57BL/6 mice (6 mice/time point). Statistically significant reductions in both markers
compared to untreated L444P GCase mice were seen. Insets. One-month old male L444P
GCase mice were administered drinking water (dotted lines) or IFG HCI (10 mg/kg per day,
equivalent to 8.2 mg/kg free base (solid lines)) ad libitum for up to 24 weeks. Mice were
euthanized after 4, 12, or 24 weeks of treatment (4—-6 mice/time point). A trend of reduction
in both chitin I11 and 1gG levels was seen with time compared to age-matched untreated
L444P GCase mice. Statistically significant differences from untreated were determined
using a two-tailed, unpaired student’s t-test with “p<0.05.
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