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The Pharmacological Chaperone
1-Deoxygalactonojirimycin Reduces Tissue
Globotriaosylceramide Levels in a Mouse

Model of Fabry Disease

Richie Khanna', Rebecca Soska', Yi Lun', Jessie Feng', Michelle Frascella’, Brandy Young',
Nastry Brignol', Lee Pellegrino’, Sheela A Sitaraman', Robert ] Desnick?, Elfrida R Benjamin',

David | Lockhart' and Kenneth | Valenzano'
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Fabry disease is an X-linked lysosomal storage disorder
caused by a deficiency in o-galactosidase A (a-Gal A)
activity and subsequent accumulation of the substrate
globotriaosylceramide (GL-3), which contributes to dis-
ease pathology. The pharmacological chaperone (PC)
DGJ (1-deoxygalactonojirimycin) binds and stabilizes
o-Gal A, increasing enzyme levels in cultured cells and
in vivo. The ability of DGJ to reduce GL-3 in vivo was
investigated using transgenic (Tg) mice that express a
mutant form of human o-Gal A (R301Q) on a knockout
background (Tg/KO), which leads to GL-3 accumula-
tion in disease-relevant tissues. Four-week daily oral
administration of DGJ to Tg/KO mice resulted in signifi-
cant and dose-dependent increases in a-Gal A activity,
with concomitant GL-3 reduction in skin, heart, kidney,
brain, and plasma; 24-week administration resulted in
even greater reductions. Compared to daily adminis-
tration, less frequent DG administration, including
repeated cycles of 4 days with DGJ followed by 3 days
without or every other day with DG, resulted in even
greater GL-3 reductions that were comparable to those
obtained with Fabrazyme. Collectively, these data indi-
cate that oral administration of DGJ increases mutant
o-Gal A activity and reduces GL-3 in disease-relevant
tissues in Tg/KO mice, and thus merits further evalua-
tion as a treatment for Fabry disease.
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INTRODUCTION

Fabry disease is an X-linked lysosomal storage disorder caused
by inherited mutations in the gene (GLA) that encodes the lyso-
somal hydrolase a-galactosidase A (a-Gal A). More than 400
GLA mutations have been reported, ~60% of which are missense
(Human Gene Mutation Database; http://www.hgmd.org).! These
mutations lead to reduced cellular a-Gal A activity as a result of

lowered catalytic efficiency, improper or less stable folding, and/or
inefficient lysosomal trafficking.>* Deficiency of a-Gal A results
in progressive accumulation and deposition of glycosphingolipids
with a terminal a-galactose, primarily globotriaosylceramide
(GL-3, Gb3, and ceramide trihexoside), in lysosomal and nonlys-
osomal compartments of cells of the skin, heart, kidney, brain, and
other tissues,>® which contributes to disease pathology.”

Fabry disease has been classified into two major forms accord-
ing to the age of onset of clinical symptoms: early (or “classic”)
and late.®® Classic Fabry disease patients are typically males with
little-to-no detectable a-Gal A activity who present with severe
clinical symptoms during adolescence, including acroparesthe-
sia, angiokeratomas, hypohidrosis, and corneal dystrophy. If
untreated, progressive vascular disease affects the heart, kidney,
and central nervous system (CNS), resulting in death by the fourth
or fifth decade.®® Late-onset patients tend to have higher residual
a-Gal A activity and are usually asymptomatic until the third or
fourth decade.?®'° Ultimately, disease progression leads to heart
or kidney failure, or cerebrovascular complications such as stroke,
resulting in death by the fifth or sixth decade.*'' Recent studies
suggest that this late-onset form may be more prevalent than
originally thought.'®'*"!* Furthermore, female Fabry patients may
be mildly symptomatic or as severely affected as classic males.'>"
Enzyme replacement therapy is currently the only treatment avail-
able for Fabry patients, with two approved products: Fabrazyme
(agalsidase beta; Genzyme, Cambridge, MA) and Replagal
(agalsidase alfa; Shire Pharmaceuticals, Cambridge, MA). These
treatments are well tolerated, reduce plasma, urine, and microvas-
cular endothelial GL-3 levels, and may alleviate neuropathic pain,
improve hypertrophic cardiomyopathy, stabilize kidney function,
and increase the ability to sweat.'®* However, enzyme replace-
ment therapy is not a cure and delivery of infused enzyme to some
disease-relevant cells, tissues, and organs may be insufficient in
certain cases.'>'®

Pharmacological chaperone (PC) therapy has been pro-
posed as a treatment for Fabry and other lysosomal diseases.*
PCs selectively bind and stabilize mutant forms of a-Gal A in

Correspondence: Richie Khanna, Department of Pharmacology, Amicus Therapeutics, 6 Cedar Brook Drive, Cranbury, New Jersey 08512, USA.

E-mail: rkhanna@amicustherapeutics.com

Molecular Therapy vol. 18 no. 1, 23-33 jan. 2010

23


http://www.nature.com/doifinder/10.1038/mt.2009.220
mailto:rkhanna@amicustherapeutics.com

DGJ Reduces Tissue GL-3 Levels in Fabry Mice

the endoplasmic reticulum, facilitating proper protein folding
and trafficking, and increasing lysosomal enzyme activity.?#***
Because PCs are low molecular weight molecules, they may be
orally available with broad biodistribution, including the CNS.
The iminosugar, 1-deoxygalactonojirimycin (DGJ, migalastat
HCI, AT1001), is an analog of the terminal galactose of GL-3, acts
as a reversible, competitive inhibitor of a-Gal A,’" and improves
the folding, stability, and lysosomal trafficking of multiple mutant
forms of a-Gal A.#¥-

To study the effects of DGJ in vivo, we used a new mouse
model of Fabry disease [hR301Q a-Gal A transgenic (Tg)/knock-
out (KO)] that lacks endogenous GLA but expresses a human
R301Q GLA transgene transcriptionally regulated by the human
GLA promoter. Importantly, R301Q a-Gal A has been identified
in patients with both classic and late-onset Fabry disease.’>
hR301Q a-Gal A Tg/KO mice show age-dependent GL-3 accu-
mulation in disease-relevant tissues including skin, heart, kidney,
and brain. Previous studies using a different Tg mouse homozy-
gous for the expression of hR301Q (TgM/KO) failed to show
GL-3 accumulation due to high expression of the transgene by the
B-actin promoter.*” More recently, it was shown that heterozygous
female TgM/KO mice do accumulate modest levels of GL-3 in
kidney that was reduced after 2-week DGJ administration.*

In the current study, daily 4-, 12-, and 24-week oral administra-
tion of DGJ to hR301Q a-Gal A Tg/KO mice resulted in significant
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increases in a-Gal A activity in skin, heart, kidney, and brain, with
concomitant reductions in GL-3. Dose optimization revealed that
an even greater reduction in GL-3 could be achieved using less
frequent DGJ administration. Importantly, these results provide
the first clear in vivo demonstration of PC-mediated increases in
cellular enzyme activity as measured by reduction of endogenous
substrate in multiple tissues including the CNS. Furthermore, the
less frequent administration studies demonstrate that a larger net
gain in cellular activity can be achieved with lower overall drug
exposure, consistent with the mechanism of action for a revers-
ible competitive inhibitor that acts as a PC. Collectively, these data
indicate that DGJ warrants further evaluation as a treatment for
Fabry disease.

RESULTS

hR301Q a-Gal A Tg/KO mice have reduced o-Gal A
activity and elevated GL-3

Tissue a-Gal A and GL-3 levels were measured in 12-week-old
male hR301Q a-Gal A Tg/KO, GLA KO, and age-matched wild-
type (WT) C57BL/6 mice. a-Gal A activities in skin, heart, and
kidney of hR301Q a-Gal A Tg/KO mice were 16 + 0.6, 22 + 2.0,
and 12 + 0.4%, respectively, of those measured in WT mouse
tissues (Figure la). Correspondingly, GL-3 levels (assessed by
LC-MS/MS) in skin, heart, and kidney of hR301Q a-Gal A Tg/KO
mice were significantly elevated compared to WT mice, and were
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Figure 1 hR301Q a-Gal A Tg/KO mice have reduced o-Gal A and elevated GL-3 levels. (a) o-Gal A and GL-3 levels were assessed in tissue lysates
prepared from skin, heart, and kidney of 12-week-old male GLA KO (open bars), hR301Q a-Gal A Tg/KO (gray bars), and wild-type C57BL/6 (black
bars) mice. o-Gal A activity in hR301Q o-Gal A Tg/KO and GLA KO mice was significantly lower than that of wild-type mice (*P < 0.05, t-test); a-Gal
A activity in hR301Q o-Gal A Tg/KO mice was significantly higher than that of GLA KO mice (*P < 0.05, t-test). GL-3 levels in hR301Q o-Gal A Tg/KO
and GLA KO mice were significantly higher than those of wild-type mice (*P < 0.05, t-test). Each bar represents the mean + SEM from four mice per
group analyzed in triplicate. (b) Cell-type specific GL-3 staining was assessed by immunohistochemistry in GLA KO, hR301Q a-Gal A Tg/KO, and wild-
type C57BL/6 mouse tissues. GL-3 staining is represented as brown spots (black arrows); nuclei are represented as green spots (stained with methyl
green). The data shown are representative photomicrographs from four 12-week-old male mice using x20 magnification, except for the glomeruli,
which are representative of four 7-month-old male mice using x40 magnification. a-Gal A, o-galactosidase A; GL-3, globotriaosylceramide; KO,
knockout; Tg, transgenic.
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68 10, 63 + 10, and 95 + 7%, respectively, of those measured in  these levels were only 10-20% of those seen in distal tubular epi-
GLA KO mouse tissues (Figure 1a). By immunohistochemistry,  thelial cells. Collectively, these results indicate that hR301Q a-Gal
the GL-3 staining pattern was similar in hR301Q a-Gal A Tg/KO A Tg/KO mice have reduced a-Gal A activity and elevated GL-3
and GLA KO mice, with no GL-3 seen in WT mice (Figure 1b).  levels in the cells of Fabry disease-relevant tissues including skin,
Most GL-3 staining was seen in dermal fibroblasts, smooth mus-  heart, and kidney.

cle cells of blood vessel walls of the skin and heart (cardiac ventri-

cles), and distal tubular epithelial cells of the kidney cortex (brown  DGJ increases a-Gal A activity and decreases GL-3
spots indicated by black arrows, Figure 1b). The presence of GL-3  in hR301Q a-Gal A Tg/KO mice

in distal tubules of the kidney was confirmed using peanut agglu-  Significant levels of DGJ were measured in plasma, skin, heart,
tinin lectin, which stains the apical surface of the distal tubular ~ kidney, and brain upon ad libitum administration in drinking
epithelial cells (data not shown). In addition, tissue GL-3 levels ~ water to 8-week-old male C57BL/6 mice, indicating that DGJ is
increased with age in both the hR301Q a-Gal A Tg/KO and GLA  orally available, has a broad tissue distribution profile including
KO mice (Supplementary Figure S1). Importantly, GL-3 staining  the CNS, and attains tissue concentrations that are in excess of the
in cells of the glomeruli was evident in aged (at least 6 months) K value for a-Gal A (30 £ 2 nmol/l), thus confirming the potential
hR301Q a-Gal A Tg/KO and GLA KO mice (Figure 1b), although  for interaction with the target enzyme in vivo (Supplementary
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Figure 2 DGJ administration increases o-Gal A activity and reduces GL-3 in hR301Q a-Gal A Tg/KO mice. Eight-week-old male hR301Q a-Gal A
Tg/KO mice were administered DGJ ad libitum in drinking water for 4 weeks at the indicated doses. Lysates from skin, heart, and kidney were subse-
quently tested for (a) o-Gal A activity and (b,c) GL-3 levels. (a) Significant increases in o-Gal A activity were seen in all three tissues (*P < 0.05 versus
untreated, t-test). The effect was also significant for a linear trend, indicating a dose-dependent increase in o-Gal A activity (post hoc analysis, P <
0.05). Insets: Tissue o-Gal A protein levels were determined by western blotting. A dose-dependent increase in the 46 kd mature form of o-Gal A was
seen in all tissues. Each lane on the blot contains tissue lysate from a single animal. The western blot shown is representative of two experiments.
(b) Significant reductions in GL-3 levels were seen in all three tissues as measured by LC-MS/MS (*P < 0.05 versus untreated, t-test). Blue bars (a,b)
represent o-Gal A and GL-3 levels from age-matched untreated wild-type C57BL/6 mice. Each bar represents pooled data from three independent
studies with the mean + SEM of 21 hR301Q o-Gal A Tg/KO mice/group or four untreated wild-type mice, all analyzed in triplicate. (c) Cell type—spe-
cific reduction of GL-3 in hR301Q o-Gal A Tg/KO mice administered DGJ (100 mg/kg per day) ad libitum in drinking water was assessed by immuno-
histochemistry. GL-3 staining is represented as brown spots denoted with black arrows. The data shown are representative photomicrographs
from 7-8 mice/group (magnification: x20, insets: x40). a-Gal A, o-galactosidase A; DG, 1-deoxygalactonojirimycin; GL-3, globotriaosylceramide;
KO, knockout; Tg, transgenic.
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Figure S2). DGJ was then administered to 8-week-old male
hR301Q a-Gal A Tg/KO mice (3, 10, 30, 100, and 300 mg/kg per
day) ad libitum in drinking water for 4 weeks. A dose-dependent
and significant increase in a-Gal A activity was seen in lysates
from all tissues examined after DGJ administration. Tissue a-Gal
A activity showed maximal increases of 9 + 2.0-fold, 50 £ 7.0-fold,
and 8 +1.0-fold in skin, heart, and kidney, respectively, after admin-
istration of 300 mg/kg DG]J (Figure 2a). In skin and heart, a-Gal
A activity reached age-matched, WT levels after 4-week admin-
istration of 30 and 10 mg/kg DG]J, respectively. In kidney, a-Gal
A activity reached ~40% of age-matched, WT levels after admin-
istration of 300 mg/kg DGJ. Importantly, the increase in a-Gal A
activity in vivo was selective, as DGJ administration to hR301Q
a-Gal A Tg/KO mice did not affect tissue activity of three other
lysosomal hydrolases, acid a-glucosidase, B-glucocerebrosidase,
and P-galactosidase (data not shown). Western blotting revealed
that DGJ administration also results in a dose-dependent increase
in the 46 kd mature form of a-Gal A in these tissues (Figure 2a,
insets). These data are consistent with the observed increase in
a-Gal A activity and suggest that DGJ stabilizes the mutant a-Gal
A protein in vivo, thereby increasing overall protein levels and
enzyme activity in the cells of various tissues.

Importantly, concomitant with the elevation in a-Gal A activ-
ity, DGJ administration also reduced tissue GL-3 levels in hR301Q
a-Gal A Tg/KO mice. Maximal GL-3 reductions of 69 + 4, 72 +
4, and 30 £ 5% were seen in skin, heart, and kidney of the 30,
300, and 100 mg/kg dose groups, respectively (Figure 2b). Similar
effects were seen when DGJ was administered by oral gavage
(Supplementary Table S1). Inmunohistochemical analyses of the
100 mg/kg dose group revealed that GL-3 was markedly reduced
in both quantity and intensity in skin fibroblasts, smooth muscle
cells of blood vessel walls of skin and heart, and distal tubular epi-
thelial cells of the kidney (Figure 2c). Similar results were seen
after administration of 300 mg/kg DGJ (data not shown); lower
doses were not assessed.

In separate studies, the specificity of the effects of DGJ was
further evaluated. Eight-week-old male GLA KO and hR301Q
a-Gal A Tg/KO mice were administered DGJ (100 mg/kg per day)
ad libitum in drinking water for 4 weeks. Significant increases in
tissue a-Gal A activity and decreases in GL-3 levels were seen
in hR301Q a-Gal A Tg/KO mice. Importantly, no effect was
seen in GLA KO mice (Supplementary Figure S3).

Long-term DGJ administration leads to greater
reduction of GL-3

Four-week-old male hR301Q a-Gal A Tg/KO mice were admin-
istered DGJ (10, 30, and 100mg/kg per day) ad [ibitum in
drinking water for 24 weeks. A dose-dependent and significant
reduction in tissue GL-3 was seen, with maximal reductions of
88 + 1, 78 + 8, and 39 + 2% in skin, heart, and kidney, respec-
tively (Figure 3a). Compared to 4-week DGJ administration
to young mice (12-week-old at the end of study), 24-week DGJ
administration to young mice (28-week-old at the end of study)
resulted in a more pronounced reduction of GL-3 at all doses
tested (100 mg/kg shown in Table 1; data not shown for 10 and
30mg/kg). Immunohistochemical analyses also showed a dose-
dependent reduction of GL-3 in specific cell types of skin, heart,
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Figure 3 Long-term (24-week) administration of DG] results
in greater GL-3 reduction compared to 4-week administration.
(a) Four-week-old male hR301Q o-Gal A Tg/KO mice were adminis-
tered DGJ ad libitum in drinking water for 24 weeks at the indicated
doses. GL-3 levels were subsequently measured in skin, heart, and kid-
ney lysates by LC-MS/MS. Significant reductions in GL-3 were seen in
all three tissues (*P < 0.05 versus untreated, t-test). The effect was also
significant for a linear trend, indicating a dose-dependent decrease in
GL-3 levels (post hoc analysis, P < 0.05). Each bar represents the mean +
SEM of 7-8 mice/dose group analyzed in triplicate. (b) Cell type—specific
GL-3 reductions were assessed by immunohistochemistry. GL-3 staining
is represented as brown spots. Data shown are representative photo-
micrographs from 7-8 mice/group (magnification: x20, except glomer-
uli: x40). DGJ, 1-deoxygalactonojirimycin; GL-3, globotriaosylceramide;
KO, knockout; Tg, transgenic.

and kidney, with maximal reduction at 100 mg/kg (Figure 3b).
Importantly, GL-3 staining in cells of the glomeruli was also sig-
nificantly reduced after 24-week administration of 100 mg/kg DGJ
(Figure 3b). Lastly, no apparent adverse events were observed in
these mice after 24-week DGJ administration, indicating that DGJ
is well tolerated, consistent with an earlier report.*

Less frequent DGJ administration results in greater
GL-3 reduction

To determine the duration of elevated hR301Q a-Gal A activ-
ity in vivo, 8-week-old male hR301Q a-Gal A Tg/KO mice were
administered DGJ (100 mg/kg per day) ad libitum in drinking
water. After 4 weeks, DGJ was withdrawn and mice were pro-
vided access to drinking water only. Groups of mice were then
sacrificed and tissue a-Gal A activity was measured 0, 1, 3, 5, and
7 days after DGJ withdrawal (Figure 4a). On day 0 (4-week DGJ
administration), a-Gal A activity was significantly increased in
skin, heart, and kidney. Importantly, a-Gal A levels remained
elevated for up to 7 days after DGJ withdrawal. The half-life of
elevated hR301Q a-Gal A was estimated to be 2.4, 2.2, and 2.0
days in skin, heart, and kidney, respectively. Compared to the
activities measured on day 0, tissue a-Gal A activity was higher
1 day after DGJ withdrawal, suggesting that some DGJ may be
present in day 0 tissue samples leading to inhibition of a-Gal A in
the enzyme activity assays.
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Figure 4 Less frequent DGJ administration results in greater GL-3 reduction. (a) Eight-week-old male hR301Q o-Gal A Tg/KO mice were
administered drinking water (red dotted lines) or DGJ [100 mg/kg per day (red solid lines) ad libitum in drinking water] for 4 weeks, followed by a
washout period (drinking water only) of up to 7 days. Groups of mice were then euthanized on days 0, 1, 3, 5, or 7 after DGJ withdrawal. Skin, heart,
and kidney were collected at each time point, and a-Gal A activity and DGJ levels (blue lines) were measured in tissue lysates. Significantly increased
o-Gal A activity was sustained in all three tissues for up to 7 days (*P < 0.05 versus untreated, t-test). For the o-Gal A activity, each data point repre-
sents the mean + SEM of 7-8 mice/time point analyzed in triplicate; data were normalized to untreated levels. For tissue DGJ levels, each data point
represents the mean + SEM for five mice/time point. The limit of quantitation for DGJ in skin, heart, and kidney was 6, 4, and 10ng/g, respectively.
(b) Eight-week-old male hR301Q o-Gal A Tg/KO mice were administered DG) (300 mg/kg per day) ad libitum in drinking water for 4 weeks either
daily or less frequently using four cycles of a “4 on/3 off” regimen. GL-3 levels were subsequently measured in lysates from skin, heart, and kidney
by LC-MS/MS. Significant reductions in GL-3 levels were seen in all tissues (*P < 0.05 versus untreated, t-test). GL-3 levels in skin, heart, and kidney
also showed significantly greater reductions with less frequent compared to daily administration (*P < 0.05 daily versus “4 on/3 off”, t-test). Each bar
represents pooled data from three independent studies with the mean + SEM of 21 mice/group analyzed in triplicate. DGJ, 1-deoxygalactonojirimy-
cin; GL-3, globotriaosylceramide; KO, knockout; Tg, transgenic.

To this end, tissue concentrations of DGJ were measured  GL-3 levels were reduced by 82 + 2, 87 £ 3, and 46 + 7% in skin,
using LC-MS/MS (Figure 4a). On the last day of administration  heart, and kidney, respectively, with the less frequent regimen,
(day 0), DGJ levels in plasma, skin, heart, and kidney were 2.4 =  and by 64 £ 6, 72 + 4, and 26 + 6%, respectively, with daily DGJ
0.4pumol/l, 1.8 £ 0.2 umol/l, 1.1 £ 0.2 umol/l, and 7.5 + 1.8 umol/l,  administration (Table 1). Similar results were seen by immuno-
respectively. DG]J levels dropped ~90% by day 1 and were even  histochemistry (data not shown). Compared to daily adminis-
lower by day 3. In separate studies, the tissue half-life of DGJ after ~ tration, a generally greater GL-3 reduction was also seen using
single oral administration by gavage to C57BL/6 mice was calcu-  an “every other day” DGJ administration regimen, which is
lated to be 2-3 hours in skin, heart, and kidney (data not shown).  currently under evaluation in a Fabry phase 2 clinical trial;
Collectively, these data indicate that the tissue half-life of DGJ is  importantly, these less frequent regimens were equally effective
significantly shorter (hours) than the half-life of a-Gal A (days), in reducing tissue GL-3 as compared to a once-weekly tail vein
suggesting that lysosomal hR301Q a-Gal A is stable in the absence  injection of Fabrazyme (1 mg/kg for 4 weeks) (Supplementary
of the PC. Figure S4).

We hypothesized that this difference in half-lives could be
exploited by using a less frequent administration regimen (i.e., Long-term DGJ] administration reduces tissue GL-3 in
periods of DGJ administration that stabilize a-Gal A in the aged hR301Q a-Gal A Tg/KO mice
endoplasmic reticulum and promote lysosomal trafficking, fol-  We next determined whether DGJ administration can reduce
lowed by periods without DGJ to maximize lysosomal a-Gal A accumulated tissue GL-3 in aged mice (Figure 5). Twenty-four-
activity and substrate turnover). To test this hypothesis, 8-week- ~ week-old male mice were administered DGJ (10, 30, 100, and
old male hR301Q a-Gal A Tg/KO mice were administered DG] ~ 300mg/kg per day) ad libitum in drinking water for 24 weeks
(300 mg/kg per day) ad libitum in drinking water for 4 consecu-  either daily or less frequently (“4 on/3 oft”). A dose-dependent
tive days followed by 3 consecutive days with drinking water  and significant reduction in GL-3 was seen after daily administra-
only (“4 on/3 off”) for 4 weeks (Figure 4b). In skin, heart, and  tion, with maximal reductions of 74 + 4, 67 + 6, and 42 £ 7%, in
kidney, a significantly greater reduction in GL-3 was seen with  skin, heart, and kidney, respectively (Table 1). Similar to young
the “4 on/3 oft” regimen compared to daily administration.  mice, less frequent DGJ administration resulted in even greater
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Table 1 Effect of 4- and 24-week DG) administration on tissue GL-3 levels in hR301Q a-Gal A Tg/KO mice

GL-3 levels (% reduction)

Age of mice

at the start of Study duration Skin Heart Kidney
study (weeks) (weeks) Regimen 100 mg/kg 300 mg/kg 100 mg/kg 300 mg/kg 100 mg/kg 300 mg/kg
8 4 Daily 67 £6* 64+ 6* 69 £ 5* 72+ 4% 30 £5* 26+ 6%
8 4 4 On/3 off ND 82+ 2% ND 87 £ 3% ND 46 = 7%
4 24 Daily 88+ 1* ND 78 £ 8* ND 39 £2% ND
24 24 Daily 70 £ 2% 74 +4* 65+ 6* 67 £ 6* 40£9* 42+7*
24 24 4 On/3 oft 79 £ 4* 85+ 3* 84+18* 90 £ 2** 50 +9* 55+ 4*

Abbreviations: DG), 1-deoxygalactonojirimycin; GL-3, globotriaosylceramide; KO, knockout; ND, not determined; Tg, transgenic.

hR301Q a-Gal A Tg/KO mice of different ages were administered DGJ ad libitum in drinking water at the indicated doses, durations, and regimens. Tissue GL-3 levels
were determined by LC-MS/MS. Data have been normalized to GL-3 levels measured in control animals not administered DG) (100%). Values represent the mean *
SEM for 7-8 mice per group, with the exception of rows 1 and 2, which represent pooled data from three independent studies and contain 21 mice per group.

*P < 0.05 versus untreated, t-test; *P < 0.05 daily versus respective dose group of “4 on/3 off” regimen, t-test.
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Figure 5 Long-term DGJ administration reduces accumulated tissue
GL-3 in aged hR301Q o-Gal A Tg/KO mice. Twenty-four-week-old
male hR301Q a-Gal A Tg/KO mice were administered DG| ad libitum
in drinking water for 24 weeks either daily or less frequently using a “4
on/3 off” regimen at the indicated doses. GL-3 levels were measured
in lysates of skin, heart, and kidney by LC-MS/MS. Dose-dependent
and significant reductions in GL-3 were seen in all three tissues (*P <
0.05 versus untreated, t-test). Reduction of GL-3 in skin and heart was
significantly greater after less frequent compared to daily administra-
tion of 300mg/kg DGJ (*P < 0.05 daily versus “4 on/3 off”, t-test). Each
bar represents the mean + SEM of 7-8 mice/group analyzed in trip-
licate. DGJ, 1-deoxygalactonojirimycin; GL-3, globotriaosylceramide;
KO, knockout; Tg, transgenic.
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GL-3 reduction in aged mice (85 £ 3, 90 & 2, and 55 * 4% in skin,
heart, and kidney, respectively) (Table 1).

DGJ administration reduces plasma GL-3

The effect of DGJ on plasma GL-3 was assessed after 4- and
24-week administration ad libitum in drinking water to male
hR301Q a-Gal A Tg/KO mice (Table 2). Statistically significant
reductions were observed in both young (4- and 8-week) and aged
(24-week) mice, again with less frequent administration (“4 on/3
oft”) resulting in greater GL-3 reductions compared to the daily
administration in the respective age groups.

DG) administration increases o-Gal A activity

and reduces GL-3 in the brain of aged mice

The effect of 12-week oral ad libitum DGJ administration on brain
a-Gal A and GL-3 was assessed in 24-week-old male hR301Q
a-Gal A Tg/KO mice (Figure 6). Statistically significant increases
in a-Gal A activity were seen, with maximal increases of three- to
fourfold after daily and less frequent administration of 300 mg/kg.
In addition, decreases in brain GL-3 were seen, with maximal
reductions of 41 £ 5 and 54 £ 9% after daily and less frequent
administration of 300 mg/kg, respectively. These results indicate
that DGJ can lead to reduction of GL-3 in the CNS.

DISCUSSION

We and others have shown that the PC DGJ binds and stabilizes
mutant forms of the lysosomal hydrolase a-Gal A, promoting lys-
osomal trafficking and increasing total enzyme levels in vitro and
in vivo. 2134341 However, the ability of elevated mutant a-Gal A
to turnover GL-3, the accumulated substrate that contributes to
Fabry disease pathology, has not been extensively investigated in
vivo, largely due to the lack of a suitable animal model. Previously
described TgM/KO mice homozygous for the hR301Q a-Gal A
transgene do not accumulate GL-3 due to high transgene expres-
sion by the B-actin promoter.* However, a recent study showed
that female heterozygous TgM/KO mice do accumulate some
GL-3 in kidney, which was reduced by ~46% after 4-week admin-
istration of DGJ.*’ As these mice do not accumulate GL-3 in other
tissues, the effects of DGJ were not further evaluated. In the cur-
rent study, we characterized the effects of DGJ on a-Gal A activity
and GL-3 levels in a new mouse model of Fabry disease (hR301Q
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Table 2 Effect of DGJ on plasma GL-3 levels in hR301Q a-Gal A Tg/KO mice

Age of mice GL-3 levels (% reduction)
at the start of Study duration
study (weeks) (weeks) Regimen 10 mg/kg 30 mg/kg 100 mg/kg 300 mg/kg
8 4 Daily 19+7 44 £ 6* 48 +12% 41 +8*
8 4 4 On/3 off ND ND 66 + 5%
4 24 Daily 53+ 7% 45+ 7* 59 + 4* ND
24 24 Daily 41£13 54+7 62 +4* 63 +4*
24 24 4 On/3 off 42114 65+ 4* 72+ 4% 79 £ 3**

Abbreviations: DG), 1-deoxygalactonojirimycin; GL-3, globotriaosylceramide; KO, knockout; ND, not determined; Tg, transgenic.

hR301Q o-Gal A Tg/KO mice of different ages were administered DGJ ad libitum in drinking water at the indicated doses, durations, and regimens. Plasma GL-3 levels
were determined by LC-MS/MS. Data have been normalized to GL-3 levels measured in control animals not administered DGJ (100%). Values represent the mean +
SEM for 7-8 mice per group, with the exception of rows 1 and 2, which represent pooled data from three independent studies and contain 21 mice per group.
Baseline plasma GL-3 levels for 4-, 8- and 24-week-old hR301Q o-Gal A Tg/KO mice were 1.2+ 0.2, 2+ 0.3, and 3.4 + 0.4 ug/ml, respectively.

*P < 0.05 versus untreated, t-test; *P < 0.05 daily versus respective dose group of “4 on/3 off” regimen, t-test.
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Figure 6 DGJ increases a-Gal A and decreases GL-3 levels in brain
of aged hR301Q o-Gal A Tg/KO mice. Twenty-four-week-old male
hR301Q o-Gal A Tg/KO mice were administered DGJ ad libitum in drink-
ing water for 12 weeks either daily or less frequently using a “4 on/3 off”
regimen at the indicated doses. Brain o-Gal A and GL-3 levels were sub-
sequently measured. Significant increases in o-Gal A and concomitant
reductions in GL-3 were seen with DG) administration (*P < 0.05 versus
untreated, t-test). Each bar represents the mean + SEM of 7-8 mice/
group analyzed in triplicate. DGJ, 1-deoxygalactonojirimycin; GL-3, glo-
botriaosylceramide; KO, knockout; Tg, transgenic.

a-Gal A Tg/KO mice). Unlike TgM/KO mice, the hR301Q trans-
gene in a-Gal A Tg/KO mice is driven by the human GLA pro-
moter, leading to approximately tenfold lower levels of a-Gal A
activity compared to wild-type mice and resulting in accumula-
tion of GL-3 in disease-relevant tissues. The levels and cell-type
specific accumulation of GL-3 in these mice are similar to those
previously reported in GLA KO mice.'>*** Using immunohisto-
chemistry, we show that GL-3 accumulation in 12-week-old
hR301Q a-Gal A Tg/KO and GLA KO mice is heterogeneous
and confined largely to fibroblasts in skin, smooth muscle cells of
blood vessel walls in skin and cardiac ventricles, and distal tubu-
lar epithelial cells in renal cortex. Age-dependent accumulation of
GL-3 is evident in these mice, with some GL-3 apparent in cells
of the glomeruli by 28 weeks. Similar GL-3 staining patterns have
been reported in tissue biopsies from Fabry patients. In contrast,
however, accumulation of GL-3 in Fabry patients is also seen in
cardiomyocytes, renal capillary endothelial cells, podocytes, and
peritubular cells.”*#** Although hR301Q a-Gal A Tg/KO mice
lack GL-3 accumulation in some clinically relevant cell types, they
serve as a good biochemical model to investigate the effects of PCs
on mutant enzyme-mediated substrate reduction in vivo.
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Daily oral administration of DGJ for 4 weeks to hR301Q a-Gal
A Tg/KO miceresultedin dose-dependentand significantincreases
in a-Gal A activity and protein levels in skin, heart, and kidney.
The increases in activity were even greater than the increases in
protein levels, suggesting that DGJ may increase the absolute
levels and the specific activity of the mutant enzyme in vivo, as
has been reported previously for DGJ and other PCs.?*4 Most
importantly, however, we show that daily oral administration of
DG]J to hR301Q a-Gal A Tg/KO mice for 4 weeks also leads to
significant decreases in GL-3 in skin, heart, kidney, and plasma
(maximal reductions of 69, 72, 30, and 48%, respectively). These
reductions are similar to those reported in heart and kidney of
GLA KO mice after a single administration of 3 mg/kg recombi-
nant human a-Gal A.” Furthermore, daily long-term (24-week)
administration of DGJ to young hR301Q a-Gal A Tg/KO mice
showed greater GL-3 reduction than 4-week administration to
young mice. Notably, 24-week administration of DGJ reduced
GL-3 levels close to (kidney) or lower than (skin, heart, and
plasma) those found in untreated 3-month-old mice, indicating
that long-term DGJ administration to young mice can prevent the
accumulation of tissue GL-3. Clinical trials with Fabrazyme have
shown reduction of GL-3 in the vascular endothelium of skin and
heart, as well as the vascular endothelium, glomerular mesangial
cells, and cortical interstitial cells of the kidney. However, GL-3
levels were not significantly reduced in other cell types (e.g., peri-
cytes, histiocytes, fibrocytes, and arteriole muscle cells of the
skin; cardiomyocytes, pericytes, and vascular smooth muscle of
the heart; distal convoluted tubules, collecting ducts, and podo-
cytes of the kidney), potentially due to inefficient delivery and/or
uptake of the enzyme."® In contrast, DGJ was recently shown to
increase a-Gal A activity in cardiomyocytes and distal convoluted
tubules,* indicating penetration into these clinically relevant cell
types. Our immunohistochemical studies show that GL-3 levels
are reduced in distal tubular epithelial cells as well as in cells of
the glomeruli, consistent with distribution into these cell types.
Future electron microscopy and colocalization studies will assess
the glomerular cell types that showed reduced GL-3.

The magnitude of GL-3 reduction was different in different
tissues, potentially due to a number of factors including base-
line a-Gal A and GL-3 levels, the physical form and location of
GL-3, the rates of GL-3 accumulation, cell turnover, and DGJ
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uptake/efflux within different tissues and cell types. The efficient
GL-3 reduction seen in skin and heart may be due to the high
turnover rates of the affected cell types in these tissues (fibroblasts
and smooth muscle cells).!** In contrast, GL-3 reduction in kid-
ney was less efficient, potentially due to a lower turnover rate of
tubular epithelial cells.*>* It is also possible that tubular epithe-
lial cells are exposed to high GL-3 levels in concentrated urine,
facilitating reuptake.* Lastly, kidney a-Gal A activity was only
modestly elevated, even though high DGJ levels were present in
this tissue. These modest elevations in kidney enzyme levels in
the presence of high DGJ concentrations underscore the need for
a balance between the presence of chaperone to maximize a-Gal
A levels and its subsequent clearance to maximize in situ enzyme
activity and GL-3 reduction.

In order to maximize cellular a-Gal A activity and GL-3
reduction, we investigated less frequent DGJ administration in
hR301Q a-Gal A Tg/KO mice. The rationale was based on the
observation that DGJ has a significantly shorter tissue half-life
(hours) compared to elevated a-Gal A (days). We hypothesized
that this difference could be exploited to produce a larger net
gain in lysosomal enzyme activity with less total drug admin-
istered. In this case, 4-day DGJ administration would provide
a period of enhanced protein stabilization and trafficking to
lysosomes (maximal chaperone effect) followed by 3-day DGJ
withdrawal to allow for dissociation and tissue clearance of the
PC, thus providing maximal in situ enzyme activity. Four cycles
of this “4 on/3 off” regimen showed superior substrate reduc-
tion compared to 4-week daily administration, and importantly
utilized ~60% less drug. Furthermore, the GL-3 reduction seen
with this regimen over a 4-week period was equivalent to, or bet-
ter than, 24-week daily administration of DGJ, suggesting that
dose regimen optimization can result in more rapid and robust
substrate reduction. These observations were extended in two
ways. First, we compared 24-week daily and “4 on/3 off” DGJ
administration to aged (6-month-old) mice. Here, maximal
GL-3 reductions of 85, 90, and 55% were seen in skin, heart,
and kidney, respectively, similar to reductions reported in GLA
KO mice after eight injections of recombinant human a-Gal A
over a 2-week period.”” Long-term DGJ administration reduced
GL-3 levels close to (kidney), or lower than (skin, heart, and
plasma), those of untreated 3-month-old mice, indicating that
DGJ can reduce accumulated GL-3 to baseline levels or even
lower. Second, we investigated an “every other day” administra-
tion regimen that is currently being evaluated in phase 2 clinical
trials. Again, GL-3 reduction was comparable to, or better than,
that seen with daily administration. In addition, the effects of
DGJ were directly compared to those of Fabrazyme; importantly,
both drugs were equally effective at reducing total GL-3 in skin,
heart, and kidney.

DGJ was also found to cross the blood-brain barrier in mice.
Importantly, 12-week DGJ administration significantly increased
brain a-Gal A activity. In contrast, multiple administrations of
recombinant human a-Gal A to GLA KO mice had no effect on
brain a-Gal A activity, underscoring the challenges associated
with brain penetration of exogenous enzyme." Furthermore, brain
GL-3 levels were reduced by 41 and 54% using daily and “4 on/3
oft” administration regimens, respectively. These data suggest that
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DG]J may offer an advantage over enzyme replacement therapy for
treating the CNS manifestations of Fabry disease.

In conclusion, our data indicate that DG]J is orally avail-
able and has broad tissue distribution that includes the CNS.
Furthermore, oral administration of DGJ not only increases a-Gal
A activity in hR301Q a-Gal A Tg/KO mice, but also significantly
decreases accumulated GL-3 in disease-relevant tissues including
skin, heart, kidney, and brain. Importantly, these results provide
the first clear in vivo demonstration of increased cellular enzyme
activity and biodistribution as measured by reduction of endog-
enous substrate. Dose optimization studies revealed that even
greater GL-3 reduction could be achieved using less frequent DGJ
administration regimens, resulting in a larger net gain in cellular
activity with reduced overall drug exposure. Collectively, these
in vivo data support further evaluation of the PC DGJ for thera-
peutic efficacy in patients with Fabry disease who have responsive
mutant forms of a-Gal A.*

MATERIALS AND METHODS

Materials. Homozygous Tg/KO mice that express a mutant form of
human a-Gal A (R301Q) on a GLA KO mixed background of C57BL/6
and B129Sve (hR301Q a-Gal A Tg/KO) were obtained from Mount Sinai
School of Medicine. Wild-type C57BL/6, B129Sve, and B6/129 (50:50)
mice were purchased from Taconic Farms (Germantown, NY). Animal
husbandry and all experiments were conducted under Institutional
Animal Care and Use Committee approved protocols. The hydrochlo-
ride salt of DGJ HCI was synthesized by Cambridge Major Laboratories
(Germantown, WI). Rabbit antihuman a-Gal A polyclonal antibody
was provided by Raphael Schiffmann (Baylor Institute, Dallas, TX).
Antihuman GL-3 monoclonal antibody was purchased from Seikagaku
(Tokyo, Japan). Fabrazyme was purchased from Genzyme. All other
reagents were purchased from Sigma-Aldrich (St Louis, MO) unless
noted otherwise.

Genotyping of hR301Q «a-Gal A Tg/KO mice. The presence of Tg
and KO alleles in hR301Q a-Gal A Tg/KO mice was confirmed by
PCR genotyping of genomic DNA isolated from mouse tail. Briefly,
for confirmation of the KO allele, a 500 base-pair fragment was
amplified using 5-TTCTTTTTGTCAAGACCGA-3" forward and
5-TCGATGAATCCAGAAAA-3" reverse primers. The PCR amplification
consisted of 30 cycles of denaturation at 94°C for 30 seconds, annealing
at 50°C for 30 seconds, and elongation at 72°C for 60 seconds. For con-
firmation of the Tg allele, a 231 base-pair fragment was amplified using
5"-GTCCTTGGCCCTGAATAG-3" forward and 5-TCATTCCAACCC
CCTGGT-3' reverse primers. The PCR amplification consisted of 30 cycles
of denaturation at 94 °C for 30 seconds, annealing at 60 °C for 30 seconds,
and elongation at 72°C for 30 seconds. Homozygosity for the transgene
in hR301Q a-Gal A Tg/KO mice was confirmed (data not shown) using
primers and PCR conditions described previously.”

Oral administration of DGJ. DGJ HCI (referred to as DGJ) was admin-
istered orally to mice ad libitum in drinking water or by gavage. For
ad libitum administration, the appropriate concentrations of DGJ in drink-
ing water were determined based on the average daily water consumption
of hR301Q a-Gal A Tg/KO mice (~5ml/day per mouse) (all doses rep-
resent the free-base equivalent of the salt form). Dosing solutions were
made fresh weekly. At study completion, mice were euthanized with CO,
and body weights were recorded. Whole blood was drawn into lithium
heparin tubes from the inferior vena cava and plasma was collected by
centrifuging blood at 2,700 ¢ for 10 minutes at 4°C. Heart, kidney, brain,
and skin (shaved and removed from the lower ventral side of the neck)
were quickly removed, rinsed in cold phosphate-buffered saline (PBS),
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blotted dry, and stored on dry ice. Samples of skin, heart, and kidney were
stored in 4% paraformaldehyde for immunohistochemical analysis.

Measurement of tissue o-Gal A activity. Tissue lysates from mutant and
wild-type mice were prepared by homogenization of ~50mg tissue for
3-5 seconds on ice with a microhomogenizer (Pro Scientific, Thorofare,
NJ) in 200 ul lysis buffer (27 mmol/l sodium citrate, 46 mmol/l sodium
phosphate dibasic, 0.1% Triton X-100, pH 4.6). Lysates (20pul) were
added to 50 pl assay buffer (27 mmol/l sodium citrate, 46 mmol/l sodium
phosphate dibasic, 6mmol/l 4-MU-a-D-galactopyranoside, 90 mmol/l
N-acetyl-D-galactosamine, pH 4.6) and incubated for 1 hour at 37°C.
Reactions were stopped by addition of 70 ul 0.4mol/l glycine, pH 10.8.
Fluorescence at 460 nm was read on a Victor® plate reader (Perkin Elmer,
Waltham, MA) after excitation at 355nm. Raw fluorescence counts were
background subtracted (defined by assay bufter only). A Micro BCA pro-
tein assay (Pierce, Rockford, IL) was used to determine total protein con-
centration in tissue lysates according to the manufacturer’s instructions. A
4-methylumbelliferone (4-MU) standard curve ranging from 1.3 nmol/l
to 30mmol/l was run each day for conversion of fluorescence counts to
absolute a-Gal A activity, expressed as nanomoles of released 4-MU per
milligram of total protein per hour (nmol/mg protein/hr). No significant
differences in tissue a-Gal A levels were seen between the three wild-
type strains investigated (C57BL/6, B129Sve, and 50:50 B6/129; data not
shown). For selectivity measurements, substrates specific for the lysosomal
hydrolases acid a-glucosidase, B-glucocerebrosidase, and p-galactosidase
(4-methylumbelliferryl —~ a-p-glucopyranoside,  4-methylumbelliferryl
B-p-glucopyranoside, and 4-methylumbelliferryl f-p-galactopyranoside,
respectively) were used according to the methods described previously.”

Western blotting of tissue a-Gal A. Tissue lysates (50 g total protein)
were subjected to sodium dodecyl sulfate polyacrylamide gel electropho-
resis on 12% polyacrylamide gels (Bio-Rad, Hercules, CA), transferred to
polyvinylidene fluoride membranes (Bio-Rad), and immunoblotted with
rabbit antithuman a-Gal A primary antibody (1:1,000 dilution). Protein
bands were detected using peroxidase-conjugated goat anti-rabbit second-
ary antibody (Jackson ImmunoSearch Labs, West Grove, PA) in combina-
tion with enhanced chemiluminescence (Pierce). Blots were scanned on an
Image Station 4000R (Kodak, Rochester, NY).

Tissue DGJ quantitation. Mouse tissue was homogenized and extracted
(300pl water per 100mg kidney, heart, and brain tissue; 500ul 1:1
water:methanol per 100 mg skin tissue) using a Fast Prep homogenizer (MP
Biomedicals, Irvine, CA) followed by centrifugation at 10,600¢ for 5 min-
utes at 4°C. An equal volume of acetonitrile (ACN):water (95:5) was added
to 25 ul of tissue homogenate or plasma, and was then spiked with 50 ng/ml
d,-DGJ “C HCl internal standard (manufactured by MDS Pharma Services,
Lincoln, NE). Each sample was vortexed and centrifuged at 10,000¢ for
5 minutes at room temperature. DGJ levels in 15 pl supernatant from each
sample were determined by LC-MS/MS (LC: Tosoh Bioscience, Cincinnati,
OH; MS/MS: Sciex API 3000 MS/MS; AME BioSciences, Toten, Norway).
The liquid chromatography was conducted using an ACN:water:formate
binary mobile phase system (mobile phase A: 5mmol/l ammonium for-
mate, 0.05% formic acid in 95:5 ACN:water; mobile phase B: 5mmol/l
ammonium formate, 0.05% formic acid in 55:45 ACN:water) with a flow
rate of 0.6 ml/minute on an amide-80 column (50 x 2mm, 5um) (Tosoh
Bioscience). MS/MS analysis was carried out under APCI* ion mode. The
following transitions were monitored: mass/charge (m/z) 164.2—m/z 80.10
for DGJ and m/z 167.2—m/z 80.10 for the internal standard. An 11-point
calibration curve and quality control samples were prepared in the same
manner as the samples. The ratio of the area under the curve for DGJ to that
of the internal standard was determined and final concentrations of DGJ
in each sample were calculated using the linear least squares fit equation
applied to the calibration curve. To derive approximate molar concentra-
tions, one gram of tissue was estimated as 1 ml of volume.
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Tissue GL-3 quantitation. Mouse tissues were homogenized in water
(1:16.7 tissue:water) using a Fast Prep homogenizer. Acetone:methanol
(50:50) was added at 5x the volume of the homogenate. Samples were vor-
texed, rehomogenized in the Fast Prep system, and centrifuged at 10,600 ¢
for 10 minutes at room temperature. Each supernatant (200 pl of the upper
organic portion) was prepared for solid phase extraction by addition of
200 pl dimethyl sulfoxide, 50 ul lactosylceramide internal standard (from
bovine buttermilk; Matreya, Pleasant Gap, PA) at a final concentration of
1.4 ug/ml, and 600 pl of water:methanol (13:87) followed by vortexing. Solid
phase extraction was conducted on a preconditioned Bond Elut 40 um,
100mg C-18 column (Varian, Palo Alto, CA) by washing with 67:23:10
methanol:acetone:water and elution with 1 ml of 9:1 acetone:methanol into
silanized glass culture tubes containing 200 ul of 0.2 mmol/l sodium acetate
in dimethyl sulfoxide. Samples were evaporated to the dimethyl sulfoxide
layer at 45°C for 10 minutes and vortexed. Total GL-3 levels were deter-
mined from 20 pl of each sample extract by LC-MS/MS. LC was conducted
using an acetone:methanol: ACN with sodium acetate binary mobile phase
system (mobile phase A: 40:60 methanol:water and 0.1 mmol/l sodium
acetate; mobile phase B: 75:15:10 acetone:methanol:acetonitrile with
0.1 mmol/l sodium acetate) with a flow rate of 0.5ml/min on a C18 col-
umn (Aqua 3um 100 x 3.0mm, 125A; Phenomenex, Torrance, CA). The
final GL-3 elution condition was 90% mobile phase B. MS/MS analysis
was carried out under positive ion mode (ESIT) and 12 different isoforms
of GL-3 [C16:0, C18:0, C20:0, C22:1, C22:0, C23:0, C22:0(20H), C24:2,
C24:1, C24:0, C24:1(20H), C24:0(20H)] as well as internal standard
were identified in each sample. The following transitions were monitored:
m/z 1,046.70—m/z 884.7 for C16:0; m/z 1,074.8—m/z 912.8 for C18:0;
m/z 1,102.8—m/z 940.8 for C20:0; m/z 1,128.8—m/z 966.8 for C22:1;
m/z 1,130.9—>m/z 968.8 for C22:0; m/z 1,144.9—m/z 982.8 for C23:0; m/z
1,146.9—m/z 984.8 for C22:020H); m/z 1,154.9—m/z 992.8 for C24:2;
m/z 1,156.9—m/z 994.8 for C24:1; m/z 1,158.9—m/z 996.9 for C24:0;
m/z 1,172.9—m/z 1,010.8 for C24:1(20H); m/z 1,174.9—m/z 1,012.8 for
C24:0(20H); and m/z 982.9—m/z 820.8 for the lactosyl ceramide internal
standard. For quantitation, the area counts for each isoform were deter-
mined and then summed to obtain the total GL-3 area counts. The ratio of
the total GL-3 area counts to that of the internal standard was determined
and used to calculate the final concentration of GL-3 in each sample based
on a linear least squares fit equation applied to an 11-point calibration
curve prepared in dimethyl sulfoxide. Total GL-3 measurements were nor-
malized to the wet tissue weight of each sample. No significant differences
in tissue GL-3 levels were seen among the three wild-type strains investi-
gated (C57BL/6, B129Sve, and 50:50 B6/129; data not shown).

Immunohistochemical detection of GL-3. Paraformaldeyde-fixed tissue
samples were processed through a graded ethanol series (Fisher Scientific,
Pittsburgh, PA) using a Tissue-Tek VIP 5 (Sakura Finetek, Torrance, CA)
and paraffin embedded using an embedding station (Tissue-Tek TEC 5;
Sakura Finetek). Samples were sectioned (5 pm for heart and kidney; 10 um
for skin) using a microtome HM 325 (Microm International, Walldorf,
Germany). Sections were then dewaxed in xylene (Fisher Scientific), rehy-
drated through a graded ethanol series, and post-fixed overnight in Z-Fix
(Anatech, Battle Creek, MI). Endogenous tissue horseradish peroxidase
was blocked in 3% H,0,/PBS for 60 minutes followed by a PBS wash (20
minutes). Endogenous mouse IgG was blocked in rodent block M (Biocare
Medical, Concord, CA) for 30 minutes followed by a PBS wash (10 minutes).
Sections were then incubated overnight at 4°C with anti-GL-3 antibody
(Seikagaku) diluted 1:200 with Da Vinci Green (Biocare Medical). Unbound
antibody was removed by washing in PBS (5 x 5 minutes). Sections were
stained with mouse-on-mouse horseradish peroxidase polymer (Biocare
Medical) for 20 minutes and then washed in PBS (5 x 5 minutes). Sections
were developed using a di-amino benzoid chromogen kit (Biocare Medical)
for 5 minutes, dehydrated through a graded ethanol series, and cleared in
xylene (Fisher Scientific). Nuclei were counterstained with methyl green
(Vector Laboratories, Burlingame, CA) for 5 minutes at room temperature.
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Finally, samples were mounted in cytoseal mounting media (Richard-Allan
Scientific, Kalamazoo, MI) and analyzed on a Nikon microscope Eclipse 90i
using NIS Element software (Micron Optics, Cedar Knolls, NJ). The pres-
ence of GL-3 in distal tubules of the kidney was confirmed using a specific
stain (peanut agglutinin lectin) for the apical surface of distal tubular epi-
thelial cells, according to methodologies described previously.*

Data analysis. The enzyme half-life of a-Gal A after DGJ withdrawal was
calculated using a nonlinear one-phase exponential decay curve fitting
function in GraphPad Prism, version 4.02 (GraphPad Software, San Diego,
CA). Determinations of statistical significance were conducted using
Microsoft Excel 2003 (Microsoft, Redmond, WA) or GraphPad Prism as
defined in the figure and table legends. Linear trends for dose-dependence
were calculated using a one-way analysis of variance in GraphPad Prism.
Unless stated otherwise, all values represent mean + SEM.

SUPPLEMENTARY MATERIAL

Figure $1. Age-dependent accumulation of tissue GL-3 in hR301Q
o-Gal A Tg/KO mice.

Figure $2. Pharmacokinetic profile of DGJ in C57BL/6 mice.

Figure $3. DGJ does not affect tissue o-Gal A or GL-3 levels in GLA
KO mice.

Figure $4. Multiple less-frequent DGJ administration regimens are as
effective as Fabrazyme in reducing tissue GL-3 in hR301Q o-Gal A Tg/
KO mice.

Table $1. Comparison of oral gavage and ad libitum administration of
DGJ on a-Gal A and GL-3 levels in male hR301Q a-Gal A Tg/KO mice.
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