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Abstract

Fabry disease is an X-linked lysosomal storage disorder caused by mutations in the GLA gene coding for α-galactosidase A
(α-GalA). The deleterious mutations lead to accumulation of α-GalA substrates, including globotriaosylceramide (Gb3) and
globotriaosylsphingosine. Progressive glycolipid storage results in cellular dysfunction, leading to organ damage and clinical
disease, i.e. neuropathic pain, impaired renal function and cardiomyopathy. Many Fabry patients are treated by bi-weekly
intravenous infusions of replacement enzyme. While the only available oral therapy is an α-GalA chaperone, which is
indicated for a limited number of patients with specific ‘amenable’ mutations. Lucerastat is an orally bioavailable inhibitor
of glucosylceramide synthase (GCS) that is in late stage clinical development for Fabry disease. Here we investigated the
ability of lucerastat to lower Gb3, globotriaosylsphingosine and lysosomal staining in cultured fibroblasts from 15 different
Fabry patients. Patients’ cells included 13 different pathogenic variants, with 13 cell lines harboring GLA mutations
associated with the classic disease phenotype. Lucerastat dose dependently reduced Gb3 in all cell lines. For 13 cell lines the
Gb3 data could be fit to an IC50 curve, giving a median IC50 [interquartile range (IQR)] = 11 μM (8.2–18); the median percent
reduction (IQR) in Gb3 was 77% (70–83). Lucerastat treatment also dose dependently reduced LysoTracker Red staining of
acidic compartments. Lucerastat’s effects in the cell lines were compared to those with current treatments—agalsidase alfa
and migalastat. Consequently, the GCS inhibitor lucerastat provides a viable mechanism to reduce Gb3 accumulation and
lysosome volume, suitable for all Fabry patients regardless of genotype.
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Introduction

Fabry disease (OMIM #301500) is an inherited X-linked glycosph-
ingolipid storage disorder caused by deleterious mutations in
the GLA gene encoding the lysosomal enzyme α-galactosidaseA
(α-GalA) (1). Fabry disease belongs to a group of more than
50 monogenic lysosomal storage disorders (LSDs), most of which
are life threatening with multiple organ systems affected (2).
In each LSD, aberrant mutations in a specific protein (most
commonly hydrolytic enzymes) leads to discrete clinical pheno-
types. The incidence of Fabry disease is estimated at 1:100 000,
although it is probably underdiagnosed (3). Over 900 GLA variants
have been associated with Fabry disease pathogenicity (4), with
males more severely affected than females (1,3). The reduced
α-GalA activity leads to accumulation of its substrates, globo-
triaosylceramide (Gb3) and other α-galactose linked neutral gly-
cosphingolipids in many cell types, including podocytes and
capillary endothelial cells (5). The accumulated lysosomal Gb3
can be converted to globotriaosylsphingosine (lysoGb3) (6), the
plasma levels of which are a useful diagnostic marker, which also
show some relationship to genotype and phenotype (7,8). Fabry
patients suffer from a range of non-specific, severe symptoms,
including neuropathic pain, progressive renal disease, cardiomy-
opathy, stroke and gastrointestinal problems (1,3,9). Symptoms
can arise at any age, in multiple organs simultaneously, and
result in reduced quality of life and life expectancy.

Many Fabry patients are treated with enzyme replacement
therapy (ERT) (10) via bi-weekly infusions of one of two recom-
binant α-GalA preparations, agalsidase alfa or agalsidase beta.
Only agalsidase beta is approved in the United States of America,
with the approval based on reduction of Gb3 inclusions in kidney
biopsies. Although some limited improvements in renal func-
tion, cardiac mass, cerebrovascular complications and quality of
life have been reported (11,12) long-term benefit of ERT on risk
of morbidity and mortality related to Fabry disease remain to
be established (13,14). ERT reduces Gb3 in kidneys, heart and
skin (15–18), and is particularly effective in clearing the lipid
load from endothelial cells (19). However, distal tubular cells (15),
smooth muscle (16) and the dorsal root ganglia (20) are more
resistant to ERT (20,21). Unfortunately, the formation of neutral-
izing antibodies (22) is known to diminish the effectiveness of
ERT (23–25).

Migalastat, an orally available pharmacological chaperone,
is approved in the European Union and Japan for the treat-
ment of some Fabry patients (26). Migalastat stabilizes mutated
α-GalA protein forms by binding to the active site, enabling
escape from proteasomal degradation and trafficking to the lyso-
some (27). Migalastat mediated α-GalA activation varies widely
with genotype (28), with 268 pathogenic GLA variants classified
as amenable to treatment.

While ERT and chaperone mechanisms aim to deliver func-
tional enzyme to the lysosome, substrate reduction therapy
(SRT) acts to decrease production of the defective enzyme’s
substrate before it accumulates, reducing synthesis to a level
compatible with residual clearance (29). Small molecule SRT
offers the benefits of an oral drug and has the potential to
provide therapy for all Fabry patients independent of genotype.
Two glucosylceramide synthase (GCS) inhibitor SRTs have been
approved for treatment of the LSD Gaucher’s disease (30,31).
Similarly, in Fabry mice, GCS inhibitors reduce tissue Gb3 by
inhibiting production of the metabolic precursor glucosylce-
ramide (GlcCer) (Fig. 1) (20,32,33). In Fabry mice, GCS inhibitors
and ERT have complementary pharmacodynamic profiles, with
GCS inhibitors more effectively clearing Gb3 from the kidneys

Figure 1. Key steps in the synthesis and degradation of Gb3. The scheme

includes all sphingolipids quantified in this study. The α-GalA protein mutated

in Fabry disease, and the GCS target of lucerastat are also depicted. LysoGb3

is only present at appreciable levels in the absence of α-GalA activity. α-GalA,

α-galactosidaseA; Cer, ceramide; Gb3, globotriaosylceramide; GCS, gluco-

sylceramide synthase; GlcCer, glucosylceramide; SM, sphingomyelin; Sph,

sphingosine.

(20,32). Additionally, GCS inhibitors and not ERT delayed loss of
the thermal nociceptive response (20) and increased tetrahydro-
biopterin, thereby reducing renal hypertrophy (33).

Lucerastat (N-butyldeoxygalactonojirimycin) an iminosugar
inhibitor of GCS (34) reduced substrate load and improved
survival and neuromotor function in a mouse model of the LSD
Sandhoff disease (35,36). In Fabry mice null for α-GalA activity,
lucerastat lowered renal Gb3 and α-galactose- terminated
glycosphingolipids in the dorsal root ganglia (37). Further, oral
lucerastat was well tolerated in healthy subjects dosed for
2 weeks with 1 g b.i.d. (38). Fabry patients who received oral
lucerastat 1 g b.i.d. in addition to ERT for 3 months had reduced
plasma GlcCer, lactosylceramide and Gb3 (39). An ongoing phase
3 clinical trial of lucerastat monotherapy (NCT03425539) is
enrolling patients of all genotypes. Despite the success of SRT in
Fabry mice, it has been suggested that the SRT mechanism will
be reliant on the presence of residual enzyme activity (29).

Here we assessed the ability of lucerastat to lower the Gb3
and lysoGb3 lipid markers of Fabry disease, along with lysosomal
staining, in cultured fibroblasts from Fabry patients with differ-
ent genotypes, including many associated with low or absent
residual α-GalA activity. The results were compared to the same
cell lines treated with the ERT agalsidase alfa and the pharmaco-
logical chaperone migalastat. The study represents the first wide
dose range comparison of molecules with three different modes
of action in a relatively large set of Fabry patient fibroblasts.

Results
The 15 Fabry patient cell lines studied included 9 from male
patients (Table 1). A total of 13 different Fabry pathogenic vari-
ants were covered: 5 missense mutations, 4 nonsense mutations,
3 small deletions and 1 small insertion. Of the cell lines, 13 have
GLA mutations that are associated with the classic Fabry pheno-
type. Three of the cell lines harbor a GLA mutation expected to
have significant residual α-GalA activity (>5%) and be amenable
to treatment with the pharmacological chaperone migalastat
(28). Notably, cell line W4 is a compound heterozygote, with the
migalastat amenable N139S variant on one allele and the migala-
stat non-amenable W236C variant on the other, a situation for
which chaperoning has not been studied.
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Table 1. Characteristics of the Fabry patients’ cell lines and their genotypes. Data throughout this manuscript is presented maintaining the order
male, female, then within each sex, missense, nonsense and small deletions/insertions. Residual α-GalA activity values are from Benjamin et
al. for constructs expressing mutated α-GalA in HEK cells (28). Benjamin et al. did not test nonsense and small deletion/insertion mutations, as
they were predicted to result in negligible or no activity. W4 has one potentially pathogenic mutation on each X chromosome. GLA reference
sequence NM_000169.2. NL, not listed; na, not applicable; BLD, below limit of detection; VUS, variant of unknown significance.

Identifier Donor
sex (m/f )

HGMD
accession

Mutation (DNA) Mutation (protein) Mutation type
(dbFGP)

Likely
phenotype

listed in
dbFGP

Residual
activity
(% wt)

Residual
activity

with 10 μM
migalastat

(% wt)

GM00882 m HM972098 c.901C>G R301G missense VUS 19.1 64.7
W15 m CM138947 c.486G>T W162C missense classic 0.5 BLD
W3 m CM930329 c.679 C>T R227X nonsense classic NL NL

GM00107 m CM993451 c.485G>A W162X nonsense classic NL NL
GM00881 m CM940860 c.658C>T R220X nonsense classic NL NL
GM02775 m CM940860 c.658C>T R220X nonsense classic NL NL

W10 m CD941691 c.1208 del AAG small deletion classic BLD BLD
W9 m CD023845 c. 568 delG A190Pfs*1 small deletion classic NL NL
W6 m CI138963 c.993_994 ins A fs X338 small insertion classic NL NL
W20 f CM972773 c.427G>A A143T missense benign 21.4 43.8
W14 f CM960769 c.708G>C W236C missense classic BLD BLD
W4 f Compound Heterozygote

CM103681 c.416>G N139S missense later onset 65.5 79.1
CM960769 c.708G>C. W236C missense classic 0.5 BLD

W12 f HM971748 c.1069 C>T Q357X nonsense classic BLD BLD
GM02771 f CM940860 c.658C>T R220X nonsense classic NL NL

W11 f CD085930 c. 363 delT A121fs*8 small deletion classic NL NL

The relative sphingolipid levels and lysosomal staining was
characterized in 12 of the cell lines, covering 12 different geno-
types (Supplementary Fig. 1). Sphingolipid levels and lysosomal
staining was assessed using LC-MS/MS and LysoTracker Red
staining, respectively. The cells with the variants R301G and
A143T, which were assigned as variant of unknown significance
(VUS) and benign respectively in the International Fabry Disease
Genotype-Phenotype database (dbFabry) had the lowest per cell
levels of Gb3 and LysoTracker staining. Of the measured sphin-
golipids, levels of Gb3 isoforms, substrates of α-GalA, varied the
most between cell lines. While, levels of sphingolipids, which are
more remote from the mutated α-GalA enzyme, ie ceramide (Cer)
and sphingomyelin (SM), were more similar between cell lines,
with the exception of two cell lines with small deletions in the
GLA gene (W10 and W11).

To assess treatment duration, GM00881 fibroblasts were incu-
bated with lucerastat and agalsidase alfa for 3, 6, 11 and 21 days
and LysoTracker staining was quantified. Agalsidase alfa reduced
LysoTracker staining within 6 days (Supplementary Fig. 2). At
1 mM, lucerastat-mediated decrease of LysoTracker staining
reached equivalent efficacy to agalsidase alfa after 11 days. At
50 μM, lucerastat yielded a reduction of LysoTracker staining of
∼50% when compared to agalsidase alfa.

To assess effects of the three mechanisms of action on dif-
ferent markers, the different cell lines were incubated with dif-
ferent concentrations of the GCS inhibitor lucerastat, the phar-
macological chaperone migalastat and the ERT agalsidase alfa
for a period of 9 days. As migalastat is an α-GalA inhibitor, it is
necessary to perform a compound wash-out prior to read-out. A
2-day wash-out was employed for migalastat-treated cells as has
been described to successfully promote migalastat-mediated
chaperoning of α-GalA leading to Gb3 reduction in fibroblasts
with the R301Q and L300P mutations (40). The dose ranges
used in the cell culture experiments adequately covered clini-

cal concentrations: clinically, lucerastat is dosed 1 g b.i.d. with
plasma Cmax = 10.1 μg/ml (= 46 μM) and t1/2 = 5.4 h (39); agal-
sidase alfa is dosed by infusion of 0.2 mg/kg every other week,
with a plasma t1/2 ∼ 60 min (41); migalastat is dosed 150 mg
every other day, with plasma Cmax = 1630 ng/ml (= 10 μM) and
t1/2 = 5.1 h (42).

Lucerastat dose dependently reduced the direct GCS product
GlcCer in all cell lines with median IC50s [interquartile range
(IQR)] of 19 μM (15–21) and 42 μM (31–51) for the (d18:1/16:0)
and (d18:1/24:1) isoforms, respectively (Fig. 2 and Supplementary
Table 2). The GCS substrate Cer was unaltered by lucerastat,
while SM was in many cases dose-dependently increased (Sup-
plementary Fig. 3), in-line with the metabolic shunt mechanism
seen with GCS inhibitors, which is thought to act to prevent
accumulation of toxic Cer (43). All six measured Gb3 isoforms
were dose dependently reduced by lucerastat in all 15 cell lines
(Fig. 3). In 13 cell lines the Gb3 data could be fit to an IC50
curve, giving a median IC50 (IQR) = 11 μM (8.2–18) for lucerastat
lowering of Gb3 across all isoforms, with a median percent Gb3
reduction (IQR) of 77% (70–83) (Supplementary Tables 2 and 3).
In the remaining two cell lines (GM00881 and GM02775), the
dose response curves did not have plateaus. The IC50 and effect
size parameters from the Gb3 curve fits did not show large
differences based on isoform, with all 6 isoforms responding
similarly in each cell line. The lysoGb3 signal was generally
low; however, in some cell lines a lucerastat dose response for
lowering was observed (Fig. 2). LysoTracker staining was dose-
dependently decreased by lucerastat in most cell lines (Fig. 2).
In 8/15 cell lines the LysoTracker dose response was of sufficient
quality to fit to an IC50 curve giving a median IC50 (IQR) = 11 μM
(3–17) and a median percent reduction (IQR) = 83% (74–87) for
lucerastat (Supplementary Tables 2 and 3).

The ERT agalsidase alfa dose-dependently reduced Gb3,
lysoGb3 and LysoTracker in the majority of the cell lines from

https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
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Figure 2. Effect of different concentrations of the GCS inhibitor lucerastat on GlcCer (d18:1/24:1), Gb3 (d18:1/24:0) and lysoGb3 lipid levels, along with LysoTracker

staining in cultured Fabry patients’ fibroblasts after 9 days of treatment. Each point is the mean of duplicates (±SD).
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Figure 3. Effect of different concentrations of the GCS inhibitor lucerastat on Gb3 isoforms in cultured Fabry patients’ fibroblasts after 9 days of treatment. Each point

is the mean of duplicates (±SD).
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Fabry patients (Fig. 4). For the 12 cell lines with evaluable Gb3
IC50 curves, agalsidase had a median IC50 (IQR) = 3.2 ng/ml
(2.0–6.2), with a median percent reduction (IQR) of 61% (45–75)
(Supplementary Tables 4 and 5). For the LysoTracker read-out,
IC50 curves for 10 cell lines could be evaluated with median IC50
(IQR) = 2.0 ng/ml (1.2–3.8) and median percent reduction (IQR)
of 93% (89–96). The Gb3 and lysoGb3 dose response curves were
generally superimposed, while LysoTracker was often reduced
to a greater extent (eg GM00107, W9, W6 and W11). The effects of
agalsidase alfa on Gb3, lysoGb3 and LysoTracker were generally
smaller in cells with GLA missense mutations than those with
nonsense or small deletions. Similarly, in cultured cells from a
subject without Fabry disease, agalsidase alfa had no effect on
Gb3 (Supplementary Fig. 4). In some cell lines, a dose-dependent
reduction in GlcCer was also observed with agalsidase alfa
(Fig. 4).

The pharmacological chaperone migalastat did not lead to
consistent dose responsive effects on the markers in the cell
lines tested (Fig. 5).

Discussion
Here we show that GCS inhibition with lucerastat lowers the
Fabry disease marker Gb3 in cultured fibroblasts from Fabry
patients of both sexes harboring different GLA genotypes,
including those with negligible α-GalA activity. Lucerastat also
dose-dependently reduced the acidic compartment staining, a
cellular phenotype associated with LSDs (44). The effectiveness
of lucerastat observed here in Fabry patients’ fibroblasts, in
Fabry patients (39), combined with studies of GCS inhibitors
in mice null for α-GalA activity (20,32,33,37), suggests that the
lucerastat SRT mode of action may be appropriate for all Fabry
patients.

The presented data confirms and significantly expands on
published work demonstrating that GCS inhibitors can reduce
accumulated Gb3 in cultured cells derived from Fabry patients
(33,45). In particular, Itier and colleagues have shown that
GCS inhibitors can reduce accumulated Gb3, suggesting a role
for clearance mechanisms other than α-GalA (45). Alternative
molecular clearance mechanisms, which may come into play in
situations of high local intracellular Gb3 levels, include removal
of the α-galactose by α-N-acetylgalactosaminidase (46,47) or
conversion of Gb3 to lysoGb3 by acid ceramidase (6). Overall, the
GlcCer, Gb3 and LysoTracker curves overlapped for lucerastat,
indicating that the reduction in acidic compartment volume is
most likely a consequence of a reduction of glycosphingolipid
levels resulting from GCS inhibition. In Fabry patients treated
with 1 g b.i.d. of lucerastat, plasma Cmax was 10.1 μg/ml (= 46 μM)
and t1/2 = 5.4 h (39). An exposure that resulted in a 49% and
55% reduction in plasma GlcCer and Gb3 respectively, in good
agreement with the effect of lucerastat on GlcCer and Gb3 in the
patients’ cells in the 10–40 μM concentration range. Although
plasma lysoGb3 was not reduced in the Fabry patients receiving
lucerastat for 3 months, the reduction in lysoGb3 seen here
in patients’ fibroblasts, and the effect of other GCS inhibitors
(20) in Fabry mice, suggests that lucerastat will also lower
lysoGb3 in patients, given sufficient time. In several cell lines
low concentrations of lucerastat resulted in increases in GlcCer,
presumably as a result of the known inhibition of non-lysosomal
glucosylceramidase (GBA2) by lucerastat (48). GBA2 inhibition
has been shown to be beneficial in mouse models of the LSDs
Gaucher disease, Niemann Pick disease type C and Sandhoff
disease (49–51), it is, however, unknown if GBA2 inhibition would

be beneficial in Fabry patients. The inhibition of GBA2 may also
explain why the GlcCer curves, unlike those for Gb3, do not reach
a plateau at high lucerastat concentrations.

The assessment of lucerastat was complemented and vali-
dated by comparison to the ERT agalsidase alfa. ERT generally
had a smaller effect on Gb3 than lucerastat, this may be due
to ERT only reducing lysosomal Gb3, while SRT reduces all Gb3.
In a study of Fabry patient-derived microvascular endothelial
cells ERT was found to reduce punctuate (presumably lysosomal)
immunofluorescence staining of Gb3, while not effecting overall
Gb3 levels (33). In the same study, a GCS inhibitor reduced all Gb3
staining and the total level. Here, the agalsidase alfa effects on
Gb3, lysoGb3 and LysoTracker started at the same concentration
in a given cell line, indicating that clearing the excess α-GalA
substrate was sufficient to lower acidic compartment staining.
Additionally, while the Gb3 lowering effect of agalsidase alfa
was lower than that of lucerastat, its effect on LysoTracker and
lysoGb3 was slightly larger in cells with nonsense and small
deletions/insertions. The described difference may be a result of
ERT acting directly on lysosomal lipids, including lysoGb3 (52),
while lucerastat acts upstream, requiring more time to reach
maximal effect, as observed here in the time course study and
discussed elsewhere (39).

The pharmacological chaperone migalastat had only minor,
if any effects in the three cell lines with migalastat amenable
mutations. The cells with A143T and R301G had relatively high
residual activity in the GLP-HEK assay (21.4% and 19.1%) (28),
and agalsidase alfa had little effect on these cell lines, indicat-
ing that they probably had enough α-GalA activity to prevent
relevant Gb3 accumulation. Notably, the pathogenicity of A143T
is debated (53). While agalsidase alfa had a clearer effect on
the cell line W4 with W236C and N139S mutations, the lack of
migalastat effect may be ascribable to the small benefit seen
in GLP-HEK assay for N139S (1.2-fold). Additionally, no efforts
were made to optimize conditions for migalastat beyond the
published protocol for migalastat chaperoning in Fabry patient
fibroblasts (40).

Here we have studied the effects of Fabry treatments on
patients’ fibroblasts in culture. An important caveat for the
translatability of the study is the heterogeneity in rates of cel-
lular turnover and division between the different cultures and
the plethora of cell types in a Fabry disease afflicted organ.
Additionally, the clinical dosing regimen of both migalastat and
agalsidase alfa produce exposures that vary widely through
each dosing cycle, which cannot be accurately simulated in cell
culture experiments. The relatively high residual activity and/or
sex of the migalastat amenable mutations available, likely con-
tributed to the weak migalastat effects.

Lucerastat has a high volume of distribution, indicating that
it may be able to reach tissues that ERT poorly penetrates. Fur-
ther, studies in Fabry mice have shown that GCS inhibitors can
bring reversal of disease phenotypes, which are not improved
with ERT (20,33). The data described here supports the use of
lucerastat in Fabry patients with different genotypes, suggesting
that it could be the first oral therapy suitable for all Fabry patients
irrespective of the underlying mutation. An ongoing Phase 3 clin-
ical trial of lucerastat in Fabry patients will assess whether the
presented results translate to reductions in Gb3 and ultimately
in neuropathic pain.

Materials and Methods
Materials. Lucerastat was synthesized at Actelion Pharmaceuti-
cals Ltd. (Allschwil, Switzerland). Agalsidase alfa was purchased

https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
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Figure 4. Effect of different concentrations of the ERT agalsidase alfa on GlcCer (d18:1/24:1), Gb3 (d18:1/24:0) and lysoGb3 lipid levels, along with LysoTracker staining

in cultured Fabry patients’ fibroblasts after 9 days of treatment. Each point is the mean of duplicates (±SD).
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Figure 5. Effect of different concentrations of the pharmacological chaperone migalastat on GlcCer (d18:1/24:1), Gb3 (d18:1/24:0) and lysoGb3 lipid levels, along with

LysoTracker staining in cultured Fabry patients’ fibroblasts after 9 days of treatment. Each point is the mean of duplicates (±SD). Cell lines with migalastat amenable

mutations are in boxes with solid lines. Cell line W4, which is a compound heterozygote, with the migalastat amenable N139S variant on one allele and the migalastat

non-amenable W236C variant on the other, a situation for which chaperoning has not been studied is in a box with dashed lines. The rest of the cell lines did not

harbour mutated forms of α-GalA that are amenable to migalastat treatment.
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from Shire. Migalastat was purchased from Sigma. Sphingolipid
standards were from Matreya LLC (Gb3, lysoGb3, SM) and Avanti
Polar lipids (Cer, GlcCer).

The following cell lines were obtained from the NIGMS
Human Genetic Cell Repository at the Coriell Institute for Med-
ical Research: GM00881, GM00882, GM02771, GM02775, GM00107
and GM05756, with all work being performed as outlined in a
research plan, which was incorporated in the material transfer
agreement. The cell lines W15, W3, W10, W9, W6, W20, W14, W4,
W12 and W11 were from diagnostic skin punch biopsies at the
Department of Neurology, University of Würzburg (Germany).
The cell lines were utilized in an anonymized manner. All
patients gave written informed consent after receiving oral and
written information about the planned use (as recommended
by the ethics committee of the University of Würzburg Medical
Faculty). The characteristics of the cells lines and their genotypes
are described in Table 1. Data on mutations was assembled
from dbFGP (http://www.dbfgp.org/dbFgp/fabry/FabryGP.html),
the Human gene mutation database (HGMD® Professional)
from Qiagen (4) and literature sources (28). The X-chromosome
inactivation of the female cell lines was not investigated.

Cell culture. Compounds were diluted in HBSS + 20 mM HEPES
at pH 7.4 at the concentration of 1 M (lucerastat and migalastat).
Cells were grown to around 80% confluence in a 75 cm2 flask in
Minimal Essential Medium (MEM) supplemented with 10% Foetal
Bovine Serum (FBS), in the presence of 100 U/ml of penicillin and
100 μg/ml of streptomycin (hereafter called ‘medium’) at 37◦C
and 5% CO2. One day before the assay, cells were harvested by
trypsinisation, counted and plated in 96-well microtiter plates
(black, clear-bottomed) at a density of approximately 1000 cell-
s/well in 100 μl/well. Each plate contained 10 concentrations of
each drug in duplicate, 8 wells of untreated control and 8 wells
of vehicle. Duplicate plates were performed for each cell line,
one for image analysis and one for sphingolipid quantification.
The following day, 50 μl of 3-fold concentrated dilution series
(steps of 4-fold dilution) of test compounds was added to the
cells and they were incubated for 5 days. Medium was then
replaced with the same volume of freshly prepared compound
or agalsidase alfa-containing medium, and the treatment was
continued for another 4 days, except for migalastat, which was
washed out for the final 2 days. After the treatment period, for
the sphingolipid analysis plate compound-containing medium
was removed and cells were washed two times with an excess
of phosphate-buffered saline (PBS). Remaining buffer was com-
pletely aspirated and plates were stored at −20◦C.

Cell staining, image acquisition and analysis. At the end of the
treatment period, compound-containing medium was replaced
with freshly prepared medium containing 200 nM LysoTrackerTM

Red DND-99 (ThermoFisher Scientific) and cells were incubated
for 90 min at 37◦C and 5% CO2, then formalin-fixed for 10 min,
washed with PBS and nuclei were stained with Hoechst 33342
for 30 min in the dark. Finally, cells were washed three times
with PBS before image acquisition. Images were acquired at
nine different positions within each well of 96-well microtiter
plates, using ImageXpress Micro XLS (Molecular Device) high-
content analysis device (objective 10×; exposure times for Texas
red channel, 150 ms; DAPI channel, 50 ms). The fluorescence of
each image was analyzed using MetaXpress software (Molecular
Device). The fluorescence intensities for LysoTracker (TexasRed)
were normalized to the number of cells as defined by the ‘Cell:
vesicle integrated intensity (Transfluor)’ parameter of the ‘Trans-
fluor’ module.

Sphingolipid quantification. Washed plates were removed from
the −20◦C freezer and sphingolipids extracted by adding 100 μl

of methanol containing 100 nM internal standard [(13C2,D2)
Cer (d18:1/18:0)] to each well of the 96-well plate. The plate
was gently shaken for 5 min, centrifuged and 90 μl of the
supernatant were transferred to a fresh plate. After the plate was
sealed the samples were injected into the LC-MS/MS system.
Re-extracting with a second methanol aliquot recovered <5%
of the first extraction. For all analyses, calibrants were made
in methanol containing 100 nM internal standards. Quality
control (QC) samples were prepared from a pool of the cell
extracts. For each analysis, the QC pool was run in triplicate as
prepared, 3-fold and 10-fold diluted with methanol containing
internal standard. Calculated inter-batch precision and accuracy
for the QC samples are given in Supplementary Table 1. The
injection order of all calibrants, QC and study samples was
randomized.

Sphingolipids were quantified using liquid chromatography
coupled with tandem mass spectrometry (LC-MS/MS) on an
ABSCIEX 6500QTRAP with a Dionex Ultimate 3000 HPLC system.
For the LC, an ACQUITY UPLC CSH column (C18, 2.1 × 100 mm,
1.7 μm) with buffer A (acetonitrile:water (60:40), 10 mM
ammonium formate and 0.1% formic acid) and buffer B
(isopropanol:acetonitrile:water (90:9:1) with 10 mM ammonium
formate and 0.1% formic acid) running at 0.4 ml/min, a column
temperature of 55◦C was used. A multi-step gradient was used
running from 50% to 60% of buffer B over the first 4.5 min,
then from 60% to 85% of buffer B over 4.5–9.0 min, followed
by re-equilibration. The following source parameters were used:
curtain gas (20), collision gas (medium) Q1 and Q3 resolution
(unit), ion spray voltage (5500V), temperature (500◦C), gas1
(50) and gas2 (15). Other parameters (EP, DP, CE and CXP)
were optimized per transition using standard procedures. Each
sphingolipid was quantified with the following different lipidic
chain compositions: d18:1/16:0 and d18:1/24:1 for Cer and
GlcCer; d18:1/16:0, d18:1/18:0 and d18:1/24:1 for SM; d18:1/16:0,
d18:1/18:0, d18:1/20:0, d18:1/22:0, d18:1/24:0 and d18:1/24:1 for
Gb3; d18:1/0:0 for lysoGb3. As SM concentration is higher than
the rest of the analytes, it was quantified using the [M+1]
molecular ion in Q1 and Q3 to reduce signal intensity. Transitions
(only d18:1/16:0 isoforms as example per lipid class, except
lysoGb3) monitored (Q1/Q3) were the following: Cer (538.4/264.2),
GlcCer (700.5/264.2), SM (704.5/185.1), Gb3 (1024.5/520.5) and
lysoGb3 (d18:1/0:0), (786.1/282.2). The acquisition was performed
in scheduled Multiple Reaction Monitoring (MRM) mode with
a cycle time of 0.5 s. LC-MS/MS data was processed using
MultiquantTM 3.0.1.

The Cer and GlcCer chromatographic peaks were assigned
using synthetic commercial standards. The Gb3 standard could
be used to assign all isoforms as it was purified from a natural
source and contained a mixture of isoforms. For SM (d18:1/16:0)
and SM (d18:1/24:1) peaks were assigned using the retention
time of the SM (d18:1/18:0) standard as a reference, consider-
ing that the elution time is mainly influenced by the N-acyl
chain length. The analytical method used does not differentiate
between GlcCer and GalCer. However, the peak was assigned as
GlcCer, as using a Hydrophilic Interaction Liquid Chromatogra-
phy (HILIC) method (54), fibroblasts were found to contain ∼20-
fold more GlcCer than GalCer.

Data analysis. Further data processing was performed with
Microsoft Excel®. Graphs were made with Graphpad Prism® 6.0.
Data was expressed as a percent of the average value in the
8 wells with vehicle. The potency of lucerastat and agalsidase
alfa on various read-outs was determined using proprietary
software (IC50Studio, Idorsia Pharmaceuticals). A 4-parameter fit
was used for the IC50 calculation with a variable slope, and the

http://www.dbfgp.org/dbFgp/fabry/FabryGP.html
https://academic.oup.com/hmgj/article-lookup/doi/10.1093/hmgj/ddy248#supplementary-data
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top and bottom plateaus were constrained to the extreme values
(average of duplicate measurements). The percent reduction was
calculated as [(top plateau)-(bottom plateau)]/(top plateau).
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