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Venglustat inhibits the enzymatic conversion of ceramide to glucosylceramide, reducing available substrate for
the synthesis ofmore complex glycosphingolipids. It offers a potential new approach to the treatment of patients
with Fabry disease (α-Gal A deficiency), in whom progressive accumulation of such glycosphingolipids, includ-
ing globotriaosylceramide (GL-3), in the lysosomes of a wide range of cell types often leads to vital organ com-
plications in adulthood. An international, open-label, single-arm, Phase 2a uncontrolled 26-week clinical study
(NCT02228460) and a 130-week extension study (NCT02489344) were conducted to assess the safety, pharma-
codynamics, pharmacokinetics, and exploratory efficacy of 15 mg once daily oral venglustat in treatment-naïve
adult male patients with classic Fabry disease. Of 11 patients (18–37 years old) who initially enrolled, nine com-
pleted the 26-week study and seven completed the extension study. A total of 169 treatment-emergent adverse
events (TEAEs) were reported by nine patients, the majority being mild (73%) and unrelated to the study drug
(70%). Nine serious TEAEs (serious adverse events) and 11 severe TEAEs, including a self-harm event, were re-
ported. No deaths or treatment-related life-threatening adverse events were reported. Skin GL-3 scores in super-
ficial skin capillary endothelium (SSCE), estimated by light microscopy, were unchanged from baseline at Week
26 in five patients, decreased in three patients, and increased in one patient. There was no significant change in
GL-3 scores or significant shift in grouped GL-3 scores. Five of six patients had reductions from baseline in GL-3
score at the end of the extension study. At Weeks 26 and 156 the mean (standard deviation) changes from
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Fig. 1. The synthetic and degradative pathways of glycolip
Α-Gal A, α-galactosidase A; GL-1, glucosylceramide; GL-2,
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baseline in the fraction of the volume of SSCE cytoplasm occupied by GL-3 inclusions, measured by electron mi-
croscopy unbiased stereology, were − 0.06 (0.03) (p = 0.0010) and − 0.12 (0.04) (p = 0.0008), respectively.
Venglustat treatment reduced markers in the synthetic and degradative pathway of major glycosphingolipids;
proximalmarkers reduced rapidly andmore distalmarkers (plasmaGL-3 and globotriaosylsphingosine) reduced
progressively. There were no biochemical or histological indications of progression of Fabry disease over 3 years
of follow-up. These findings confirm target engagement and the pharmacodynamic effects of venglustat in adult
males with classic Fabry disease. However, further clinical evaluation in larger studies is needed to determine ef-
ficacy and safety.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

Fabry disease (OMIM#301500) is an X-linked lysosomal disorder of
glycosphingolipid catabolism caused by pathogenic variants in the GLA
gene encoding α-galactosidase A (α-Gal A) [1]. Patients with the most
severe, classic phenotype have minimal or undetectable levels of α-
Gal A activity and early, continuous accumulation of glycosphingolipids,
most notably globotriaosylceramide (GL-3 or Gb3), in lysosomes. This
occurs in a wide range of cell types, including vascular endothelial and
smooth muscle cells, neural cells, cardiomyocytes, all kidney cell
types, as well as in plasma and urine [1–3]. Progressive accumulation
of GL-3 in multiple cell types within vital organs leads to potentially
life-threatening complications including strokes, cardiac arrhythmias,
cardiomyopathy, and renal failure [4]. In addition,
globotriaosylsphingosine (lyso-GL-3 or lyso-Gb3), the deacylated form
of GL-3, accumulates in plasma, and is a useful biomarker for diagnosis
and staging of Fabry disease [3,5].

Thefirst stages of organ damage begin at an early age [6–8],with dif-
ferent manifestation of storage observed as early as in the fetal stage of
development [9]. Clinical features generally emerge during childhood
and frequently include peripheral neuropathic pain, impaired sweating,
gastrointestinal (GI) symptoms, and signs such as cornea verticillata
and angiokeratomas [1,10,11]. Untreated patients are at high risk of
gradually developing vital organ complications during adulthood,
which substantially reduce life expectancy [1,12–15].

Treatment options that have been available for >20 years include
enzyme replacement therapy (ERT) with biweekly intravenous infu-
sions of agalsidase with either recombinant agalsidase beta (1 mg/kg;
Fabrazyme®, Sanofi) or agalsidase alfa (0.2 mg/kg; Replagal®, Takeda
id metabolism.
lactosylceramide; GL-3, globotriaosy
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Pharmaceuticals). These treatments are used periodically to replace en-
dogenous α-Gal A activity, thereby reducing substrate accumulation
and, in particular when treatment is initiated early in the disease pro-
cess, alleviating disease manifestations [13,16–18]. Although extensive
evidence supports the efficacy and tolerability of ERT for Fabry disease,
certain questions remain, such as those relating to immunogenicity
[19,20], optimal dosing, and the best time to start treatment. An oral
pharmacological chaperone, migalastat (123 mg once every other day;
Galafold®, Amicus Therapeutics), is available for enzyme enhancement
therapy [21,22] and is suitable for patients with amenable pathogenic
GLA variants as determined by an in vitro assay [23]. This assay may
not represent in vivo conditions in patients, and clinical responsiveness
needs to be verified through periodic monitoring [24,25].

Substrate reduction therapy (SRT) represents an alternative ap-
proach that has been used to improve outcomes for patients with
other disorders of glycosphingolipid metabolism, by inhibiting the en-
zymatic conversion of ceramide to glucosylceramide-1 (GL-1 or Gb1).
GL-1 is a key metabolic precursor of more complex glycosphingolipids,
including GL-3 (Fig. 1) [26,27]. Reduction of GL-1 synthesis using SRT
has been shown to be safe and effective in patients with non-
neuronopathic, type 1 Gaucher disease (glucocerebrosidase deficiency)
[28,29].

Venglustat is an investigational, orally available, potent, brain-
penetrant GL-1 synthase inhibitor (GCSi) that may add a novel mecha-
nistic approach to the treatment of Fabry disease and offer potential ad-
vantages over existing treatment options. Here, we report the results of
a 3-year open-label assessment of the safety, pharmacokinetics, phar-
macodynamics, and exploratory efficacy of venglustat administered
once daily in adult male patients with classic Fabry disease who were
lceramide; GM3, GM3 ganglioside; lyso-GL-3, globotriaosylsphingosine.
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naïve to disease-specific therapy andwithout clinically significant organ
involvement (except for presenting symptoms of Fabry disease).

2. Methods

2.1. Study design

Outcomes were assessed in an initial, international, open-label,
single-arm, Phase 2a uncontrolled 26-week clinical study
(NCT02228460) of venglustat (15 mg orally once daily) conducted in
eight treatment centers. The patients could then continue in a 130-
week extension study (NCT02489344, plus a 1-month treatment-free
period at study end), for a combined total venglustat treatment dura-
tion of 156 weeks (ie, 3 years). Both studies were conducted in accor-
dance with consensus ethics principles derived from international
ethics guidelines, including the Declaration of Helsinki, The Interna-
tional Council for Harmonisation of Technical Requirements for Phar-
maceuticals for Human Use guidelines for good clinical practice, and
all applicable guidelines, rules, and regulations in the countries where
the studies were conducted (United States, United Kingdom, France,
Poland, and Russia). Informed consent was obtained prior to the con-
duct of any study-related procedures. Patient safety datawere reviewed
on an ongoing, independent basis by a Data Monitoring Committee.

2.2. Study eligibility criteria

Adult male patients aged 18–50 years with a confirmed diagnosis of
classic Fabry disease, as documented by an α-Gal A activity below de-
tection limits (leukocyte: <4 nmol/h/mg protein; or plasma: <1.5
nmol/h/mL), and a plasma lyso-GL-3 concentration ≥65 ng/mL, were el-
igible for the initial 26-week study if they had not received Fabry
disease-specific therapy. Patients with an estimated glomerular filtra-
tion rate (eGFR) <60 mL/min/1.73 m2, urine protein-to-creatinine
ratio (UPCR) ≥0.5 mg/g, prior kidney transplantation, and active (or a
history of) clinically significant disease (apart from Fabry disease-
related manifestations) were excluded. It was an ethical decision to ex-
clude patients with significant end-organ involvement due to the avail-
ability of approved treatments and the risk of withholding treatments
for these patients.

2.3. Genotyping for GLA variant

GLA genotypingwas performed using blood samples collected in the
week before the first administration of the study drug. All patients in-
cluded in the study had GLA pathogenic variants (nine nonsense vari-
ants and two missense variants) associated with the classic phenotype
of Fabry disease.

2.4. Safety assessments

Safety assessments included self-reported or investigator-observed
adverse events (AE) and treatment-emergent AEs (TEAE, coded accord-
ing to the Medical Dictionary for Regulatory Activities version 19.0),
vital signs, physical examination (with full neurological examination),
standard clinical laboratory testing, 12‑lead electrocardiogram, echocar-
diogram with Doppler (2-dimensional and M-mode), brain magnetic
resonance imaging (MRI), and ophthalmology examinations.

2.5. Pharmacodynamic assessments

One skin biopsy per patient was obtained at baseline and also at 12
and 26 weeks during the initial 26-week study, and at Weeks 52 (op-
tionally) and 156 during the extension study. Biopsies were taken
from areas free of angiokeratomas. Sections (1 μm) for lightmicroscopy
(LM) from each biopsy were stained with methylene blue–Azure II and
evaluated by three independent pathologists masked as to patient and
3

treatment status, through semi-quantitative scoring of GL-3 inclusions
in skin cell types (0 = no/trace, 1 = mild, 2 = moderate, 3 = severe)
[30,31]. A minimum of 10 dermal capillaries per biopsy were evaluated.
The pathologists underwent a preliminary training session, and the
same three pathologists evaluated all biopsies throughout the study. If
a majority score could not be derived from an adjudication process,
then the median adjudicated score was used. This process for LM scor-
ing was previously published [31]. In addition, the fraction of the vol-
ume of superficial skin capillary endothelium (SSCE) cytoplasm,
occupied by GL-3 inclusions [Vv(Inc/Endo)] from at least 50 randomly
selected superficial skin capillaries, was quantitively assessed by unbi-
ased electron microscopy (EM) morphometry (ie, stereology) at 7500-
foldmagnification usingpoint counting. Themethodology for this quan-
titative assessment was adapted from previously described techniques
for kidney cells [7,32]. All measurements were performed by an ob-
server masked as to treatment status.

Plasma concentrations of GL-1, GM3 ganglioside (GM3), GL-3, lyso-
GL-3, and urinary concentration of GL-3 were determined by liquid
chromatography tandem mass spectrometry. Upper reference limits
(URL) were 5.04 μg/mL, 21.0 μg/mL, 7.03 μg/mL, 5.0 ng/mL, and 0.03
mg/mmol creatinine, respectively. Lower reference limits (LRL) for
plasma GL-1 and GM3 were 1.91 μg/mL and 4.9 μg/mL, respectively. A
summary of the assay methods for plasma GL-1, GM3 ganglioside
(GM3), GL-3, and lyso-GL-3 is included in the supplement to this article.

Additional evaluations included renal function (eGFR [Chronic Kid-
ney Disease Epidemiology Collaboration equation], urine albumin-to-
creatinine ratio [UACR], urine protein-to-creatinine ratio [UPCR],
podocyturia [33]), cardiovascular assessments (left ventricular mass
index [LVMi], left ventricular posterior wall thickness in diastole
[LVPWTd], intraventricular septal wall thickness in diastole [IVSWTd],
plasma high-sensitivity cardiac troponin T [hs-cTnT] levels), and
patient-reported outcomes (Short Form Health Survey [SF-36], Inflam-
matory Bowel Syndrome [IBS] GI Questionnaire, BeckDepression Inven-
tory II [BDI-II]).

2.6. Pharmacokinetic assessments

Blood samples for determination of plasma venglustat concentra-
tions were collected at the following times relative to initiating treat-
ment: Day 1 and Week 26 (pre-dose and 1, 2-, 4-, 8-, and 24-h post-
dose); Weeks 2, 4, 8, 12, and 18 (pre-dose); Weeks 52, 104, and 156
(1–8 h post-dose, and corresponding to 6, 18, and 30months after initi-
ation of the extension study). In addition, samples were collected when
patients withdrew early (if applicable) and at post-treatment follow-up
visits (1month after treatment discontinuation), at any time during the
visit, for a pharmacokinetic assessment. Venglustat plasma concentra-
tions were determined using a validated liquid chromatography tan-
dem mass spectrometry method with a lower limit of quantification of
0.5 ng/mL.

Urine samples were collected 2 h pre-dose on Day 1 and over the
dosing interval of

0–24 h at Week 26, for measurement of venglustat concentrations,
using a validated liquid chromatography tandem mass spectrometry
method with a lower limit of quantification of 5 ng/mL.

For plasma pharmacokinetics, the following parameters were calcu-
lated using a non-compartmental method in the initial 26-week study:
maximum plasma concentration (Cmax), time to Cmax (tmax), area under
the plasma concentration versus time curve from 0–24 h (AUC0–24h; on
Day 1 and at Week 26), and apparent total systemic clearance at steady
state (CLSS/F; at Week 26 only). In addition, trough plasma
concentration observed immediately prior to treatment
administration during repeated dosing (Ctrough) was assessed at the
pre-specified visits mentioned above. The pharmacokinetic variables
in the extension study were plasma venglustat concentrations (mea-
sured 1–8 h post-dose) at the pre-specified visits mentioned above.
For urine pharmacokinetics, the following parameters were calculated



Table 1
Baseline demographics and clinical characteristics of adultmale patientswith classic Fabry
disease enrolled in the initial 26-week study of venglustat.

Patients, N 11
Age at enrollment, years
n 11
Mean (SD) 26.5 (7.6)
Median (range) 24.0 (18–37)
Age at diagnosis, years
n 8
Mean (SD) 23.9 (7.7)
Median (range) 20.0 (17–35)
GLA variants
n 11
Nonsense, n (%) 9 (81)
Missense, n (%) 2 (18)
Leukocyte α-Gal A activity, nmol/h/mg protein protein
n 10
<4.0, n (%) 10 (100)
≥4.0, n (%) 0
Plasma α-Gal A activity, nmol/h/mL
n 11
<1.5, n (%) 11 (100)
≥1.5, n (%) 0
eGFR, mL/min/1.73 m2

n 11
Mean (SD) 119.0 (20.8)
Median, range 119.0 (89.0–155.0)
Common Fabry symptoms, n (%)
Angiokeratoma 9 (81.8)
Hypohidrosis 7 (63.6)
Tinnitus 7 (63.6)
Paresthesia 5 (45.5)
Diarrhea 5 (45.5)
Proteinuria 5 (45.5)

α-Gal A, α-galactosidase A; eGFR, estimated glomerular filtration rate; GLA, α-galactosi-
dase A gene; SD, standard deviation.
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based on measurements of urine samples collected at Week 26 of the
initial study: cumulated amount excreted in urine from 0 to 24 h after
dose (Ae0–24h), fraction of dose excreted in urine from 0 to 24 h after
dose (fe0–24h), and renal clearance (CLR).

2.7. Primary, secondary, and exploratory endpoints

The primary (pharmacodynamic) endpoint of the initial 26-week
study was the estimated change from baseline in GL-3 scores, as evalu-
ated by LM, in SSCE. The primary endpoint of the extension study was
the long-term safety of venglustat. Secondary and exploratory end-
points are presented in Supplementary Table 1.

2.8. Statistical analysis

Sample size calculation was based on the primary endpoint of the
initial 26-week study. Assuming a standard deviation of 1.0, a sample
size of six evaluable patients was predicted to be adequate to provide
83% power at a 2-sided significance level of 0.05 to detect a within-
treatment group mean change of 1.5 points in SSCE GL-3 score.

The paired SSCE GL-3 scores at baseline and at Week 26 were ana-
lyzed using the mean changes of the SSCE scores and the shifts in the
score categories (0 to <2; 2 to 3); statistical significance was assessed
using the Wilcoxon signed-rank test and the McNemar test, respec-
tively.

Changes from baseline for other endpoints were summarized using
descriptive statistics and were tested using the paired t-test, where ap-
propriate. Parameters for plasma and urine pharmacokinetics were ob-
tained using non-compartmental methods and summarized using
descriptive statistics. Plasma concentrations were summarized using
descriptive statistics at each time point.

For all analyses, the level of significance was set atα=0.05without
any multiplicity adjustment. All statistical analyses were performed
using SAS statistical software V.9.2 (SAS Institute, Cary, NC, United
States).

3. Results

3.1. Patient disposition and baseline characteristics

From January 06, 2015, 11 adult male patients with classic Fabry dis-
ease were enrolled into the initial 26-week study. One patient discon-
tinued the study in Week 12 due to a TEAE (see section 3.2.2.), and
one patient was lost to follow-up after the Week 8 visit. Of the nine pa-
tients who completed the 26-week study, eight patients enrolled in the
extension study, of whom seven completed the treatment period. One
patient discontinued in the extension period due to a TEAE (see section
3.2.2.).

Baseline patient characteristics are presented in Table 1. The mean
age at enrollment was 26.5 (median 24.0, range 18–37) years. None of
the patients used renin-angiotensin-aldosterone system blockers (one
patient started ramipril during the extension study), had left ventricular
hypertrophy, or had a history of stroke (one patient had recurrent inci-
dence of central nervous system ischemia prior to the study). Two pa-
tients were receiving selective serotonin reuptake inhibitors or
serotonin-norepinephrine reuptake inhibitors at baseline and contin-
ued their use during the study.

3.2. Primary endpoints and related study data

3.2.1. Change at week 26 from baseline in GL-3 scores in SSCE
The GL-3 scores in SSCE cells evaluated by LM at baseline and during

the initial 26-week study are shown in Table 2. At baseline, seven of 11
patients had a GL-3 score of 1 and four patients a score of 2. AtWeek 26
(n=9), GL-3 scores remained unchanged in five patients (score 1, n=
4; score 2, n = 1), decreased in three patients (from 2 to 1), and
4

increased in one patient (from 1 to 2). There was no significant change
in GL-3 scores (p = 0.6250) or significant shift in grouped GL-3 scores
(p=0.3173). During the extension study, five of six patients had reduc-
tions in GL-3 score in SSCE at Week 156, as compared with baseline
(Table 2). Scores decreased from 2 to 1 in three patients and from 1 to
0 in two patients. The baseline score of 1 remained unchanged in one
patient. The GL-3 scores, given by each of the three independent pathol-
ogists in SSCE cells evaluated by LM study are shown in Supplementary
Table 2.

Results of quantitative assessment of GL-3 inclusions in SSCE using
EM unbiased stereology are shown in Tables 2 and 3. After 26 and 156
weeks of treatment the mean (standard deviation) of the changes
from baseline in the fraction of the volume of SSCE cytoplasm occupied
byGL-3 inclusions [Vv(Inc/Endo)] were− 0.06 (0.03) (p=0.0010) and
− 0.12 (0.04) (p = 0.0008), respectively. The corresponding percent-
ages of change from baseline were − 21.1% and − 38.7%, respectively.

The correlation between SSCE LMGL-3 scores and the fractional vol-
umes of SSCE cytoplasm occupied by GL-3 inclusion on EM across all
time points was 0.31 (Spearman r, p = 0.08).

3.2.2. Long-term safety of venglustat
Overall, nine patients (81.8%) reported a total of 169 TEAEs during

the 156-week period covered by the studies, with the majority being
mild in severity and unrelated to the study drug (Supplementary
Table 3 and Supplementary Table 4). The most common TEAEs, regard-
less of relationship to the study drug, were headache and
nasopharyngitis (for both, four patients reported five events). No deaths
or treatment-related life-threatening AEs were reported during the
studies. Nine serious TEAEs (SAEs) and 11 severe TEAEs, including a
self-harm event, were reported. Two patients experienced TEAE
(s) leading to permanent treatment discontinuation. One patient with-
drew duringWeek 12 of the 26-week study due to depressed mood re-
ported as related to the studydrug. The event had resolved upon follow-



Table 2
GL-3 scores in SSCE, assessed by light microscopy, at baseline and at Weeks 12, 26, 52, and 156, and fractions of cytoplasm volume occupied by GL-3 inclusions, as assessed by electron
microscopy, at baseline and at Weeks 12, 26, and 156.

Patient #b GL-3 scores in SSCE (light microscopy)a, and fractions of cytoplasm volume of SSCE occupied by GL-3 inclusions (electron microscopy, italic)

Baseline Week 12 Week 26 Week 52
(optional)

Week 156

1 2
0.296

1
0.331

1
0.249

1
-

1
0.144

2 1
0.254

1
0.287

1
0.254

1
-

NS
-

3 2
0.329

1
0.374

1
0.276

2
-

1
0.210

4 1
0.304

1
0.303

1
-

NS 0
0.171

5 1
-

NS NS NS NS

6 2
0.271

1
0.221

1
0.221

NS NS

7 1
0.307

1
0.335

1
0.210

NS NS

8 1
0.296

2
0.234

2
0.200

1
-

0
0.200

9 1
0.257

1
0.218

1
0.170

1
-

1
0.205

10 2
0.329

2
0.297

2
0.262

1
-

1
0.168

11 1
-

NS NS NS NS

GL-3, globotriaosylceramide; NS, no sample; SSCE, superficial skin capillary endothelium.
a GL-3 inclusions scoring: 0 = no/trace; 1 = mild; 2 = moderate.
b Patient numbers randomly assigned.
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up. Reportedly, the patient had been suffering from low mood since
starting the trial. The other patient experienced a worsening of de-
pressed mood, reported as related to the study drug, in the extension
period (described below) and was subsequently withdrawn from the
study.

Three patients experienced SAEs. One patient experienced hemoly-
sis (in vitro), vertigo, unilateral deafness, and ischemic stroke. Discolor-
ation of post-dose plasma samples (Day 1) was initially reported by the
investigator as hemolysis and possibly related to the study drug. After
further evaluation, including causality assessment (per Bradford Hill
criteria) and consultation with a hematologist, the discoloration of
plasma was considered the result of in vitro hemolysis and unrelated
to the study drug. Aural vertigo and subsequent unilateral hearing loss
were reported at Week 73. Both events were considered unrelated to
the study drug and deafness had resolved by the end of the extension
study. AtWeek 117, the patient suffered from headache, slurred speech,
and eventually loss of speech. The diagnosis of ischemic stroke (re-
ported as unrelated to the study drug) led to prolonged hospitalization.
After 2 weeks the patient had recovered with sequelae (hemiparesis of
lower limb). The patient was recorded as having had recurrent
Table 3
Changes in the fraction of cytoplasm volume of SSCE occupied by GL-3 inclusions, as assessed

Fraction of cytoplasm volume of SS
(electron mic

Baseline Week 26

N 9 8
Value
Mean (SD) 0.29 (0.03) 0.23 (0.04)
Median (range) 0.30 (0.25–0.33) 0.24 (0.17–0.28)
Change from baseline
Mean (SD) −0.06 (0.03)
Median (range) −0.06 (−0.10–0)
% Change from baseline
Mean (SD) −21.09 (11.42)
Median (range) −19.57 (−33.8–0)

GL-3, globotriaosylceramide; SD, standard deviation; SSCE, superficial skin capillary endotheliu

5

incidences of central nervous system ischemia in the 10 years prior to
study entry, which is consistent with known cerebrovascular involve-
ment in Fabry disease [34].

The second patient, who had a BDI-II total score within the minimal
depression range at baseline, experienced a medically important event
(SAE) of depressed mood of mild intensity at Week 17 of the initial
26-week study, and discontinued study treatment 16 weeks later, dur-
ing the extension period, due to worsening of the SAE of depressed
mood to moderate intensity. Five days after discontinuation of study
treatment the patient intentionally self-harmed, which was reported
as a medically important event (SAE) of severe intensity. The injury
wasminor, hospitalizationwas not required, and the patient had recov-
ered from the depressed mood and self-harm upon follow-up. The
events were reported as related to the study drug.

The third patient with an SAE had completed the 26-week study but
chose to not enroll in the extension study. A week after completion of
the 26-week study, the patient's female partner gave birth to a baby
who was conceived prior to initiation of the study drug. The baby was
born blue and floppy with a low pulse rate, at approximately 41
weeks gestation. Meconium aspiration, respiratory distress, and
by electron microscopy, from baseline to Weeks 26 and 156.

CE occupied by GL-3 inclusions
roscopy)

p-value Week 156 p-value

6

0.18 (0.03)
0.19 (0.14–0.21)

0.0010 −0.12 (0.04) 0.0008
−0.13 (−0.16 to −0.05)

−38.74 (11.69)
−40.00 (−51.1 to −19.9)

m.
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neonatal sepsis requiring respiratory support and intravenous antibi-
otics were reported. The infant recovered 3 weeks after birth. “Floppy
infant” was reported as a life-threatening SAE and unrelated to the
study drug.

Abnormalities on brain MRI were observed at baseline in four of 10
patients and included white matter lesions (n = 3), pulvinar sign (n
= 2), and microhemorrhages (n = 1). There were no consistent
changes in MRI data between baseline and Week 156. One patient's
white matter disease increased, and one patient developed a new
white matter lesion. Both findings were considered clinically insignifi-
cant. Diagnosis of ischemic stroke in one patient, described earlier in
this section, occurred outside of the per-protocol MRI assessments.

3.3. Pharmacodynamic parameters

The mean plasma GL-1 concentration decreased rapidly from 4.4
μg/mL at baseline (within reference interval) to 1.1 μg/mL (<LRL) at
Week 2, and concentrations remained low at Weeks 26 (1.2 μg/mL, p
= 0.0001) and 156 (1.4 μg/mL). The mean percentage changes from
baseline were − 71.6% (Week 26) and − 68.9% (Week 156) (Fig. 2A,
Supplementary Table 5).

Mean plasma GM3 concentration also reduced rapidly, from 13.7
μg/mL to 5.5 μg/mL at Week 2 (both values within reference interval),
and concentrations continued to decrease (<LRL) at Week 26 (3.3
μg/mL, p = 0.0007) and remained low at Week 156 (4.8 μg/mL). The
mean percentage changes from baseline were− 73.5% (Week 26) and
− 60.5% (Week 156) (Fig. 2B, Supplementary Table 5). The GL-1 and
GM3 concentrations increased significantly in the 1-month treatment-
free period at the end of the extension study (n = 4).

The mean plasma GL-3 concentration decreased significantly and
progressively from 8.9 μg/mL (>URL) at baseline to 5.1 μg/mL at Week
26 (≤URL, p < 0.0001), with a continued decrease to 1.9 μg/mL at
Fig. 2. Mean plasma GL-1 (A), GM3 (B), GL-3 (C), and lyso-GL-3 (D) in male patients with cl
venglustat.
Error bars represent standard deviation.
URL (plasma): GL-1, 5.0 μg/mL; GM3, 21.0 μg/mL; GL-3, 7.03 μg/mL; lyso-GL-3, 5.0 ng/mL. LRL
GL-1, glucosylceramide; GL-3, globotriaosylceramide; GM3, GM3 ganglioside; lyso-GL-3, globo
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Week 156. The mean percentage changes from baseline were − 41.7%
(Week 26) and − 77.5% (Week 156) (Fig. 2C, Supplementary Table 5).

Themean lyso-GL-3 concentration decreased significantly from 94.0
ng/mL (>URL) at baseline to 63.5 ng/mL at Week 26 (p = 0.0036) and
continued to decrease to 42.7 ng/mL (>URL) at Week 156. The mean
percentage changes from baseline were − 30.8% (Week 26) and −
52.5% (Week 156) (Fig. 2D, Supplementary Table 5). The plasma GL-3
and lyso-GL-3 concentrations did not significantly increase during the
treatment-free period at the end of the extension study (n = 4).

PlasmaGL-1, GM-3, GL-3 and Lyso-GL-3 concentrations in individual
patients over time are presented in Supplementary Fig. 1.

At baseline, urine GL-3 concentrationswere abnormally elevated for
all 11 patients and remained above the URL throughout the period cov-
ered by the studies. However, a decrease from baseline was observed at
Week 8, whichwas sustained toWeek 156 (mean change from baseline
to Week 156: −16.2% [95% CI: −88.6% to 56.2%]) (Supplementary
Fig. 2). A discordant urine GL-3 measurement for one patient at Week
4was attributable to a low creatinine value relative to previous and sub-
sequent time points.

Plasmahs-cTnT concentrationswere below thedetection limit for all
patients at baseline and remained unchanged at Weeks 26 and 156.

3.4. Exploratory efficacy parameters

The mean eGFR at baseline was 119.0 (range 89.0–155.0) mL/min/
1.73 m2 and there were no notable changes in mean or individual pa-
tient eGFRs throughout the period covered by the studies. At baseline,
the UACR was within the microalbuminuria range (30–300 mg/g) for
seven of 11 patients (median 86.0 [range 7.0–126.0] mg/g]). Median
UACRs at Weeks 26 (n = 9) and 156 (n = 7) were 57.0 (range
11.0–81.0) mg/g and 52.0 (range 11.0–178.0) mg/g, respectively.
None of the patients had significant proteinuria (>300 mg/g) at
assic Fabry disease completing the 26-week study and the 130-week extension study of

(plasma): GL-1, 1.91 μg/mL; GM3, 4.9 μg/mL.
triaosylsphingosine; LRL, lower reference limit; URL, upper reference limit; W, week.
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baseline or during the study. Themedian UPCR at baseline (n=11)was
126.0 (range 27.0–180.0)mg/g, andmedian ratioswere lower atWeeks
26 (n= 9) and 156 (n= 7) at 100.0 (range 30.0–124.0) mg/g and 52.2
(range 10.5–242.3) mg/g, respectively. UPCR measurements for each
patient, from baseline to Week 156, are presented in Supplementary
Fig. 3.

Podocyte counts were above the URL (>3 counts/mg creatinine)
[33] at baseline in two patients and in one patient who did not have a
baseline sample and was first tested in Week 8. At Week 26, all counts
(n = 9) were below the URL and remained so in four of five patients
at Week 156. The patient whowas first tested inWeek 8 and had a nor-
mal result at Week 26 had a count above the URL atWeek 156 that was
lower than the result at Week 8.

The LVMi at baseline was within the reference interval (50–102 g/
m2) [35] for 10 of 11 patients. One patient's high LVMi regressed to
within the reference interval by Week 26. Eight patients had mildly el-
evated (11–13 mm) [33] IVSWTd (n = 5) and/or LVPWTd (n = 4) at
baseline that were all considered clinically insignificant. No consistent
differences in echocardiogram results were observed between baseline
(n=11; mean LVMi 62.6 g/m2, IVSWTd 9.9 mm, LVPWTd 9.0mm) and
Week 156 (n=7;mean LVMi 71.3 g/m2, IVSWTd10.1mm, LVPWTd9.5
mm).

3.5. GL-3 scoring in skin cells other than SSCE

TheGL-3 LMscores in skin deep-vessel endothelial cells, deep-vessel
smooth muscle cells, and in perineurium at baseline (n = 11) ranged
from 1 to 2, with scores of 2 reported for most patients (Supplementary
Table 6). There were no notable changes atWeek 26. AtWeek 156 (n=
6), modest reductions in GL-3 LM scores in these cells were observed in
four patients while four patients had no change.

3.6. Patient-reported outcomes

Themean SF-36mental and physical component summary scores at
baseline (n = 11) were 47.6 and 42.2, respectively. There was little
change in these scores at Week 26 (n = 9; 42.9 and 50.3, respectively)
and at Week 156 (n = 7; 50.7 and 47.7, respectively). Bodily pain (SF-
36), at Week 26 (n = 9), improved in seven patients, was unchanged
in onepatient andworsened in onepatient; atWeek 156 (n=6), bodily
pain was improved in three patients, was unchanged in one patient and
worsened in two patients.

GI pain (IBS GI Questionnaire) was reported by six of 11 patients at
baseline. AtWeek 26 (n=5), severity of pain decreased in four patients
and increased in one patient; At Week 156 (n = 4), it decreased in all
four patients. The number of days of GI pain in every 10 days reduced
in all patients with available data (n = 5) at Week 26, and in three of
four patients at Week 156.

BDI-II total scores at baseline (n=11) were within theminimal de-
pression range (0–13; n = 8), or indicated moderate depression
(14–19; n = 1) or severe depression (29–63; n = 2). At Week 156 (n
= 7), the minimal depression range baseline score had remained un-
changed for four patients. One patient's baseline score of moderate de-
pression changed to within the minimal depression range (Week 26)
and this score was maintained. Of the two patients with a severe de-
pression score (29–63) at baseline, one patient's score changed tomod-
erate depression (Week 26) and back to the lower limit of the severe
depression range (Week 156), and the other patient did not have a re-
sult atWeek 156. Themean BDI-II total scores were within theminimal
depression range at baseline (n= 11, 11.1),Week 26 (n=9, 10.9), and
Week 156 (n = 7, 6.4). The two patients who permanently discontin-
ued the study due to depression had BDI-II total scores of 6 and 5 (indi-
catingminimal depression) at baseline. A BDI-II follow-up scorewas not
available for the first of these patients (assessment not performed due
to the early withdrawal) and the score for the second patient was 19
(indicating moderate depression) at Week 26.
7

3.7. Pharmacokinetics

Following repeated once-daily administration of venglustat for 26
weeks, venglustat was absorbed with a median tmax of 4 h and
achieved a mean Cmax and AUC0–24h of 192 ng/mL and 4110 ng•hr/mL,
respectively. The comparison of venglustat geometric mean exposure
parameters at Week 26 to that after the first dose on Day 1 showed an
accumulation ratio of 6.5-fold for Cmax and 7.1-fold for AUC0–24h

(Supplementary Table 7). Approximately 21% of the drug was
excreted unchanged in the urine (Supplementary Table 8). Steady
state levels were reached within 2 weeks of repeated dosing and these
concentrations were maintained throughout the entire treatment
period (Supplementary Fig. 4). Plasma Ctrough in two patients
decreased after Week 4. The reasons for these low venglustat
concentrations could not be identified but potential non-compliance
with dosing cannot be ruled out.

4. Discussion

We report the safety, pharmacokinetics, pharmacodynamics, and
exploratory efficacy results of oral, once daily treatmentwith venglustat
for 156 weeks in previously untreated, relatively young adult male pa-
tients with classic Fabry disease. Despite markedly deficientα-Gal A ac-
tivity and high mean lyso-GL-3 concentrations, the patients had not yet
developed manifestations suggestive of overt and substantial organ
damage. Reduced lysosomal GL-3 in SSCEwas documented by LM semi-
quantitative scoring at 156 weeks but not at 26 weeks. Reductions in
GL-3were detectable after 26 weeks of treatment using themore sensi-
tive quantitative EM methods and continued treatment led to further
reductions. The systemic venglustat exposures achieved following
15 mg oral, once daily dosing resulted in the proximal markers in the
synthetic pathway of major glycosphingolipids (plasma GL-1 and
GM3) being rapidly and significantly reduced, and the more distal
markers (plasma GL-3 and lyso-GL-3) decreased significantly and pro-
gressively over time. The reductions in lyso-GL-3 appear to be generally
comparable to those observed in patients on ERT [36] ormigalastat [37],
although not all patients experienced marked reductions with those
treatments, and there is variability in response between treatments
and across genetic variants. Furthermore, although the sample size is
small for definitive conclusion, it appears that the reduction with
venglustat is gradual but persistent over time. Clinical markers and im-
aging did not suggest disease progression in the kidneys, heart, brain,
and peripheral nervous system during 3 years of follow-up. Overall,
these findings confirm target engagement and the pharmacodynamic
effects of venglustat in adult male patients with classic Fabry disease.

Safety wasmonitored during the 26-week study and, as the primary
endpoint, throughout the 130-week extension study. No deaths or
venglustat treatment-related life-threatening AEs were reported. One
patient reported worsening of depressed mood and suicidal ideation,
and self-harmed after study discontinuation, causing minor injury. The
patient recovered without hospitalization. One additional patient dis-
continued study treatment due to a TEAE of depressed mood. Depres-
sive symptoms are frequent in untreated Fabry patients [38,39] and
were reported by three patients at enrollment in the study reported
here. It is not understood whether these are organic symptoms, a result
of Fabry-related cerebrovascular disease, a reaction to coping with a
chronic, polysymptomatic, and progressive condition, due to intercur-
rent events (eg, burden of participation in a clinical trial or other social
factors) or due to a combination of these factors [40–42]. It should be
noted that, as venglustat is a brain-penetrant GCSi, a comprehensive
evaluation of central nervous system-related safety, including depres-
sion, will also be needed in future studies.

The primary endpoint of the 26-week study was change in SSCE GL-
3 scores compared with baseline. No change was observed, as assessed
using semi-quantitative scoring by LM, meaning that the primary effi-
cacy endpoint of the initial study was not met. With longer follow-up,



P.B. Deegan, O. Goker-Alpan, T. Geberhiwot et al. Molecular Genetics and Metabolism 138 (2023) 6963
however, five of six patients had reductions in SSCE GL-3 scores, with
complete GL-3 clearance observed in two patients. These findings
were reinforced by the results of more precise, quantitative assessment
of GL-3 inclusions using EM (exploratory endpoint) that showed signif-
icant decreases frombaseline in SSCEGL-3 inclusion volume atWeek 26
(−21.1%) and Week 156 (−38.7%). Comparison of semi-quantitative
LM andunbiased EM stereologicalmethods for quantification of GL 3 in-
clusions in podocytes indicates the superiority of the EM method, al-
though comparisons were not performed in endothelial cells [32]. It is
postulated that a GCSi can stop the production of glycosphingolipids
but not reduce previously accumulated substrates. However, one en-
couraging finding of this study is the continued reduction of GL-3 in
skin in classic Fabry males with no residual enzyme activity. The ob-
served delayed but continued decrease is hypothesized to be due to
α-Gal A-independent enzymatic or non-enzymaticmechanisms for cel-
lular GL-3 clearance that, in combinationwith substrate reduction, have
slower rates of action than normal α-Gal A activity. For example, com-
plete clearance of GL-3 in SSCE, assessed using LM, was observed after
20 weeks in a study of agalsidase beta (10 infusions) in 29 patients
with classic Fabry disease (27 males, two females; mean age 32.0
years) [30]. GL-3 clearance from deep-vessel endothelial cells in these
patients was more robust compared with our findings and, as in the
studies reported here, vascular smooth muscle cells and perineurium
were less responsive to treatment, as assessed by LM [31]. Nonetheless,
data from the study show a continuous reduction in GL-3 stores, sug-
gesting that long-term treatment with venglustat could become a ther-
apeutic option.

The mean plasma GL-1 and GM3 concentrations were significantly
reduced after 2 weeks of venglustat treatment. GL-1 concentrations
began to rebound in two patients at Week 8. However, plasma
venglustat Ctrough data for these patients indicated that they may have
been non-adherent to treatment. One of these patients discontinued
study treatment in Week 12 due to a TEAE and for the other, GL-1 con-
centrations started to decline after Week 26, indicating that he was ad-
herent during the extension study. Mean plasma GL-3 and lyso-GL-3
concentrations were highly elevated at baseline, and a significant and
gradual decline was observed over time. The difference in the relative
speed of the reductions reflects the pharmacodynamic profile of
venglustat and its mechanism of action. Venglustat directly inhibits
the biosynthesis of GL-1, hence the immediate, efficient reduction in
GL-1 and GM3 concentrations and the rebound during the off-
treatment period. In contrast, the more progressive and sustained re-
ductions in plasma GL-3 (to concentrations below the URL) and lyso-
GL-3 concentrations suggest a disease-modifying effect of GL-1 biosyn-
thesis inhibition through gradual depletion of accumulated cellular and
circulating GL-3 pools.

The reductions in plasma GL-1 and GL-3 concentrations followed a
similar pharmacodynamic profile to that observed in an exploratory,
randomized study of a first-generation GCSi, lucerastat (1000 mg
twice daily), an iminosugar for SRT [43]. One group of adult patients
(four males, six females) continued previous treatment with ERT (six
with agalsidase alfa, four with agalsidase beta; mean 4.5 years) in com-
binationwith lucerastat for 12weeks. AtWeek 12, plasma GL-3 had sig-
nificantly reduced (−55%) whereas no significant reduction in lyso-GL-
3 concentrations was observed. In the studies reported here, the reduc-
tion in plasma lyso-GL-3 with venglustat treatment was apparent at
Week 26 (−31.0%). A possible explanation for the difference in plasma
lyso-GL-3 response to lucerastat, compared with venglustat, is the co-
administration of ERT in the study of lucerastat [43].

Compared with a propensity score-matched population of male pa-
tientswith classic Fabry diseasewhoparticipated in the extended Phase
3 study of agalsidase beta (30–36 months of treatment), the reduction
in plasma GL-3 observed in venglustat-treated patients was signifi-
cantly greater (p = 0.0081 after 3 years); plasma GL-3 concentrations
were 1.90 and 4.44 μg/mL with venglustat and agalsidase beta, respec-
tively, at 3 years [44]. Venglustat-treated patients were matched 1:X
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(variable match) with control (placebo or agalsidase beta) patients
from a Phase 3 agalsidase study based on propensity scores using base-
line variables of age, plasmaGL-3, gender, UPCR (<500 versus 500–1000
vs >1000 mg/g) and eGFR (<80 vs ≥80 mL/min/1.73m2) as matching
variables [44]. Moreover, the reductions in plasma GL-3 and lyso-GL-3
seen here were greater than reductions after 4 years of treatment with
agalsidase alfa inmale patients with classic Fabry disease (65%mean re-
duction in GL-3 score) [45] and after 2 years of migalastat treatment
(36.9% mean reduction in lyso-GL-3 score) [46], respectively. If left un-
treated, patients with classic Fabry disease are at high risk of developing
progressive and/or acute damage to organs, eventually leading to vital
organ failure [1,12–14]. In our studies in adult males with this severe
phenotype, exploratory kidney function and cardiac geometry re-
mained stable, there were no new clinically significant abnormalities
on brain MRI, and amelioration of bodily pain and abdominal pain was
reported in some patients during 3 years of treatment with venglustat.

Venglustat is an investigational drug, and its safety and efficacy will
need to be confirmed by larger randomized controlled clinical trials.
Nevertheless, we can discuss the potential future use of venglustat in
Fabry disease and anticipated advantages over currently available treat-
ments. Oral, once-daily administration of venglustat would avoid the
burden of lifelong biweekly intravenous administration of ERT, reduce
infusion-related healthcare resource utilization, and eliminate the
risks related to anti-agalsidase antibody formation. A preclinical study
in a Fabry mousemodel provided evidence that venglustat can traverse
the blood–brain barrier; levels of accumulated glycosphingolipids were
reduced in the brain of venglustat-treated mice but not in recombinant
humanα-Gal A-treatedmice [47]. Our studies did not provide direct ev-
idence of any potential therapeutic advantage of brain penetrance of
venglustat, the clinical relevance of which remains unknown.

It has been suggested that successful SRT requires the presence of
some residual enzyme activity [48]. While patients with classic Fabry
disease have no residual α-Gal A activity, they have normal levels of
α-Gal B (α-N-acetylgalactosaminidase, EC 3.2.1.49), an enzyme with
significant activity on GL-3 [49]. It has been speculated that a normal
level of α-Gal B activity provides the ‘residual’ enzyme activity that
lowers accumulated GL-3 when GL-3 synthesis is inhibited by a GCSi
[50]. The water solubility of lyso-glycosphingolipids can offer another
route mediating secretion from the body, and a >100-fold increase in
lyso-GL-3 in the bile of Fabry mice, compared with wild-type mice,
has been reported [51]. Moreover, patients with non-neuronopathic
Gaucher disease, which can be treated with miglustat or eliglustat
(both SRTs), always have some residual glucocerebrosidase activity
[52]. Our findings support the mechanistic plausibility and further in-
vestigation of SRT for all Fabry genotypes, as we enrolled and treated
males with classic GLA variants with negligible residual enzyme activity
levels. However, it is anticipated that greater α-Gal A residual activity
would be associated with a greater benefit from an SRT approach.

If its safety and efficacy are confirmed in ongoing randomized con-
trolled Phase 3 clinical trials (NCT05206773 and NCT05280548), mono-
therapy with venglustat may also be preceded by one of the currently
available Fabry-specific therapies that clears GL-3 in target organs,
thereby minimizing further exposure to glycosphingolipid metabolites.

We consider 3 years to be an appropriate duration tomeet the stated
objectives of this Phase 2 trial to evaluate the safety, pharmacodynamics
and exploratory efficacy of venglustat. However, longer term clinical
relevance of these findings will need to be established in future studies.
Moreover, the studies reported here are not without limitations. First,
these were open-label, single-arm studies without a comparator
group. Therefore, it was not possible to interpret the impact of treat-
ment on Fabry disease pathology compared with disease progression
in an untreated, natural history cohort. Second, caution in interpreting
the results is warranted because only a small number of patients were
enrolled, especially into the extension trial. Further it must be noted
that the efficacy parameters studied here were exploratory only.
Third, kidney and cardiac biopsies were not obtained and, therefore,
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the level of GL-3 clearance from cells that have been shown to be more
difficult to clearwith ERT than SSCE (eg, podocytes [53] and cardiomyo-
cytes [54]) remains unknown. Finally, all patients were ≤37 years old
(mean age, 26.5 years) at enrollment and had not yet developed mani-
festations suggestive of overt and substantial organ damage at baseline,
meaning efficacy of SRT in patients with more advanced disease re-
quires further clinical evaluation.

5. Conclusions

Once daily oral treatment with venglustat of ERT-naïve adult male
patients with classic Fabry disease-induced regression of GL-3 accumu-
lation in SSCE with sustained treatment, as assessed using LM and EM.
Venglustat treatment rapidly reduced proximal markers in the syn-
thetic pathway of major glycosphingolipids (plasma GL-1 and GM3)
and progressively reduced more distal markers (plasma GL-3 and
lyso-GL-3). These findings suggest that α-Gal A-independent pathways
for continued GL-3 clearance may exist in Fabry disease. There were no
biochemical or histological indications of progression of Fabry disease
over 3 years of follow-up. The totality of data from these studies indi-
cates the potential value of venglustat for the long-term treatment of
Fabry disease. However, further clinical evaluation in larger studies is
needed to confirm the efficacy and safety of venglustat treatment, and
to assess the relevance of the observed biochemical and histopatholo-
gical changes to clinical benefit.
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