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Abstract

In Fabry disease (FD, OMIM #301500), a rare lysosomal storage disorder, the glucosylceramide synthase
inhibitor lucerastat acts as substrate reduction therapy. The Phase 3, prospective, double-blind, placebo-
controlled, 6-month, randomized clinical trial, MODIFY (NCT03425539), aimed to evaluate the efficacy,
safety, and tolerability of lucerastat in adults with FD with moderate-to-severe neuropathic pain. The
single-arm, open-label extension (OLE) (NCT03737214) evaluated the longer-term safety and tolerability
of lucerastat over 72 months. Lucerastat 1000 mg twice daily (n=80), compared with placebo (n=37),
failed to affect neuropathic pain at Month-6, with no significant difference between treatment groups
(LSM difference —0.42 [95% CI —1.23, 0.40], p=0.32) (primary endpoint). In contrast, a decrease in
baseline plasma Gb3 was observed at Month-6 in lucerastat-treated participants but not placebo-
treated participants (LSM difference —873.53 ng/mL [95% Cl —1097.53, —649.53], p<0.0001; NS due to
hierarchical testing). In an unplanned OLE Month-18 interim analysis, the eGFR slope
(mL/min/1.73m?/year) in 93 participants with pre- and post-randomization (23-month median lucerastat
exposure) eGFR data was —3.50 (-5.04, —1.969) and —1.48 (-2.64, —0.33), respectively. Lucerastat was
safe and well tolerated. Lucerastat’s strong pharmacodynamic effect did not translate into an effect on

neuropathic pain. The potential effect of lucerastat on renal function requires further investigation.

Trial registration
NCT03425539, NCT03737214; 2017-003369-85, 2018-002210-12. The studies were sponsored by Idorsia

Pharmaceuticals Ltd.

Introduction

Fabry disease (FD; OMIM 301500) is a rare, genetic, X-linked lysosomal storage disorder caused by
pathogenic variants in the GLA gene, which encodes the a-galactosidase A (a-GalA) enzyme?. Deficient
a-GalA activity results in globotriaosylceramide (Gb3) accumulation in lysosomes within various cell
types, leading to nervous system, gastrointestinal tract, skin, eye, renal, cerebrovascular, and cardiac
manifestations, which can reduce quality of life and life expectancy?. Current treatment strategies for
FD in adults target the underlying pathology of the disease (with enzyme replacement therapy [ERT] or

pharmacological chaperone therapy), combined with adjunctive therapies to manage symptoms>.



In FD, neuropathic pain is among the first clinical symptoms (together with gastrointestinal symptoms)
that interfere with well-being and daily activities. Neuropathic pain usually arises in childhood* and is
the most common (62% of male and 41% of female patients) and disabling clinical manifestation of FD>
7. It impacts patients’ QoL and is not adequately managed by conventional pain medications or FD-
specific therapies>®°. Thus, it is an important target for new treatment options. Subsequently,
progressive damage to vital organ systems occurs over several decades, resulting in end-stage renal
disease and/or life-threatening cardiovascular or cerebrovascular complications, causing substantial
morbidity and premature death®. Despite ERT, neuropathic pain and progressive eGFR loss are reported

in adults with FD!, Hence, there is a need for more effective therapeutic approaches.

While neuropathic pain is typically assessed using a validated pain scale completed by the patient,
kidney function is commonly assessed by estimated glomerular filtration rate (eGFR). In patients with
FD, and, depending on the level of kidney involvement, major therapeutic goals are to stabilize or
reduce eGFR decline and avoid or delay the progression of chronic kidney disease to end-stage renal

disease®.

Lucerastat is an oral glucosylceramide synthase inhibitor under investigation as a substrate reduction
therapy (SRT) for the treatment of FD, the principle of which is to reduce Gb3 synthesis and
consequently prevent further Gb3 accumulation??*, Results of preclinical and clinical studies showed
that lucerastat reduced Gb3 levels in kidneys and dorsal root ganglions of Fabry mice®® and in cultured
fibroblasts from individuals with FD regardless of the GLA variant®3, was effective for reducing plasma
Gb3 in patients with FD on top of ERT'?, and was well tolerated in healthy individuals'**¢, individuals
with renal impairment (including participants with eGFR <30 mL/min/1.73m?)", and individuals with
FD'2, With its oral administration, GLA variant-independent mechanism of action, and tolerability in
renally impaired individuals, lucerastat has the potential to address some of the unmet needs associated

with current therapy options.

MODIFY (NCT03425539), conducted from 8 May 2018 to 2 September 2021, was a 6-month,
randomized, double-blind, placebo-controlled Phase 3 study to determine the clinical efficacy of
lucerastat monotherapy and evaluate its safety and tolerability in adults with FD; its open-label
extension (OLE) study (NCT03737214), aims at determining the long-term safety and tolerability of
lucerastat for up to 72 months®®. The primary objective of MODIFY was to evaluate the effect of
lucerastat on neuropathic pain. Secondary objectives included the effects of lucerastat on

gastrointestinal symptoms, FD biomarkers, and safety and tolerability. Other prespecified efficacy



endpoints included the effect of lucerastat on renal function and cardiac parameters. Here, we report
the results from MODIFY and an unplanned interim analysis of the combined MODIFY/OLE when

ongoing OLE participants had received lucerastat for 212 months.

Results

Patient population and baseline characteristics

Overall, 182 participants were screened, and 118 were randomized at 49 sites in 14 countries covering
North America, Europe, and Australia (Figure 1). The most common reason for pre-randomization
exclusion was not meeting the inclusion criterion of moderate-to-severe neuropathic pain (24% of
screened participants). Of the 118 randomized participants, 117 received at least one dose of study
treatment, and 109 (92%) completed the 6-month MODIFY study treatment; 107 (91%) enrolled in the
OLE, and 78 (67%) were ongoing at the 18-month interim analysis (Figure 1). Participants’ characteristics
were similar across treatment groups at randomization (Table 1). Around half of the participants were
male (47%), and the mean (standard deviation [SD]) age at screening was 39.3 (14.1) years (Table 1).
More than 80% of participants had the classic FD subtype, and 80% of the 98 participants tested had
pathogenic variants non-amenable to treatment with migalastat; genotypes are shown in Supplemental

Table S1.

At baseline, 45 (38%) participants switched from ERT while 72 (62%) were ERT-naive. Forty (34%)
participants were treated with an ACE inhibitor or ARB, and 92 (79%) were treated with at least one pain

medication (Table 1).

Demographic and baseline characteristics for participants with versus without renal impairment are

shown in Supplemental Table S2.

The eDiary was adequately completed by 112/118 participants (95%). Overall, the mean (SD) baseline
modified Brief Pain Inventory short form (BPI-SF3) score was 6.21 (1.49) (Table 1). Supplemental Table

S3 provides more details on neuropathic pain characteristics at baseline.

Three participants on lucerastat (4%) and two on placebo (5%) (re-)initiated ERT during MODIFY (all

agalsidase beta).

At the interim analysis, the median (Q1, Q3) duration of lucerastat exposure was 23.0 (17.1, 32.8)

months for the 114 participants who received at least one dose of lucerastat (in MODIFY and/or OLE),



representing 230.4 patient-years of exposure. For most (n=93) of these participants, pre-randomization

eGFR data were available (Supplemental Table S4).

MODIFY: primary and secondary endpoints

Neuropathic pain (primary endpoint), assessed by the modified BPI-SF3 score, was reduced from
baseline to Month-6 in both treatment groups (lucerastat and placebo), with a numerically smaller,
albeit not statistically significant, reduction with lucerastat versus placebo (least squares mean [LSM]

difference —0.42 [95% confidence interval (Cl) —1.23, 0.40]) (Figure 2A).

On secondary endpoints, there was a reduction in plasma Gb3 in the lucerastat group (LSM of the
change from baseline to Month-6 —672.68 ng/mL) compared with an increase in the placebo group
(200.84 ng/mL), and a relevant treatment effect was detected (LSM treatment difference in favor of
lucerastat versus placebo: —=873.53 ng/mL; 95% Cl: —1097.53, —649.53; p<0.0001) (Figure 2B and Figure
3A). However, this difference cannot be considered statistically significant due to the hierarchical testing
strategy. Lucerastat did not reduce abdominal pain (LSM difference 0.31 [95% CI —-0.53, 1.16], p=0.47;
Figure 2C) nor diarrhea (win ratio 1.00 [95% Cl 0.57, 1.89], p=0.90; Figure 2D) versus placebo.

MODIFY: other prespecified efficacy endpoints and post hoc analyses in subgroups

Renal function endpoints

The LSM of the eGFR slope (mL/min/1.73m? per month) was +0.26 in the lucerastat group versus +0.08
in the placebo group, corresponding to a change of approximately +3.12 versus +0.96 mL/min/1.73m?
per year, respectively. The LSM treatment difference was not statistically significant (LSM = 0.19; 95% Cl:
—-0.40, 0.78; p=0.5313).

The UACR change from baseline was not normally distributed. Thus, an analysis of log-transformed data
was performed. This yielded a LSM percentage change difference of +16.2% (95% Cl: —=23.9, 77.3;

p=0.4875), indicating no difference between treatment groups.

In a post-hoc analysis by sex, no difference in mean eGFR change from baseline between treatment
groups was observed, with a slight increase in males and no significant change from baseline in female

participants (Supplemental Figure S1).



In a post-hoc subgroup analysis of participants with impaired renal function at baseline (i.e., screening
eGFR <90 mL/min/1.73m?; n=40), change from baseline to Month-6 in mean eGFR was +3.8
mL/min/1.73m? in the lucerastat group (n=27), whereas in the placebo group (n=13) the change was —
1.6 mL/min/1.73m? (Supplemental Figure S2A). There was no observation of note in participants without

renal impairment at baseline (n=77) (Supplemental Figure S2B).

Cardiac endpoints

Values of the echocardiography-based endpoints remained stable from baseline to Month-6.

Rescue pain therapy

The median number of days on significant rescue pain therapy was 0 in both lucerastat and placebo
treatment groups, while the mean number of days on significant rescue pain therapy from baseline to
Month-6 was numerically smaller with lucerastat than placebo (4.9 days versus 9.5 days, respectively)

(Supplemental Table S5).

Fabry disease biomarkers

Plasma lysoGb3 remained stable in the lucerastat group, with an LSM percentage change from baseline
to Month-6 of 1.05% (Figure 3B). In comparison, the LSM percentage change was 26.82% in the placebo
group (LSM difference versus placebo = —20.32%, 95% Cl: —34.24, —3.45). This translates into differences
between lucerastat and placebo for plasma lysoGb3 (LSM difference at Month-6 —5.88 ng/mL [95% CI —
11.62, —0.13]). Urinary Gb3 had an LSM percentage change from baseline to Month-6 of —44.64% in the
lucerastat group, while the change for placebo was +47.80% (Figure 3C). This translates into LSM
differences between lucerastat and placebo at 6 months of 8.32 umol Gb3/mol creatinine [95% Cl —

11.60, —5.04]. Both differences were nominally statistically significant.

In post-hoc analyses by baseline ERT status, the effect of lucerastat versus placebo on plasma Gb3
observed in the overall population was maintained in both ERT-naive participants and those switching
from ERT; a similar effect was observed on urine Gb3 regardless of baseline ERT status (Supplemental
Figure S3A, S3C). An increase in plasma lysoGb3 was observed in patients switching from ERT at baseline
to placebo, but not in patients switching to lucerastat at baseline; no between-group difference was
observed in patients who were ERT-naive at baseline (Supplemental Figure S3B). The results for plasma
Gb3, plasma lysoGb3, and urine Gb3 split by ERT status at baseline and sex are shown in Supplemental

Figure S4 A—F.



OPEN-LABEL EXTENSION: Interim Analysis

The effect of lucerastat observed on plasma Gb3 during MODIFY was maintained over time during the
OLE. Patients who switched from placebo to lucerastat at Month-6 responded similarly to those
randomized to lucerastat in MODIFY (Figure 3A-C). The results for plasma Gb3, plasma lysoGb3, and

urine Gb3 split by ERT status at baseline and sex are shown in Supplemental Figure S4A—F.

In the overall population (n=93), the LSM annualized eGFR slope pre-randomization was —3.50 (95% Cl —
5.04,-1.96) mL/min/1.73m? and —1.48 (95% Cl —2.64, —0.33) mL/min/1.73m? post-randomization (Figure
4). Similar patterns of a lesser decline after randomization were observed by sex, by amenability to
migalastat, in ERT naive participants, in participants with renal impairment, and in participants who
were classified as deteriorating/fast deteriorating (decline of more than 3 mL/min/1.73m? per year) pre-
randomization: in participants with renal impairment, the LSM annualized eGFR slope was —6.18 [95% ClI
—8.68, —3.69] pre-randomization and —1.88 [95% Cl —4.03, 0.26] mL/min/1.73m2) post-randomization,
while in participants who were deteriorating/fast deteriorating with an eGFR slope of —9.77 [95% Cl —
15.42,-4.12] mL/min/1.73m? pre-randomization, an eGFR slope of —1.16 [95% C| —6.76, 4.44]
mL/min/1.73m? was observed post-randomization on lucerastat (Figure 4). Of note, pre- and post-
randomization eGFR slopes were similar for participants without renal impairment who were on ACE
inhibitors/ARB at baseline or who switched from ERT (Figure 4). Overall, 50 participants (54%) had stable
eGFR slope (defined as a decline of less than 3 mL/min/1.73m?/year) prior to randomization, and 70
(75%) while on lucerastat. Twenty-one participants (23%) were fast deteriorating (defined as a decline of
at least 5 mL/min/1.73m?/year) pre-randomization, only 10 (11%) while on lucerastat (Table 2 and
Figure 5). Changes from baseline in eGFR over time in MODIFY and OLE overall and split by sex, ERT

status at baseline, and eGFR at baseline are shown in Supplemental Figure S5 A-D.

Cardiac endpoints
In participants with normal left ventricular mass at baseline (n=70), the average LVMi was maintained in
a normal range over the duration of the OLE. In participants with left ventricular hypertrophy (n=26) no

further increases in LVMi were noted during the trial (Supplemental Figure S6).

Safety outcomes
In MODIFY, the prevalence of AEs was similar in the treatment groups (Table 3). The most commonly

reported treatment-emergent AEs (TEAEs) with a higher frequency with lucerastat than placebo were



nausea and diarrhea. TEAEs reported with a higher frequency with placebo than lucerastat were
abdominal distension and decreased GFR. Headache and nasopharyngitis were reported by >210% of
participants in both groups. AEs leading to the premature discontinuation of study treatment were
reported in two participants in each group, including gastroenteritis (n=1) and vomiting (n=1) in the
lucerastat group. In the placebo group, one participant discontinued due to abdominal distension,
fatigue, muscle spasms, flushing, gastrointestinal pain, and headache, while another discontinued due to
chest pain, pain, fatigue, palpitations, tachycardia, nausea, and tinnitus. SAEs were reported for five
participants (6%) in the lucerastat group and one in the placebo group (3%). No SAEs were assessed as
related to the study treatment or reported by more than one participant (Supplemental Table S6). No
deaths were reported. Analyses of vital signs, physical examination findings, clinical laboratory
measurements, and electrocardiographic results did not reveal any clinically relevant effect of

lucerastat.

Table 4 shows an overview of AEs occurring or worsening during lucerastat treatment in MODIFY and
OLE. The most commonly reported TEAEs were COVID-19, neuralgia, and headache. SAEs reported in
more than one participant included atrial fibrillation, transient ischemic attack, and drug withdrawal

syndrome (two participants each). There was no sign of inflation of SAEs over time and no pattern in

SAEs was observed. There were no deaths and no serious TEAEs related to study treatment during

MODIFY or OLE.

Discussion

MODIFY is the largest randomized trial performed in FD to date and included a broad spectrum of
participants with FD, including male and female participants, classic and non-classic disease, and
participants who were ERT-naive or were previously on therapy. Compared with placebo, neuropathic
pain, abdominal pain, and diarrhea were not reduced after 6 months on lucerastat. Lucerastat-treated
participants had lower FD biomarkers (plasma Gb3, plasma lysoGb3, urine Gb3), with decreases
maintained over time and when participants switched from ERT to lucerastat. Although the study was
not designed to evaluate the impact of lucerastat on renal function (as the duration of the controlled
trial was too short), our results, considering both MODIFY and its long-term extension, suggest a
possible effect on renal function, especially in populations with higher medical needs, such as decreased

renal function at baseline.



The effect of currently approved FD therapies on pain is unclear>%1%-21

and several possible explanations
exist for the lack of effect on neuropathic pain at Month-6. Neuropathic pain in FD is not fully
understood, with conflicting findings over the role of Gb3 and its derivatives?*%. If Gb3 has a role in
neuropathic pain, the inhibition of its synthesis by lucerastat, resulting in lower plasma and urine
concentrations, may not have caused sufficient substrate reduction in the dorsal root ganglion in the 6-
month treatment period, especially in the 83% of participants with the classic FD phenotype. Plasma
lysoGb3 has been hypothesized to be important in Fabry pain?. In this context, the effect of lucerastat
on plasma lysoGb3 levels seems less marked than the effect on Gb3 over the 6 months of MODIFY, but
the effect may take longer to become apparent and further controlled studies are required. The pain-

causing pathology in FD may not be reversible; alternatively, it may be easily reversible, as shown by the

improvement in participants receiving placebo.

Although dedicated questionnaires for analyzing Fabry-associated pain have been developed, their
suitability to measure therapeutic effects on such a subjective endpoint remains uncertain!®?4, The
modified BPI-SF3 was validated for use in FD*¢, and used for the first time in MODIFY to assess
differences between placebo and investigative treatment. Notably, there was a larger-than-expected
placebo response for neuropathic pain in the present study. Sample size calculations assumed an
increased modified BPI-SF3 score in the placebo group (based on a previous study?®), whereas the score
decreased in both groups. This could be partially due to the Hawthorne effect, in which trial participants
respond differently because they know they are being monitored?®; alternatively, values gathered in the
screening period may have been inflated. Most participants (79%) were taking pain medication at
baseline and were permitted to continue the medication during the study. This could not be
standardized across participants and, therefore, may have influenced the measurement of neuropathic

pain.

Stability or reduction of loss of eGFR slope is a therapeutic goal of FD3. The MODIFY study and its long-
term extension were not designed to evaluate the effect of lucerastat on renal function. Nevertheless,
the observed data allows hypothecating a potential effect of lucerastat on renal function. During the 6-
month, double-blind, placebo-controlled MODIFY trial, the observation of a potential reversal of eGFR
decline in participants with impaired renal function at baseline is intriguing, despite no difference versus
placebo in the overall population. The OLE, with a median exposure of 23 months, allows a more
accurate evaluation of the eGFR slope post-baseline, and a fair comparison to the 2-year pretreatment

eGFR slope in the 93 patients with pre- and post-baseline plasma creatinine values. The observed



inflection of the eGFR slope post baseline in the overall population, and singularly in patients with
impaired renal function at baseline or whose renal function is fast deteriorating, suggests a potential

effect of lucerastat on renal function, which deserves further research.

The mechanism of action of lucerastat on eGFR is assumed to be primarily based on the reduction of
lipid inclusions in the kidney cells. A pre-clinical study indicated that lucerastat treatment significantly
reduced the storage of a-GalA substrates, including Gb3, in the kidneys of Fabry mouse models after 20
weeks™. In the previous clinical trial in patients with FD, the duration of lucerastat treatment was too

short (12 weeks) to make any meaningful conclusion on the effect of lucerastat on renal function®?.

In MODIFY, lucerastat reduced plasma Gb3 levels from baseline to Month-6 versus placebo, and data
from the OLE showed that this effect was maintained. Phase 3 trials of approved FD therapies have

shown significant reductions in plasma Gb3 (agalsidase alfa and agalsidase beta)!*?°

and plasma lysoGb3
(migalastat)®. An approximately 20% reduction in Lyso-Gb3 was observed with lucerastat versus placebo
in the overall population, mainly driven by an increase in participants randomized to placebo who
stopped ERT at baseline, while it remains stable in participants who switched from ERT to Lucerastat. FD
trials recruit different patient populations, with some including only male participants with classic FD%
and others having varying proportions of females and late-onset variants'>%l. Biomarker levels differ by

sex due to the residual enzyme activity in females?, and the assays are not standardized between

studies, making it difficult to compare findings.

Lucerastat had no effect overall on LVMi in MODIFY and at the interim OLE analysis. Cardiac data were
mainly collected for safety analysis, as the study was considered too short to evaluate changes
conclusively over time, and only a few participants had cardiac hypertrophy at baseline. Importantly,
there was no worsening of cardiac hypertrophy on lucerastat, as prior long-term studies have shown an

increase in myocardial mass/wall thickness of patients with FD over time if untreated or treated late?”%,

MODIFY/OLE are not without limitations. Most participants were white, while FD is pan-ethnic. As
lucerastat should prevent substrate accumulation, a longer double-blind treatment period may have
yielded different results. The collection of eGFR data pre-randomization was not standardized.
Moreover, the number of data points used to estimate historical eGFR pre-randomization was variable

between participants, and there was no control group in the OLE.

To conclude, the results of the 6-month MODIFY study in adults with FD indicate no effect of lucerastat
on neuropathic pain, abdominal pain, or diarrhea compared with placebo. Nevertheless, lucerastat

reduced biomarkers of FD, and these reductions were maintained at the interim analysis of the OLE. The



interim analysis, including participants who were treated with lucerastat for a median of 23 months,
suggests a positive effect on renal function, although in the absence of a parallel control group, no
conclusions can be made. Lucerastat was well tolerated during MODIFY and its OLE. These results are

hypothesis-generating and warrant further investigation.

Methods

Study design

Protocols and materials for the studies were approved by Independent Ethics Committees or
Institutional Review Boards (Supplemental Table S7). The studies were conducted in compliance with
the International Council for Harmonization Good Clinical Practice guidelines, the principles of the
Declaration of Helsinki, and with the laws and regulations of the countries in which they were
performed. Participants provided written informed consent before entry into MODIFY and the OLE, and

again at Months 24 and 48 of the OLE.

MODIFY was a multicenter, double-blind, randomized, placebo-controlled, parallel-group Phase 3 study
to assess the safety and efficacy of lucerastat oral monotherapy in adults with FD. The study was
conducted in 49 hospitals in 14 countries in Europe, North America, and Australia. The study comprised
a screening period (6—7 weeks) and a double-blind treatment period (6 months) followed by either a
safety follow-up (1-3 months) or a multicenter, single-arm OLE study. In the ongoing OLE study,
participants receive lucerastat for up to 72 months. Interim analysis of the OLE study was performed
when all ongoing participants completed 12 months of open-label treatment, for a total of at least 12
months for those participants originally randomized to placebo and up to at least 18 months, depending

on the treatment arm, for those participants originally randomized to lucerastat.

Substantial protocol amendments included a change from a dichotomous-responder based analysis of
the primary endpoint to a continuous analysis (agreed with the FDA to overcome recruitment challenges
due to the COVID-19 pandemic)'®, and extension of the OLE from 24 to 72 months in light of the
favorable treatment effect on plasma Gb3 and safety profile. Furthermore, the statistical section of the
OLE was revised to analyze OLE data in combination with that from MODIFY rather than analyzing OLE

data separately.

As the OLE is an open-label, uncontrolled, single-arm extension study to determine the long-term safety

and tolerability of oral lucerastat in adult participants with FD, an interim analysis was not prespecified



in the OLE protocol. However, standard operating procedures do not preclude interim analysis of open-
label uncontrolled long-term trials. Interim reporting is generally accepted and judged necessary by
Independent Ethics Committees and Institutional Review Boards to reassess at regular intervals the
benefit/risk of an investigational drug given long-term to patients and to publish the results if important
signals are observed. Indeed, not performing this analysis might seem unfit in a long-term open-label
study, which is positioned to identify the long-term safety, tolerability, and potential signs of
prolongation of efficacy signals observed in a placebo-controlled study of a novel molecule. While the
interim analysis results of the OLE reported here were added to the Investigator Brochure in February
2023, submitted, and approved by all Independent Ethics Committees and Institutional Review Boards,

their dissemination through publication does not need Institutional Review Board review.

Protocols and statistical analysis plans for each study are available (see Supplementary Appendix). Of
note, the statistical testing strategy was introduced in Global Protocol Version 4 as a result of FDA
requests and advice. The order of the secondary endpoints in the statistical testing strategy (plasma
Gb3, abdominal pain, stool consistency) is not identical to the order of the secondary endpoints defined
in Global Protocol Version 1 (abdominal pain, stool consistency, plasma Gb3). The reason for testing
plasma Gb3 before the Gl symptom endpoints is that plasma Gb3 is assessed in the full population
(mFAS) whilst the Gl symptom endpoints are assessed only on a subset of participants with Gl symptoms

at baseline (mFAS-GIS).

Participants

Key inclusion criteria for MODIFY were previously described?®. Eligible participants were >18 years old
with a genetically confirmed FD diagnosis. Participants had to report moderate-to-severe neuropathic
pain (defined as an average score of 24 on the 11-point numerical rating scale [NRS] Modified Brief Pain
Inventory short form [BPI-SF3] over the 4 weeks prior to randomization) during the screening period.
Eligible participants were either “naive” (had never received ERT or had not received it for at least 6
months) or “ERT switch” (had been treated with ERT for at least 12 months and agreed to stop ERT at

screening).

Participants with other diseases or conditions associated with pain components that could have
confounded the assessment of neuropathic pain were excluded. Participants with eGFR <30
mL/min/1.73m? (calculated using the Chronic Kidney Disease Epidemiology Collaboration 4 variable
equation)?®, with any major cardiovascular, kidney, or cerebrovascular medical conditions, or at risk of

developing those conditions during the study, were ineligible for MODIFY; those who developed any



major cardiovascular, kidney, or cerebrovascular medical conditions during MODIFY, or were at risk of
developing them, were ineligible for the OLE study. After randomization in MODIFY, participants had to
discontinue study treatment if eGFR was <15 mL/min/1.73m?2. Hence, participants with an eGFR >15
mL/min/1.73m?and <30 mL/min/1.73m?at the end of MODIFY could still be eligible to enroll in the OLE.
Participants taking angiotensin-converting enzyme (ACE) inhibitors and/or angiotensin Il receptor
blockers (ARBs) had to be on a stable dose for 24 weeks before the screening visit. During the trials,

initiation or dose adjustments were permitted based on the investigator’s judgment.

Participants could only be reimbursed for expenses incurred in the context of their participation in the

trials (e.g., reasonable travel expenses, hotel stay, and, if accepted under local law, loss of earnings).

Randomization and masking

Participants were randomized (2:1) to lucerastat or placebo. Randomization was stratified by sex and
ERT status at screening (naive or ERT switch), and treatment was allocated using a web-based
interactive response technology system. Study treatment was provided as identical capsules of 250 mg
lucerastat or placebo, and all treatment kits were packaged in the same way. Participants, investigators,
site personnel, and sponsor personnel involved in the study conduct were unaware of study treatment
allocation. In the event of a medical emergency, investigators were permitted to initiate the unmasking

process; no unmasking events occurred in the MODIFY study.

Procedures

Lucerastat and placebo capsules were administered orally twice daily. The starting dose of 1000 mg was
adjusted based on eGFR values as previously described'”*8, Participants receiving placebo during
MODIFY were switched to lucerastat at the beginning of the OLE. The dose was adjusted if a

participant’s eGFR crossed boundary thresholds (Supplemental Table S8).

An Individual Pain Management Plan (IPMP) was provided to each participant by the
investigator/delegate with customized instructions regarding the use of pain medications during the
study. Use of adjuvant pain medication and non-opioid and opioid analgesics was allowed in both
studies if medically required, as well as rescue medication in case of unbearable pain. In MODIFY,
significant rescue pain therapy was defined as initiation or dose escalation of anti-epileptics, anti-
depressants, or opioid analgesic drugs for neuropathic pain, as recorded in the eDiary. Participants were
allowed to (re-)initiate and then continue ERT in MODIFY and/or in the OLE study if medically required

due to significant FD progression.



Site visits in MODIFY were scheduled at Months 1, 3, 5, and 6 or end of treatment (EOT), with phone
calls at Months 2 and 4. Participants who did not enter the OLE were followed up by phone call
approximately 1 month after the last dose of study treatment; fertile male participants had a second call
3 months after the last dose of study treatment. In the OLE, visits were scheduled at Months 1, 2, 3, and
then every 3 months until EOT, with alternate visits being phone calls. Key measurements and
assessments in MODIFY have been previously described'® and are listed in Supplemental Table S9. All
patient-reported outcome assessments, collected daily (MODIFY only) or during site visits (MODIFY and
OLE), were recorded in an eDiary. The modified BPI-SF3, NRS-11 for abdominal pain, and Bristol Stool
Scale (BSS) (see Supplemental Table S10) (which were recorded daily) were validated and agreed with

the FDA,

Plasma and urine samples for the analysis of the biomarkers plasma Gb3, plasma
globotriaosylsphingosine (lysoGb3), and urine Gb3 were collected pre-dose at all scheduled visits in
MODIFY and the OLE (Supplemental Table S9). Laboratory measurements in MODIFY and its OLE were
analyzed centrally using validated liquid chromatography with tandem mass spectrometry assays. Urine
Gb3 was normalized by dividing by the independently determined creatinine concentration.
Additionally, participants’ serum creatinine values measured within 2 years prior to randomization in
MODIFY (e.g., 2 values per year, 6 months apart from each other, irrespective of why serum creatinine
was measured) were collected. Serum creatinine values were used to calculate the eGFR using the
Chronic Kidney Disease Epidemiology Collaboration equation?®. Echocardiography measurements in

both studies were assessed through blinded, centralized evaluation.

Safety data (including AEs and serious AEs [SAEs]) were collected throughout the trial from screening in

MODIFY up to 30 days after EOT (in MODIFY or OLE, as applicable).
All data were stored in a database.

Outcomes

Supplemental Table S11 lists all study endpoints for MODIFY and its OLE. In MODIFY, the primary
endpoint was the change from baseline to Month-6 in neuropathic pain (measured using the modified
BPI-SF3 score of “neuropathic pain at its worst in the last 24 hours”, range 0-10)*8. The secondary
endpoints were change from baseline to Month-6 in plasma Gb3, abdominal pain (measured using the
NRS-11 score of “abdominal pain at its worst in the last 24 hours”, range 0-10), and number of days with

diarrhea (measured using the BSS)8. Other prespecified efficacy endpoints included change from



baseline to Month-6 in plasma lysoGb3, urine Gb3, and eGFR slope, and use of rescue pain therapy from

baseline to Month-68.

In the OLE, the main efficacy endpoints were the annualized eGFR slope and changes from MODIFY

baseline in plasma Gb3, plasma lysoGb3, urine Gb3, and left ventricular mass index (LVMi).
AEs were coded using the Medical Dictionary for Regulatory Activities (version 24.0).

Statistical analysis

Assuming a within-group standard deviation of 3 points, a two-sided type | error of 5%, and a 2:1
randomization ratio, a sample size of 99 participants would provide 87% power to detect a treatment
difference of 2 points between lucerastat and placebo for the primary endpoint of MODIFY. These

assumptions are based on data from patients on ERT and placebo in previous studies®-°.

A fixed-sequence statistical testing strategy was pre-specified to test the four null hypotheses of
MODIFY, starting with the primary endpoint and continuing with the secondary endpoints (in the order
of plasma Gb3, abdominal pain, and days with diarrhea). If a hypothesis in the sequence was not

rejected, p-values for the subsequent hypotheses were to be considered exploratory.

In MODIFY, efficacy analyses included all randomized participants who took at least one dose of study
treatment. Secondary gastrointestinal endpoints were analyzed on the subset of participants
experiencing moderate-to-severe abdominal pain and/or diarrhea during the 4 weeks before
randomization. Safety data were analyzed in all participants who received at least one dose of study

treatment.

Analysis of covariance (ANCOVA) with a factor for treatment group and adjusting for the baseline value
and the two stratification factors was used to analyze the primary endpoint and secondary endpoints
related to plasma Gb3 and abdominal pain. Missing data were imputed by applying multiple imputation
approaches, assuming data are missing at random in the placebo arm but missing not at random in the
lucerastat arm (primary endpoint and abdominal pain) or missing at random in both arms (plasma Gb3).
The secondary endpoint related to diarrhea was analyzed using rank ANCOVA and win ratio. Sensitivity
analyses were conducted to assess the robustness of inferences from the main analyses to deviations

from its underlying modeling assumptions regarding missing data.

Subgroup analyses were prespecified for the primary and secondary efficacy endpoints for, among
others, subgroups based on sex, ERT-treatment status (naive versus switch), and baseline eGFR. The

latter subgroup was initially defined as eGFR <60 versus >60 mL/min/1.73m?, but due to the low number



of participants in the former category (Table 1), this was redefined as eGFR <90 versus 290
mL/min/1.73m?. Subgroup analyses were also performed for other efficacy endpoints, but these were
not prespecified and should be interpreted as exploratory analyses. The limitations of post-hoc

subgroup analyses are acknowledged?"32,

An unplanned Month-18 interim analysis of the combined MODIFY/OLE was conducted. Pre-
randomization and lucerastat (excluding placebo data from MODIFY) annualized eGFR slopes were
estimated using linear mixed models, including time (in years) as a fixed effect and a random intercept
and random slope effect. Participants with at least two eGFR values to derive a pre-randomization and
lucerastat annualized eGFR slope were included in these analyses. Participants were classified as stable
(annualized eGFR slope decline of less than 3 mL/min/1.73m?2), deteriorating (annualized eGFR slope
decline between 3 and 5 mL/min/1.73m?2), or fast deteriorating (annualized eGFR slope decline of more
than 5 mL/min/1.73m?) based on their pre-randomization and lucerastat eGFR slope®. Annualized eGFR
slopes within subgroups of interest were derived by adding the respective subgroup as a main fixed
effect as well as its interaction with time to the linear mixed model described above. All available
lucerastat eGFR data (also beyond Month 18) in MODIFY/OLE, including early post-baseline values, were
used for the eGFR slope analyses, which assumes no acute hemodynamic effect of lucerastat.

Annualized eGFR slopes were reported as least squares mean (LSM).

Descriptive analyses of changes from baseline up to Month 18 in biomarkers, echocardiography, and

pain-related variables were performed overall and within subgroups of interest.

For participants who (re-)started ERT during MODIFY or OLE, a treatment policy strategy was applied,

i.e., all data after (re-)starting ERT were included in the analyses.

SAS® software version 9.4 was used for statistical analysis and reporting of clinical data. An Independent
Data-Monitoring Committee (Supplemental Table $12) was established in MODIFY to monitor safety and

efficacy.

MODIFY and its OLE are listed on clinicaltrials.gov (NCT03425539 Date of registration: 07-Feb-2018,
https://www.clinicaltrials.gov/study/NCT03425539; NCT03737214 Date of registration: 09-Nov-2018,

https://clinicaltrials.gov/study/NCT03737214) and EudraCT (2017-003369-85 Date of registration [first

country, GB]: 16-Apr-2018, https://www.clinicaltrialsregister.eu/ctr-search/trial/2017-003369-85/GB/;

2018-002210-12 Date of registration [first country, GB]: 23-Oct-2018,

https://www.clinicaltrialsregister.eu/ctr-search/trial/2018-002210-12/GB/). Of note, the trials are

registered in EudraCT by the competent authority, i.e., these dates do not refer to the date of


https://www.clinicaltrials.gov/study/NCT03425539
https://clinicaltrials.gov/study/NCT03737214
https://www.clinicaltrialsregister.eu/ctr-search/trial/2017-003369-85/GB/
https://www.clinicaltrialsregister.eu/ctr-search/trial/2018-002210-12/GB/

submission, but to the date posted on the website. MODIFY was registered prior to patient enroliment,

and patient enrollment is complete.

Patient and public involvement

A patient survey was conducted via patient organizations (Fabry International Network, Fabry Support &
Information Group, National Fabry Disease Foundation) to better understand symptoms of FD and their
impact on individuals’ quality of life, as well as to understand perceptions of existing FD treatments. The
results were used to inform the design of the Phase 3 study?. The primary and secondary patient-
reported outcomes of the present study (neuropathic pain, abdominal pain, and diarrhea) were
developed in collaboration with individuals with FD via a concept elicitation and cognitive debrief

study®®. A plain-language summary is planned to aid dissemination.

Data availability

In addition to Idorsia’s existing clinical trial disclosure activities, the company is committed to
implementing the Principles for Responsible Clinical Trial Data Sharing jointly issued by the European
Federation of Pharmaceutical Industries and Associations (EFPIA) and the Pharmaceutical Research and
Manufacturers of America (PhRMA). The trial protocol and statistical analysis plan are available with this
publication (Supplemental Material Appendix A-D). Source data of results included in this article are
provided with this paper. After research completion, data will be shared for replication and verification
processes with qualified researchers that request access to trial data by submitting a research proposal
to the trial sponsor, Idorsia Pharmaceuticals Ltd. For more information and to submit research

proposals, contact clinical-trials-disclosure@idorsia.com.
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Tables

Table 1. Demographics and baseline characteristics of randomized MODIFY participants.

Demographics Lucerastat Placebo Total
(n=80) (n=38) (N=118)
Sex, n (%)
Female 43 (54%) 20 (53%) 63 (53%)
Male 37 (46%) 18 (47%) 55 (47%)
Age at screening (years), mean (SD) 40.0 (14.3) 37.9(13.8) 39.3 (14.1)
Race, n (%)
Asian 2 (3%) 1(3%) 3 (3%)
White 76 (95%) 37 (97%) 113 (96%)
Other 2 (3%) 0 2 (2%)
Characteristics
Fabry disease subtype*, n (%)
Classic 64 (80%) 34 (89%) 98 (83%)
Late-onset 7 (9%) 1(3%) 8 (7%)
Not classified 9 (11%) 3 (8%) 12 (10%)
Mutation amenability to migalastat**, n
(%)
Amenable 16 (20%) 4 (11%) 20 (17%)
Not amenable 53 (66%) 25 (66%) 78 (66%)
Not tested 11 (14%) 9 (24%) 20 (17%)
ERT status at baseline, n (%)
Naive 50 (63%) 23 (61%) 73 (62%)
ERT switch 30 (38%) 15 (39%) 45 (38%)
Kidney function
eGFR (mL/min/1.73m?)
Mean (SD) 98.1 (25.5) 98.5 (25.1) 98.2 (25.2)
>90 mL/min/1.73m?, n (%) 53 (66%) 24 (63%) 77 (65%)
60-<90 mL/min/1.73m?, n (%) 19 (24%) 11 (29%) 30 (25%)
<60 mL/min/1.73m2, n (%) 8 (10%) 3 (8%) 11 (9%)
Pre-randomization annualized eGFR slope
(mL/min/1.73 m?)
N 70 30 100

Mean (SD) -3.58 (2.85) -3.87 (3.77) -3.67 (3.14)



UACR (mg/g), median (Q1, Q3)

21.9 (12.1, 89.4)

26.4 (9.1, 212.3)

23.0(12.0,114.8)

Normalized urine Gb3 (umol Gb3/mol 10.8 (18.3) 8.0 (14.0) 9.9 (17.0)
creatinine), mean (SD)
Fabry disease plasma biomarkers
Gb3 (ng/mL), mean (SD) 1788 (1115) 1522 (633) 1702 (991)
LysoGb3 (ng/mL), mean (SD) 33 (45) 30 (34) 32 (41
Fabry disease symptoms (patient-
reported outcomes)
Neuropathic pain “modified” BPI-SF3 6.26 (1.54) 6.11 (1.39) 6.21 (1.49)
score, mean (SD)
Number of days with diarrhea, n 74 35 109
Median (Q1, Q3) 6.9 (2.0, 16.0) 5.8 (1.0, 16.6) 6.2 (1.2, 16.0)
Abdominal pain score, mean (SD) 3.91 (2.29) 4.18 (2.35) 4.00 (2.30)
Medication
Use of agents acting on renin-angiotensin 27 (34%) 13 (34%) 40 (34%)
system (ACEi or ARB), n (%)
Participants taking at least one pain 62 (78%) 30 (81%) 92 (79%)
medication, n (%)
Analgesics 40 (50%) 20 (54%) 60 (51%)
Anti-epileptics 29 (36%) 13 (35%) 42 (36%)
Anti-inflammatory and 17 (21%) 12 (32%) 29 (25%)
anti-rheumatic products
Psychoanaleptics 6 (8%) 4 (11%) 10 (8%)
Drug for functional Gl disorders 1(1%) 1 (3%) 2 (2%)
Muscle relaxants 1(1%) 0 1 (1%)

Percentages may not add to 100 due to rounding.

ACEi=angiotensin-converting enzyme inhibitor; ARB=angiotensin receptor blocker; BPI=Brief Pain Inventory;

ERT=enzyme replacement therapy; eGFR=estimated glomerular filtration rate; Gb3=globotriaosylceramide;

lysoGb3=globotriaosylsphingosine; SD=standard deviation; UACR=urine albumin-to-creatine ratio.

*Fabry disease subtype was determined by independent classification of three Fabry-disease expert physicians,

with majority rule determining the final subtype. This was based on DNA analysis, a-GalA activity, and medical

history.

**Mutation amenability was classified

using

(galafoldamenabilitytable.com/reference) in September 2021.

information

available on

migalastat  website



Table 2. Shift in eGFR slope category from pre-randomization to lucerastat treatment in MODIFY + OLE.

Pre-randomization eGFR slope (category) on lucerastat treatment, n (%)

eGFR slope, category Stable Deteriorating Fast deteriorating Total
Stable 40 (43%) 5 (5%) 5 (5%) 50 (54%)
Deteriorating 16 (17%) 4 (4%) 2 (2%) 22 (24%)
Fast deteriorating 14 (15%) 4 (4%) 3 (3%) 21 (23%)
Total 70 (75%) 13 (14%) 10 (11%) 93 (100%)

eGFR=estimated glomerular filtration rate.

Stable defined as eGFR slope >-3 mL/min/1.73m? per year; deteriorating defined as eGFR slope >-5 and
<-3 mL/min/1.73m? per year; fast deteriorating defined as eGFR slope <-5 mL/min/1.73m? per year.



Table 3. Adverse events in MODIFY.

Lucerastat Placebo
(n=80) (n=37)
Participants with at least one treatment-
emergent:
AE, n (%) 66 (83%) 30 (81%)
AE leading to premature discontinuation 2 (3%) 2 (5%)
of study treatment, n (%)
SAE, n (%) 5 (6%) 1(3%)
Most commonly reported TEAEs, n (%)
Nausea 11 (14%) 1(3%)
Headache 9 (11%) 4 (11%)
Diarrhea 9 (11%) 1 (3%)
Nasopharyngitis 8 (10%) 5 (14%)
Abdominal distension 4 (5%) 4 (11%)
Glomerular filtration rate decreased 0 4 (11%)

AE=adverse event; SAE=serious adverse event; TEAE=treatment-emergent adverse event.

Table shows TEAEs with an incidence 210% in either treatment arm.



Table 4. Adverse events in MODIFY and the OLE.

n/:-(l;;‘i;?(s}tgtE Lucerastat OLE Total lucerastat
(n=80) (n=34) (N=114)
Participants with at least one treatment-
emergent:
AE, n (%) 76 (95%) 32 (94%) 108 (95%)
AE leading to premature discontinuation 5 (6%) 4 (12%) 9 (8%)
of study treatment, n (%)
SAE, n (%) 14 (18%) 7 (21%) 21 (18%)
Most commonly reported TEAEs, n (%)
COVID-19 18 (23%) 9 (26%) 27 (24%)
Neuralgia 22 (28%) 3 (9%) 25 (22%)
Headache 18 (23%) 6 (18%) 24 (21%)
Nasopharyngitis 19 (24%) 3(9%) 22 (19%)
Nausea 14 (18%) 4 (12%) 18 (16%)
Fatigue 15 (19%) 2 (6%) 17 (15%)
Diarrhea 13 (16%) 4 (12%) 17 (15%)
Vomiting 11 (14%) 2 (6%) 13 (11%)
Abdominal pain 10 (13%) 2 (6%) 12 (11%)
Arthralgia 9 (11%) 3 (9%) 12 (11%)
Back pain 8 (10%) 2 (6%) 10 (9%)
Vaccination complication 9 (11%) 1 (3%) 10 (9%)
Flatulence 9 (11%) 0 9 (8%)
Abdominal distension 8 (10%) 0 8 (7%)

AE=adverse event; SAE=serious adverse event; TEAE=treatment-emergent adverse event.

Table shows TEAEs with an incidence 210% in either treatment arm.



Figure legends

Figure 1. CONSORT diagram.
AE=adverse event; OLE=open-label extension.

*One participant was randomized but not treated. Source data are provided in the figure.

Figure 2. Change from baseline over time in MODIFY in (A) neuropathic pain monthly score, (B) plasma
Gb3, (C) abdominal pain monthly score, and (D) number of days with diarrhea.
Gb3=globotriaosylceramide.

The red dotted line represents participants receiving placebo during MODIFY; the solid blue line represents
participants receiving lucerastat during MODIFY. The graphs (A, B, C, D) include all participants who received at
least one dose of study treatment and (for graphs C and D) experienced moderate-to-severe abdominal pain or
diarrhea during the 4 weeks prior to randomization. Data are shown as least squares mean (95% Cl) change from

baseline (A, C, D) or mean (xSE) change from baseline (B). Source data are provided as a Source Data file.

Figure 3. Change from baseline over time in MODIFY and its OLE in (A) plasma Gb3, (B) plasma lysoGb3,
and (C) urine Gb3.

Gb3=globotriaosylceramide; lysoGb3=globotriaosylsphingosine; OLE=open-label extension.

The red dotted line represents participants receiving placebo during MODIFY; the solid blue line represents
participants receiving lucerastat during MODIFY and the OLE; the dotted blue line represents participants receiving
lucerastat in the OLE. Data are shown as mean (+SE) change from baseline. Source data are provided as a Source

Data file.

Figure 4. eGFR slopes in MODIFY/OLE participants in the overall population and subgroups: pre-

randomization versus on lucerastat.

ACE=angiotensin-converting enzyme; ARB=angiotensin receptor blocker; Cl=confidence interval; eGFR=estimated

glomerular filtration rate; ERT=enzyme replacement therapy; LS=least squares.

Baseline is the last non-missing value recorded up to and including the MODIFY randomization visit (for
participants randomized to lucerastat in MODIFY) or the OLE enrolment visit (for participants randomized to
placebo in MODIFY). Data are presented overall and by subgroup comparing lucerastat to historical data from the
same participants. The estimation of the covariance matrix was primarily based on ‘unstructured’ covariance

structure. In case the mixed model did not converge, it was replaced by the ‘variance components’ structure,



followed by the ‘compound symmetry’ structure. Data are shown as least squares mean (95% Cl) change from

baseline. Source data are provided in the figure.

Figure 5. Scatter plot of individual pre-randomization (x-axis) and lucerastat (y-axis) annualized eGFR
slopes in MODIFY/OLE in participants with renal impairment.

eGFR=estimated glomerular filtration rate.

Renal impairment is defined as baseline eGFR <90 mL/min/1.73m?. The pre-randomization eGFR slope was
calculated from serum creatinine measured within 2 years prior to randomization in MODIFY, available for 93
participants. The colors indicate the categories of stable (green; annualized eGFR slope >-3 mL/min/1.73m?),
deteriorating (yellow; -5 and <-3 mL/min/1.73m?), or fast deteriorating (pink/red; <-5 mL/min/1.73m?). Source

data are provided as a Source Data file.

Editorial Summary:

Lucerastat was well-tolerated, but did not reduce neuropathic pain, abdominal pain, or diarrhea
compared with placebo. Lucerastat reduced biomarkers of Fabry Disease at 6 months, and these
reductions were maintained at the 18-month interim analysis.

Peer review information: Nature Communications thanks Mevlut Dinger, Ting-Rong Hsu, and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work. A peer review file is
available.
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